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ABSTRACT

Previous work by Motch et al. suggested that in the low/hard state of GX 339!4 the soft X-ray power law ex-
trapolated backward in energy agrees with the IR flux level. Corbel & Fender later showed that the typical hard-state
radio power law extrapolated forward in energy meets the backward-extrapolated X-ray power law at an IR spectral
break, which was explicitly observed twice in GX 339!4. This IR coincidence has been cited as further evidence
that synchrotron radiation from a jet might make a significant contribution to the observed X-rays in hard-state
black hole systems. We quantitatively explore this hypothesis with a series of simultaneous radio/X-ray observa-
tions of GX 339!4, taken during its 1997, 1999, and 2002 hard states. We fit these spectra, in detector space, with a
simple, but remarkably successful, doubly broken power-law model that indeed requires an IR spectral break. For
these observations, the break position and the integrated radio/IR flux have stronger dependences upon the X-ray
flux than the simplest jet model predictions. If one allows for a softening of the X-ray power law with increasing
flux, then the jet model can agree with the observed correlation.We also find evidence that the radio flux–X-ray flux
correlation previously observed in the 1997 and 1999 GX 339!4 hard states shows a parallel track for the 2002 hard
state. The slope of the 2002 correlation is consistent with observations taken in prior hard states; however, the radio
amplitude is reduced. We then examine the radio flux–X-ray flux correlation in Cyg X-1 through the use of 15 GHz
radio data obtained with the Ryle radio telescope and Rossi X-Ray Timing Explorer data from the All-Sky Monitor
and pointed observations. We again find evidence of parallel tracks, and here they are associated with ‘‘failed
transitions,’’ or the beginning of a transition, to the soft state. We also find that for Cyg X-1 the radio flux is more
fundamentally correlated with the hard, rather than the soft, X-ray flux.

Subject headinggs: accretion, accretion disks — black hole physics — radiation mechanisms: nonthermal —
X-rays: binaries

1. INTRODUCTION

Both Cyg X-1 and GX 339!4 in their spectrally hard, radio-
loud states have served as canonical examples of the so-called
low state (or hard state) of Galactic black hole candidates (see
Pottschmidt et al. 2003b; Nowak et al. 2002 and references
therein). As we discuss below, in this state the X-ray spectrum
is reasonably well approximated by a power law with photon
spectral index (i.e., photon flux per unity energy/E!!) of ! "
1:7, with the power law exponentially cut off at high energies
("100 keV). It long has been suggested that such spectra are
due to Comptonization of soft photons from an accretion disk
by a hot corona in the central regions of the compact object sys-
tem (e.g., Sunyaev & Trümper 1979). Comptonization models
have been very successful in describing the broadband X-ray–
soft gamma-ray spectra of both Cyg X-1 (Pottschmidt et al.
2003a) and GX 339!4 (Nowak et al. 2002).

It has recently been hypothesized, however, that the X-ray
spectra of hard-state sources might instead be due to synchrotron
and synchrotron self-Compton (SSC) radiation from a mildly rel-
ativistic jet (Markoff et al. 1991, 2003). Jet models have been
prompted in part by multiwavelength (radio, optical, and X-ray)
observations of hard-state systems. Although radio emission from
CygX-1was first observed quite some time ago (Braes &Miley
1971), it is more recently that a radio jet has been imaged
(Stirling et al. 2001) and that the low/hard state X-ray flux has
been shown to be positively correlatedwith the radio flux (Pooley
et al. 1999).
Radio emission has also been discovered in GX 339!4

(Sood & Campell-Wilson 1994). The radio emission is corre-
lated with X-ray flux in spectrally hard states (Hannikainen et al.
1998) but is quenched during spectrally soft states (Fender et al.
1999). Furthermore, in hard states of GX 339!4, the 3–9 keV
X-ray flux (in units of 10!10 ergs cm!2 s!1) is related to the
8.6 GHz radio flux (in mJy) by FX " 0:46F 1:42

r (Corbel et al.
2003; note that throughout this paper we use calligraphic script
to denote flux densities, i.e., flux per unit energy and roman
script to denote flux integrated over an energy band). This cor-
relation was seen to hold over several decades in X-ray flux and
also to hold for two hard-state epochs that were separated by a
prolonged intervening soft-state outburst. Similar correlations
were found between energy bands in the 9–200 keV range and
the radio flux (Corbel et al. 2003). It has been further suggested
that the FX / F 1:4

r correlation is a universal property of the
low/hard state of black hole binaries (Gallo et al. 2003).
This specific power-law dependence of the radio flux on the

X-ray flux naturally arises in synchrotron jet models (Falcke &
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Biermann 1995; Corbel et al. 2003; Markoff et al. 2003; Heinz
& Sunyaev 2003). Both the location of the break from an op-
tically thick8 to an optically thin radio spectrum (presumed to
continue all the way through the X-ray) and the amplitude of
the optically thick portion of the radio spectrum vary with input
power to the jet to produce the FX / F 1:4

r scaling. Assuming,
however, that the X-ray power of a disk or corona is propor-
tional to Ṁ2, where Ṁ is the accretion rate, while the jet power
is proportional to Ṁ , also reproduces the scaling relationship
(Markoff et al. 2003; Heinz & Sunyaev 2003; Fender et al. 2003;
Merloni et al. 2003; Falcke et al. 2004).

Interestingly, nearly 20 years ago Motch et al. (1985) noted
that for a set of simultaneous IR, optical, and X-ray observa-
tions of the GX 339!4 hard state, the extrapolation of the X-ray
power law to low energy agreed with the overall flux level of
the optical/IR data. Corbel & Fender (2002) reanalyzed these
observations, which did not include simultaneous radio data, as
well as a set of (not strictly simultaneous) radio/ IR/X-ray ob-
servations from the 1997 GX 339!4 hard state. They showed
that the low-energy extrapolation of the X-ray power laws and
the high-energy extrapolation of the radio power law coincided
with a spectral break in the IR. The spectral shapes below and
above the IR break were roughly consistent with the radio and
X-ray power laws, respectively. This IR coincidence has been
cited as further evidence that not only does the jet account for
the flat spectrum from radio through infrared, but also opti-
cally thin emission from the jet, occurring at energies above
the IR break, provides a significant contribution to the observed
X-rays (Corbel & Fender 2002; Corbel et al. 2003; Markoff
et al. 2003).

In this paper, we quantitatively examine the IR coincidence
with a series of simultaneous radio/X-ray spectra of GX 339!4.
We use broken power-law fits to the combined radio and X-ray
spectra to determine the extrapolated position of the break as a
function of observed X-ray flux. We then reassess the correla-
tion between radio and X-ray flux for GX 339!4 by including
more recent hard-state observations that occurred at fairly high
X-ray fluxes. Based on our results for GX 339!4, we also

reassess this correlation for the case of Cyg X-1. We then sum-
marize our results.

2. THE IR COINCIDENCE IN GX 339!4

2.1. Data Analysis

We consider a set of 10 simultaneous radio/X-ray observa-
tions of GX 339!4, eight of which were discussed previously
by us (Wilms et al. 1999; Nowak et al. 2002; Corbel et al. 2003)
and come from the 1997 or 1999 hard state and two of which
were discussed by Homan et al. (2005) and come from the 2002
hard state (approximately 1 month before a soft-state transi-
tion). All X-ray observations were performed with the Rossi
X-Ray Timing Explorer (RXTE ). Their observation IDs and as-
sociated radio flux densities and integrated X-ray fluxes are
presented in Table 1. Note that four of these observations are
further labeled A–D, as we single these out for special discussion
below. Observations A and B (40108-01-03 and 40108-01-04)
occurred immediately after the 1999 soft-to-hard state transi-
tion (Nowak et al. 2002) and have optically thin radio spectra
(! r < 0). Observations C and D (70109-01-02 and 40031-02-01)
have the brightest X-ray fluxes in our sample and are among the
brightest hard X-ray states observed in GX 339!4 to date.

To analyze the X-ray spectra of these observations, RXTE re-
sponse matrices were created using the software tools9 avail-
able in HEASOFT 5.3. The Proportional Counter Array (PCA)
data were rebinned to have a minimum of 30 counts per bin,
uniform systematic uncertainties of 0.5% were applied, and
only data between 3 and 22 keV were considered. The High-
Energy X-Ray Timing Experiment (HEXTE) data were co-added
from the two individual clusters and then were rebinned to have
a minimum signal-to-noise ratio (after background subtraction)
of 10 in each bin. We considered HEXTE data only in the 18–
200 keV range. In the fits discussed below, a multiplicative con-
stant was allowed between the PCA and HEXTE normalization,

TABLE 1

GX 339!4 Observed Fluxes (1 " Confidence)

Flux (mJy) Flux (10!9 ergs cm!2 s!1)

ObsID Date 0.84 GHz 1.38 GHz 2.40 GHz 4.80 GHz 8.64 GHz 3–9 keV 9–20 keV 20–100 keV 100–200 keV

20181-01-01............ 1997 Feb 3 7:0þ0:6
!0:6 . . . . . . . . . 9:1þ0:1

!0:1 0.90 0.92 2.98 1.27

20181-01-02............ 1997 Feb 10 5:5þ0:7
!0:7 . . . . . . . . . 8:2þ0:2

!0:2 0.80 0.82 2.67 1.11

20181-01-03............ 1997 Feb 17 5:6þ0:7
!0:7 5:4þ0:2

!0:2 6:0þ0:2
!0:2 . . . 8:7þ0:2

!0:2 0.77 0.78 2.63 1.06

40108-01-03 (A) ..... 1999 Feb 12 . . . . . . . . . 6:34þ0:08
!0:08 4:60þ0:08

!0:08 0.41 0.39 1.18 0.48

40108-01-04 (B) ..... 1999 Mar 3 . . . . . . . . . 6:07þ0:06
!0:06 5:74þ0:06

!0:06 0.42 0.42 1.51 0.66

40108-02-01............ 1999 Apr 2 . . . . . . . . . 4:75þ0:06
!0:06 5:10þ0:06

!0:06 0.42 0.44 1.60 0.97

40108-02-02............ 1999 Apr 22 . . . . . . . . . 2:92þ0:06
!0:06 3:20þ0:06

!0:06 0.19 0.21 0.74 0.43

40108-02-03............ 1999 May 14 . . . . . . . . . 1:25þ0:06
!0:06 1:44þ0:06

!0:06 0.07 0.07 0.21 0.14

70109-01-02 (C) ..... 2002 Apr 3 . . . 4:83þ0:20
!0:20 5:13þ0:11

!0:11 . . . . . . 1.30 1.47 5.34 2.09

40031-03-01 (D)..... 2002 Apr 18 . . . . . . . . . 13:04þ0:06
!0:06 14:16þ0:07

!0:07 5.10 4.97 12.3 2.42

Note.—X-ray flux errors are taken to be 3.5%, the average of the fitted normalization difference between PCA and HEXTE, since this exceeds the statistical
uncertainties.

8 By optically thick, we mean radio energy flux density S# / #! r, with
! r > 0. Throughout this work, for both radio and X-ray spectra, we follow the
convention ! ¼ 1! !.

9 The use of HEASOFT 5.3 is very important here, as we find extremely
good agreement between PCA and HEXTE when fitting power-law models to
the Crab pulsar plus nebula system. This is true for both the power-law nor-
malization and slope, both of which must be determined very accurately when
extrapolating over a large range of energies between the radio and X-ray spectra.
This spectral and flux agreement is in marked contrast to earlier versions of
HEASOFT (see, e.g., the discussion of Wilms et al. 1999).
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with the PCA constant fixed to unity. The normalizations of the
two instruments were always found to be the same to within a few
percent (see Table 2).

The radio data for observation D (40031-03-01) were ob-
tained with the Australia Telescope Compact Array (ATCA) at
4.8 and 8.6 GHz. The radio data for observation C (70109-01-02)
were also obtained with ATCA, but at 1.4 and 2.4 GHz. These
radio data, as well as the data for observation B (40108-01-04),
the 1999 April 22 observation (40108-02-02), and the 1999
May 14 observation (40108-02-03), have been reanalyzed by
us. All other radio data come from Wilms et al. (1999), Nowak
et al. (2002), and Corbel et al. (2000). In cases of small discrep-
ancies between these latter references, we have adopted the radio
flux values of Corbel et al. (2000), since, aside from the radio ob-
servations reanalyzed by us, that work represents the most up-to-
date analysis of the radio data presented here.

Note that we have considered only data wherein we have
nearly simultaneous radio and X-ray spectra. The radio/X-ray
observations discussed by Nowak et al. (2002) all have a large
degree of overlap between the radio and X-ray observing times,
and they show very little long-timescale (>1000 s) variability
(Corbel et al. 2000). Radio observations C and D occur approx-
imately a half-day after their corresponding RXTE observations,
but, again, neither the radio data nor the RXTE data show any
evidence for long-term variability within the observations them-
selves. Still, the lack of strict simultaneity might be a relevant
factor in some of the results discussed below.

We further require that the source be bright enough to fit the
X-ray spectrum in both the PCA and the HEXTE data. As dis-
cussed by Corbel et al. (2003) and Wardziński et al. (2002), at
low flux levels there is background contamination that affects
the RXTE spectra of GX 339!4. The spectra can be corrected
adequately to yield reasonably accurate integrated soft X-ray
fluxes (Corbel et al. 2003); however, the contamination is much
more problematic for the spectral extrapolations discussed here.

The observations were analyzed with the Interactive Spectral
Interpretation System (ISIS; Houck & Denicola 2000). For our
purposes, there are three major reasons for our use of ISIS. First,
ISIS uses s-lang as a scripting language and hence has most of
the programmability of Interactive Data Language or MATLAB,
while retaining all the models of XSPEC (Arnaud 1996). Second,
data input without a response matrix (i.e., the radio data) is au-
tomatically presumed to have an associated diagonal response
with 1 cm2 effective area and 1 s integration time. Thus, we used

a fairly straightforward s-lang script to convert the radio data
from mJy to photon rate in narrow bands around the observation
frequencies. This then was used as input for the simultaneous
radio/X-ray fits. (So long as they are narrow, the widths of the
radio bands do not affect the fits.) We then set the fractional error
bars of these ‘‘count rate’’ data equal to the fractional error from
the radio measurements.
The third reason for using ISIS is that it treats ‘‘unfolded

spectra’’ (shown in Fig. 1) in a model-independent manner. The
unfolded spectrum in an energy bin denoted by h, as used to
create Figure 1, is defined by

Funfold(h) ¼
½C(h)! B(h)&="tR
R(h;E )A(E ) dE

; ð1Þ

where C(h) is the number of total detected counts, B(h) is the
number of background counts,"t is the integrated observation
time, R(h, E ) is the unit normalized response matrix describ-
ing the probability that a photon of energy E is detected in bin
h, and A(E ) is the effective detector area at energy E. Contrary
to indications of unfolded spectra produced by XSPEC (which
are given by the model, rebinned to the output energy bins of
the response matrix, and multiplied by the data counts divided
by the forward-folded model counts, i.e., the ratio residuals),
this definition produces a spectrum that is independent of the
fitted model. In Figure 1, we overplot the fitted model (using
the internal resolution of the ancillary response function [arf ]
used in the fitting process). The plotted residuals, however, are
those obtained from a proper forward-folded fit.
Although previously we successfully fitted the X-ray spec-

tra with sophisticated Comptonization models (Nowak et al.
2002), we obtain surprisingly good fits for 9 of the 10 radio/
X-ray spectra using the following simple model (using the ISIS
XSPEC model definitions): absorption (the phabs model with
NH fixed to 6 ; 1021 cm2) and a high-energy exponential cutoff
(the highecut model) multiplying a doubly broken power law
(the bkn2pow model with the first break in the far-IR–to–optical
regime and the second break constrained to the 9–12 keV regime)
plus a Gaussian line (with energy fixed at 6.4 keV). Results are
presented in Table 2. When considering just the X-ray spectra, a
singly broken power law fits all 10 spectra, with better results
than any of the Comptonization models that we have tried. The
12–200 keV power law is typically seen to be harder than the
3–12 keV power law by "! " !0:2. (Correlations of this

TABLE 2

GX 339!4 Spectral Fits (90% Confidence Level Errors)

ObsID

Ecut

(keV)

Efold

(keV) ! r

Eb!r

(eV) !soft

Eb!X

(keV) !hard

Aline

(10!3)

"line
(keV) Constant $2/dof

20181-01-01...................... 37þ7
!6 155þ22

!19 0:11þ0:08
!0:07 0:80þ1:22

!0:48 1:69þ0:01
!0:01 11:3þ0:6

!0:5 1:49þ0:03
!0:02 2:1þ0:2

!0:3 0:6þ0:1
!0:1 0:97þ0:01

!0:02 110/108

20181-01-02...................... 42þ5
!5 140þ16

!14 0:17þ0:10
!0:09 0:37þ0:66

!0:23 1:68þ0:01
!0:00 11:0þ0:6

!0:5 1:48þ0:02
!0:02 1:8þ0:3

!0:2 0:7þ0:1
!0:2 0:95þ0:01

!0:01 162/114

20181-01-03...................... 53þ14
!8 133þ33

!31 0:26þ0:04
!0:04 1:39þ0:61

!0:40 1:68þ0:01
!0:00 10:7þ0:6

!0:7 1:51þ0:02
!0:02 1:7þ0:2

!0:2 0:6þ0:1
!0:1 0:98þ0:02

!0:02 90/90

40108-01-03 (A) ............... 44þ9
!11 165þ58

!41 . . . . . . 1:80þ0:01
!0:01 10:2þ1:0

!0:5 1:59þ0:02
!0:03 1:2þ0:1

!0:2 0:7þ0:1
!0:1 1:03þ0:01

!0:01 64/77

40108-01-04 (B) ............... 69þ14
!13 138þ59

!48 !0:09þ0:04
!0:05 13:5þ37:0

!8:0 1:69þ0:01
!0:01 10:6þ0:6

!0:7 1:53þ0:01
!0:02 0:9þ0:1

!0:1 0:6þ0:1
!0:2 1:03!0:02

þ0:02 106/103

40108-02-01...................... 32þ21
!8 345þ133

!79 0:12þ0:06
!0:05 0:44þ0:43

!0:20 1:67þ0:01
!0:01 10:5þ0:6

!0:6 1:45þ0:03
!0:02 0:7þ0:2

!0:1 0:5þ0:2
!0:2 0:97þ0:02

!0:02 115/93

40108-02-02...................... 44þ33
!18 304þ322

!142 0:16þ0:07
!0:08 0:12þ0:18

!0:06 1:63þ0:01
!0:01 10:7þ1:2

!1:4 1:47þ0:03
!0:05 0:4þ0:1

!0:1 0:5þ0:1
!0:2 0:95þ0:03

!0:03 83/67

40108-02-03...................... . . . . . . 0:24þ0:12
!0:12 0:07þ0:16

!0:04 1:68þ0:01
!0:02 9:0þ3:

!0:0 1:62þ0:03
!0:05 0:1þ0:1

!0:0 0:6þ0:2
!0:3 0:95þ0:07

!0:08 26/44

70109-01-02 (C) ............... 34þ2
!2 112þ6

!5 0:11þ0:14
!0:11 0:95þ14:3

!0:81 1:61þ0:01
!0:01 10:3þ0:4

!0:4 1:37þ0:01
!0:02 2:2þ0:3

!0:4 0:4þ0:1
!0:1 0:99þ0:01

!0:01 180/148

40031-03-01 (D)............... 26þ1
!2 69þ2

!3 0:14þ0:02
!0:01 3:88þ0:69

!0:41 1:73þ0:01
!0:01 11:1þ0:5

!0:5 1:53þ0:02
!0:03 17:7þ2:0

!1:8 0:8þ0:1
!0:1 0:99þ0:02

!0:01 143/130

Notes.—The 20181 data are from the 1997 hard state (Wilms et al. 1999; Nowak et al. 2002), the 40108 data are from the 1999 hard state (post-1998 soft state;
Nowak et al. 2002), and the 70109 and 40031 data are from the 2002 very luminous hard state (following a 3 yr duration quiescent state; Homan et al. 2005). Note that
the radio spectral index,! r, is defined to be positive for optically thick spectra and is related to the usual X-ray astronomy definition of the photon index by! r ¼ 1! !r.
(dof ) degrees of freedom.

NOWAK ET AL.1008 Vol. 626



spectral break with overall hardness will be presented for over
200 hard-state spectra of Cyg X-1 in a future work; J. Wilms
et al. 2005, in preparation.)

The phenomenological power-lawmodel was of course chosen
because we are attempting to answer a phenomenological ques-
tion: Do the extrapolated radio and X-ray spectra predict the am-
plitude of the IR flux and the location of any IR break? The power
law provides the simplest model to extrapolate. The additional
power-law break in the 9–12 keV band is required by the data.
The energy band restriction in the fitting processwas introduced to
avoid spurious local minima caused by the break interfering with
the Gaussian line at low energy or with the highecut model at
high energy. All but one observation has break-energy values,
including 90%confidence level error bars, that fallwellwithin this
9–12 keV range.

Phenomenologically speaking, the X-ray break is consistent
with the expectations from reflection models (Magdziarz &
Zdziarski 1995). However, as shown in Figure 2, the identical

broken power-law model described above provides a very
good phenomenological description even for Cyg X-1 hard-
state data with an extreme break. Although not mutually ex-
clusive with the presence of reflection, such data require at least
two broadband continuum components in the X-ray. For ex-
ample, Figure 2 could be consistent with synchrotron and SSC
radiation from jet models (Markoff & Nowak 2004; S. Markoff
et al. 2005, in preparation) or a strong disk plus a Comptoni-
zation component from corona models. These issues will be
explored in greater detail in a forthcoming work (J. Wilms et al.
2005, in preparation).

2.2. Predicted Radio–X-Ray Correlations

Given only two radio points and an X-ray spectrum that is
well fitted by a singly broken power law, it is not surprising that
the doubly broken power-law models work as well. But how do
the fitted locations of the radio–to–soft X-ray break compare
to the IR coincidence breaks, and how do the fitted break lo-
cations scale with observed flux? In Figure 3 we show the fitted
radio–to–X-ray break location as a function of 3–9 keV inte-
grated flux.We also show in this figure the approximate integrated
3–9 keV flux and the IR break location for the 1997 observa-
tion discussed by Corbel & Fender (2002). For our GX 339!4
observations of comparable 3–9 keV flux, the doubly broken
power-law models do indeed produce a break in the IR. Looking
over the whole span of observed integrated X-ray fluxes, how-
ever, we see that the model fits presented here have predicted
radio–to–X-ray breaks ranging all the way from the far–IR to
the blue end of the optical (and into the X-ray, if one also con-
siders observation B [40108-01-04], which has an optically thin
radio spectrum).

To assess the correlation of radio–to–X-ray break energy
with integrated X-ray flux, we exclude observation B (40108-
01-04), which has an optically thin radio spectrum, and perform
a regression analysis on the remaining eight data points. We
weight the data uniformly, which is equivalent to assuming that
intrinsic variations in any correlation dominate over statistical
errors. (In the results discussed below, the derived regression
slopes and errors encompass the values obtained if one weights
the data by their error bars.) We find that the radio–to–X-ray
break energy, in eV, scales with the 3–9 keV integrated flux as

Fig. 1.—Left: Unfolded spectra of a simultaneous radio and X-ray spectrum of GX 339!4 (D, ObsID 40031-03-01, in Tables 1 and 2), fitted with an absorbed,
exponentially cutoff, doubly broken power law and a Gaussian line. Residuals are from the proper forward-folded model fit. Right: Same unfolded spectrum as on the
left, showing just the RXTE data.

Fig. 2.—Unfolded RXTE spectra of Cyg X-1 (J. Wilms et al. 2005, in
preparation), fitted with an absorbed, exponentially cutoff, broken power law
and a Gaussian line. Residuals are from the proper forward-folded model fit.
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0:61F 0:91)0:18
X . Does this agree with models wherein the ob-

served soft X-ray spectrum is the optically thin synchrotron
emission from a jet?

Using a scale invariance ansatz to describe the jet physics
(Heinz & Sunyaev 2003; Heinz 2004; see also Falcke &
Biermann 1995; Markoff et al. 2003), we can predict the scaling
between the integrated X-ray synchrotron flux and the radio–
to–X-ray break frequency in which the jet becomes optically
thin to synchrotron self-absorption. For simplicity, we make the
assumption that, at the base of the jet, the ratio of particle pres-
sure to magnetic pressure is independent of that of accretion rate
to jet power.

Given the above assumptions, the optically thick radio flux
follows (Heinz & Sunyaev 2003)

F r / B 2p!( pþ6)! rþ13½ &= pþ4ð Þ; ð2Þ

where ! r is the radio spectral index, p is the power-law index
of the electron spectrum (at energies below any synchrotron
cooling regime), and B is the magnetic field at the base of the
jet. From Heinz (2004), using the same assumptions, the X-ray
synchrotron flux integrated over a fixed energy band follows

FX / B1þ2pþ3!X ; ð3Þ

where !X is the X-ray spectral index. (We again are using the
convention that ! * 1! !.) Combining these expressions, we
find

F r / F
2p!( pþ6)! rþ13½ &= pþ4ð Þ 1þ2pþ3!Xð Þ½ &
X : ð4Þ

If the X-ray band is unaffected by synchrotron cooling, the rela-
tion followsF r / F 0:69!0:81

X , for values of 2:6 < p < 2,!0:8 <
! x ¼ (1! p) /2 < !0:5, and 0 < ! r < 0:2. This scaling is con-
sistent with previous observations and is also consistent with prior
descriptions of the jet model predictions (i.e., Corbel et al. 2003;
Markoff et al. 2003).

The lower break frequency, #b, from an optically thick to
optically thin spectrum is proportional to (Heinz & Sunyaev
2003)

#b / B 6þpð Þ= 4þpð Þ: ð5Þ

We thus can write the dependence of #b on FX as

#b / F
6þpð Þ= 1þ2pþ3!Xð Þ 4þpð Þ½ &
X / F

2 pþ6ð Þ½ &= pþ4ð Þ pþ5ð Þ½ &
X ; ð6Þ

where for the latter relation we have used !X ¼ (1! p) /2 from
standard synchrotron theory. Again taking!0:8 < !X < !0:5,
we obtain #b / F 0:34

X to F 0:38
X . This prediction is flatter than the

observed dependence of extrapolated break frequency on X-ray
flux.
Equation (6) represents the scaling of the actual location of

the break from an optically thick to optically thin spectrum (as
appropriate for the IR coincidence yielding the appropriate lo-
cation of an observed break). Our observations instead yield the
scaling of the inferred location of the break, which has an ad-
ditional dependence on the scalings of the spectral slopes, ! r

and !X. Specifically, if one assumes that there is an underlying
radio/X-ray correlation given byF r / F%

X, yet allows evolution
of the radio and X-ray spectral slopes, one can show that for the
inferred break, #b,

log
#b
#0

! "
¼ 1! %ð Þ log FX

F0

! "
þ log

#r
#0

! "
"! r ! log

#X

#0

! "
"!X

# $

; ! r ! !Xð Þ þ"! r !"!X½ &!1; ð7Þ

where #0 is the break energy measured at an X-ray flux of F0, #r
and #X are the frequencies at which the radio and X-ray fluxes,
respectively, are measured, and "! r and "!X are the changes
in radio and X-ray spectral indices as the X-ray flux changes to
FX. (Note that small correction factors for the dependence of
integrated X-ray flux on !X, as opposed to solely power-law
normalization, have been omitted.)
In the absence of evolution of the spectral indices, one ex-

pects the break frequency to scale with X-ray flux with a power
of (1! % ) /(! r ! !X) " 0:35, as described above. However, as
noted elsewhere (Wilms et al. 1999; Nowak et al. 2002), many
of the observations of GX 339!4 show a softening (hardening)
with increasing (decreasing) X-ray flux. (For sources with op-
tically thick radio spectra, notable exceptions to this trend are
ObsIDs 40108-02-03 and 70109-01-02. A detailed discussion
of flux and hardness trends can be found in Nowak et al. 2002.)
Comparing ObsID 40108-02-02 to 20181-01-01, "!X " 0:06
for log (FX /F0) " 0:7. Combining this with ! r þ !X " 0:8
and log (#X /#0) " 4:9 means that the break energy should scale
with X-ray flux with a power of (1! % þ 0:5) /0:8 " 1. This
is in much closer agreement with the observed trends.
Unlike !X, there are no obvious trends for a dependence of

! r on X-ray flux. (This will be explored in a future work, with a
larger set of observations from 2002 and 2004 outbursts of GX
339!4; S. Corbel et al. 2005, in preparation.) The mean value
for all the optically thick radio data is h! ri ¼ 0:16, with a scat-
ter of )0.05. Combining this with log (#r /#0) " !3:5 and that
the difference from the faintest to brightest observation is a fac-
tor of 101.9, we expect the variations in radio slope to account
for correlation slope variations of up to 0.1.
We thus find that the observed correlation of inferred break

energy is inconsistent with the expectations from the very sim-
plest X-ray synchrotron jet model (i.e., the jet spectra scale with

Fig. 3.—Results of broken power-law fits to GX 339!4, showing the location
of the break between the radio and soft X-ray power law. Labels refer to Table 1 and
are further described in the text. Here and throughout the remaining figures, solid
points refer to observationsA (not shown in the figure) and B, which have optically
thin radio spectra. Dashed lines show the approximate integrated X-ray flux and IR
spectral break energy previously observed in GX 339!4 (Corbel & Fender 2002).
The dotted line shows/ F 0:91

X .
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input power, and there is no evolution of the radio or X-ray
slopes). The observed trends can be recovered, however, if the
differences from the simplest expectations are primarily driven
by evolution of the X-ray spectral slope, !X, with X-ray flux,
with possible lesser contributions from variations of the radio
spectral slope, ! r. We discuss this point further in x 5.

A further interesting correlation is seen when one looks at
the dependence of radio flux, integrated between zero energy and
the break frequency, on the integrated X-ray flux, as we show in
Figure 4. Considering both in units of 10!9 ergs cm!2 s!1 and
again weighting the data uniformly, we find Fr ¼ 0:04F1:42)0:10

X .
This implies that, even ignoring the energy of the particles and
fields in the jet, the ‘‘jet radiation’’ up to the inferred break is 3%–
10% of the integrated 3–9 keV X-ray flux and is 0.5%–5% of
the 3–200 keV flux.

Again, we can compare this result to expectations from the
simplest jet models. Utilizing our previous estimates, we find
for the product of F r#b

F r#b / F
19þ3p!! r pþ6ð Þ½ &= pþ4ð Þ 1þ2pþ3!Xð Þ½ &
X : ð8Þ

Again using the ranges !0:8 < !X < !0:5 and 0 < ! r <
!0:2, this product should follow F r#b / F1

X–F
1:19
X . As before,

for the inferred value we might expect to increase the scaling
exponent by 0:5 ) 0:1, if we allow for an evolution of ! r and
!X with X-ray flux.

3. RADIO–X-RAY CORRELATIONS IN GX 339!4

One of the interesting aspects of the radio–X-ray flux corre-
lation in GX 339!4 identified by Corbel et al. (2003) is that it
appeared to be consistent10 in both slope and amplitude between

the 1997 and 1999 low and hard states, despite the intervening
radio-quiet, soft-state outburst (see Fig. 5). The high-luminosity
observations C and D [70109-01-02 and 40031-03-01], how-
ever, were not part of the original correlation presented byCorbel
et al. (2003). These two observations occurred in 2002, 14 days
apart, in a bright, hard state as GX 339!4 was rising into an even
brighter soft state.

In Figure 5 we plot the 8.6 GHz radio flux density11 versus the
3–9 and 20–200 keV X-ray fluxes. As in Corbel et al. (2003), we
have performed a regression fit for all the 1997 and 1999 obser-
vations for which we could determine both a 3–9 keV (PCA) and
20–200 keV (HEXTE) flux. (However, we also plot the 1999
low-flux observations fromCorbel et al. 2003 that have only PCA
data.) For the soft X-rays we findF r ¼ 9:9F 0:73)0:02

X , and for the
hard X-rays we find F r ¼ 3:0F 0:75)0:02

X . The slight differences
between these correlation slopes and those presented by Corbel
et al. (2003) are due to our use of better calibrated RXTE response
matrices (especially for the PCA). As discussed by Corbel et al.
(2003), the correlations apply equally well to the 1997 and the
1999 data, including the low-flux 1999 data that were not formally
part of the regression fit. The slopes between the soft and hard
X-rays are also reasonably consistent with one another (Corbel
et al. 2003).

The 2002 data, although only consisting of two points, de-
viate from these previously viewed trends. For these data, the
radio flux versus the 3–9 keV flux correlation appears to have
the expected slope but more than a factor of 2 times lower am-
plitude. The radio–hard X-ray correlation, however, appears
to be less reduced in amplitude but has a steeper slope, with
F r / F1:3

X . There is one major uncertainty in these results: the
radio data associated with observations C and Dwere not strictly
simultaneous with the X-ray data. We note, however, that the
radio data, which fall below the previously observed trends, were
taken after the X-ray data, while the source was rising in flux on
timescales of several days.

Fig. 4.—Flux of the radio power law, integrated from zero energy to the
spectral break between the radio and soft X-ray, vs. the 3–9 keV (PCA) flux.
Labels refer to Table 1 (observation A not shown) and are further described in
the text. The dotted line shows/ F1:4

X .

Fig. 5.—X-ray flux (units of 10!9 ergs cm s!1) at 3–9 keV (triangles) and
20–200 keV (circles) frompointedRXTE observations of GX339!4 vs. 8.6GHz
radio flux (in mJy). Labels refer to Table 1 and are further described in the text.
Lines show power laws of the form Fb

X, with b ¼ 0:72 (dotted line) and b ¼ 0:75
(dashed line).

10 There are two radio points, however, from the 1999 decline into quies-
cence that deviate from the correlation (Fig. 5). Given the large degree of
variability on week-long timescales in the quiescent state (Kong et al. 2000) and
the fact that the magnitude of any time delay between the radio and X-ray flux
variations is unknown, it was not clear how significant these deviations should
be considered.

11 Note that for observation C (70109-01-02), we have extrapolated the
2.4 GHz radio flux to 8.64 GHz using the fitted power law.
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It is also possible that observations C and D, rather than being
on a lower radio-amplitude parallel track, instead indicate a
turnover in the correlation occurring at high X-ray flux. Such a
turnover has been observed for the correlation seen in Cyg X-1
(Gallo et al. 2003; Fig. 6). If this latter hypothesis is correct,
then given the observed 14.2 mJy flux for the highest flux ob-
servation, D, the deficit is a factor of 2.3 for the 3–9 keV cor-
relation (which predicts 32.4 mJy) but only a factor of 1.6 for
the 20–200 keV flux correlation (which predicts 22.7 mJy).
Extrapolating the observed 2.4 GHz radio flux for observation
C to 8.64 GHz yields 5:9 ) 0:9 mJy. This is a factor of 2þ0:4

!0:2
below the value predicted by the radio–3–9 keV flux correla-
tion and a factor of 2:2þ0:4

!0:3 below the value predicted by the
radio–20–200 keV flux correlation.

A further interesting fact to note also comes from the radio–
hard X-ray correlation. Observations A and B (40108-01-03
and 40108-01-04) were the first observations taken after the
1999 return to the radio-loud hard state, and both have optically
thin (i.e., ! r < 0) radio spectra. Although they have nearly iden-
tical 3–9 keV integrated fluxes, they have different radio fluxes,
and they straddle the radio–soft X-ray flux correlation shown in
Figure 5. However, these points actually lie along the radio–hard
X-ray flux correlation, as they have significantly different 20–
200 keV fluxes. This might argue that the radio–hard X-ray flux
correlation is the more fundamental relationship.

4. RADIO–X-RAY CORRELATIONS IN CYG X-1

The radio–X-ray correlations in GX 339!4 present us with
two, not necessarily mutually exclusive, possibilities. The radio–
X-ray correlation is more fundamentally tied to the hard X-rays,
and/or different instances of the hard state can present the
correlation with different amplitudes. To further explore these
possibilities, we turn to radio/X-ray observations of Cyg X-1
(Pottschmidt et al. 2003b; Gallo et al. 2003). As described
in Pottschmidt et al. (2003b), the radio data are 15 GHz ob-
servations performed at the Ryle Telescope, Cambridge (UK).
These are single-channel observations, so a radio spectral slope
cannot be determined. Most of these observations have occurred
simultaneously with pointed RXTE observations (Pottschmidt
et al. 2003b), and nearly all have very good contemporaneous

coverage by the RXTE All-Sky Monitor (ASM). The ASM
provides coverage in the 1.5–12 keVenergy band (Remillard &
Levine 1997) and therefore allows us to assess the radio–soft
X-ray correlation in Cyg X-1.
In Figure 6 (left) we plot the daily average ASM count rate

versus the daily average 15 GHz flux. Here we only include
days for which there are at least 25 ASM data points (represent-
ing 70 s dwells) with a reduced $2 < 1:5 for the ASM solution
(see Remillard & Levine 1997). Ranging from approximately
10 to 50 counts s!1 in the ASM there is a clear loglinear cor-
relation between the radio flux and the ASM count rate. As
for GX 339!4, the radio flux rises more slowly than the ASM
count rate (F r scales approximately as the 0.8 power of the
ASM count rate). Cyg X-1, however, shows much more scatter
in the amplitude of the correlation than does GX 339!4. This
scatter is not dominated by variations related to the orbital
phase of the binary system (cf. Brocksopp et al. 1999).
As noted by Gallo et al. (2003), there is a sharp rollover for

higher ASM count rates. However, one can clearly discern on
the shoulder of this rollover (i.e., Fig. 6, left, top right corner)
four ‘‘spokes,’’ consisting of two to five data points each. In
these spokes, the radio–X-ray correlation appears to hold to
high count rates. We have confirmed12 that each of these times
is associated with ‘‘failed transitions’’ to the soft state, as de-
scribed by Pottschmidt et al. (2003b), except for the lowest
amplitude of these spokes, which occurs immediately preced-
ing a prolonged soft-state outburst. In many ways these failed
state transitions and the early stage of a soft-state outburst for
Cyg X-1 are reminiscent of the data presented here for the 2002
GX 339!4 hard state. As for those latter GX 339!4 data, the
Cyg X-1 spectra remain hard, although not as hard as low-
luminosity hard states, to very high flux levels.
In Figure 6 (right) we plot the daily average ASM count rate

versus the 20–200 keV flux from our pointed RXTE observa-
tions taken during the same 24 hr period (Pottschmidt et al.

Fig. 6.—Left: Ryle radio flux (in mJy) at 15 GHz vs. the Cyg X-1 daily mean ASM count rate (see text). Gray boxes highlight data associated with failed state
transitions, and the beginning of a transition to a prolonged soft state.Right: Flux (units of 10!9 ergs cm!2 s!1) at 20–200 keV frompointedRXTE observations vs. CygX-1
daily mean ASM count rate (see text).

12 We have used the vwhere program (Noble 2005), which allows one to
interactively filter one set of data, e.g., a color-color or color-intensity diagram,
and then apply those filters to the same observations visualized in a different
way, e.g., a time-intensity diagram. (The program is available at http://space
.mit.edu/cxc/software/slang/modules.)
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2003b). Here, however, we only require three ASM data points
per average, for a resulting 85 observations.We see that the hard
X-ray–ASM data correlation traces a pattern similar to the radio-
ASM data correlation. Indeed, when we plot the hard X-ray flux
versus the daily average radio flux (representing 129 separate
hard X-ray–pointed observations), we obtain a loglinear rela-
tionship, as shown in Figure 7 (see also Gleissner et al. 2004).
(Two high–radio flux, but low X-ray–flux, data points are seen
in Fig. 7, top left; these represent intraday hard X-ray varia-
tions.) Returning to the question that we posed in x 3 of whether
we were seeing evidence for parallel tracks in the radio–X-ray
correlation, or whether we were seeing a correlation more fun-
damental to the hard X-ray band, in Cyg X-1 the answer seems
to be that both effects are discernible but that fundamentally
the radio flux density does appear to be tied to the hard X-ray
emission.

5. SUMMARY

In this work we have considered 10 simultaneous or nearly
simultaneous RXTE radio observations of GX 339!4 and over
100 RXTE radio observations of Cyg X-1. We have fitted the
former spectra with a very simple but remarkably successful
phenomenological model consisting of a doubly broken power
law with an exponential rollover plus a Gaussian line. For GX
339!4, the break between the radio and soft X-ray power laws
occurs in the IR-to-optical range, in agreement with the prior
work of Motch et al. (1985) and Corbel & Fender (2002) (i.e.,
the IR coincidence). In contrast to these prior works, we have
fitted the X-ray data in detector space and provided a quanti-
tative assessment of the extrapolated break location.

Is the IR coincidence just a coincidence? The spectral fits to
the GX 339!4 data suggest that the answer is ‘‘possibly not.’’
All the data with optically thick radio spectra are extremely
well fitted by doubly broken power laws, with the break in the
IR regime. Although the scaling of this break frequency with
X-ray flux does not agree with the predictions of the sim-
plest X-ray synchrotron jet models, if one allows for softening
of the X-ray spectrum with increasing X-ray flux, then the jet
model predictions agree with the observed correlations. There
are several possible reasons why such a softening could occur.
In terms of the jet model, for example, there could be cooling

of the electron spectrum, leading to a steepening in the X-rays.
A second possibility is that the soft X-rays are contaminated
by excess emission from a disk component that becomes more
prominent with increasing flux. What is clear is that for jet
models to explain both the scaling of F r / F 0:72

r and #b /
F 0:92

r , they must be more sophisticated than the very simplest
considerations. Fits to some of these data sets with such mod-
els, which include disk emission, SSC emission, etc., are cur-
rently being considered in detail and will be discussed in a future
work (S. Markoff et al. 2005, in preparation). The results pre-
sented here, however, are consistent with the notion that at least
some fraction of the observed soft X-rays may be attributable to
emission from the jet, as opposed to the disk or corona.

On the other hand, other facts suggest that the answer to the
question of the IR coincidence is ‘‘maybe.’’ We have tentative
evidence in GX 339!4 and firmer evidence in the Cyg X-1
failed state transitions and soft-state transition that the corre-
lation between radio flux and integrated X-ray flux can take on
different amplitudes during different hard-state episodes. There
is also evidence in Cyg X-1 that the radio–X-ray correlation is
more fundamental to the hard X-ray band. In jet models, this
band, which essentially encompasses the third, highest energy,
power-law component in our model fits (and also encompasses
the exponential cutoff ), is possibly attributable to the SSC emis-
sion from the base of the jet (see, e.g., Markoff et al. 2003;
Markoff & Nowak 2004). It is therefore quite reasonable to ex-
pect a strong coupling between the radio and hard X-ray flux;
however, these models are more complex than simple pure syn-
chrotron models and are only now beginning to be explored quan-
titatively (Markoff et al. 2003;Markoff &Nowak 2004). It is also
worth noting that such radio–X-ray couplings can be expected
in Compton corona models (e.g., Meier 2001; Merloni & Fabian
2002).

More problematic for pure jet models are GX 339!4 ob-
servations A and B (40108-01-03, 40108-01-04), both of which
occurred very shortly after the 1999 return to the hard state. They
have ‘‘typical’’ hard-state properties in terms of spectra and var-
iability (Nowak et al. 2002), but they have optically thin radio
spectra that do not neatly extrapolate into the observed soft X-ray
spectra. They satisfy the radio flux density–integrated X-ray flux
correlation; however, they agree better with the radio–hard X-ray
flux correlation, for which these two observations are cleanly dif-
ferentiated from one another (Fig. 5). It is possible that they rep-
resent an early, transient phase of the jet as it forms. It then remains
for the jet model the theoretical question ofwhether it can describe
a scenario in which the basic radio–X-ray flux correlation and
‘‘typical’’ steady state X-ray spectra hold, while the radio has not
yet settled into a steady optically thick state.

The results presented here suggest, at the very least, some
obvious observational strategies to arrive at a more definitive
answer to the question that we have posed. Given the break-
energy correlations, it would be extremely useful to have not
only a radio amplitude for each X-ray observation, but also a
radio slope. Furthermore, the inferred break for the brightest
observation, D (40031-03-01), occurs in the blue end of the op-
tical. Thus, ideally multiwavelength observations would con-
sist of radio, broadband X-ray, and IR-through-optical coverage
(see, e.g., Hynes et al. 2003; Malzac et al. 2004, which suggest
the possibility of jet synchrotron radiation extending into the
optical regime for the hard state of XTE J1118+48). This is an
admittedly difficult task, but black hole candidates are demon-
strating via spectral correlations that all these energy regimes
are fundamentally related to activity near the central engine,
i.e., the black hole, of the system.

Fig. 7.—Flux (units of 10!9 ergs cm!2 s!1) at 20–200 keV vs. the daily
average 15 GHz Ryle radio flux (in mJy) for pointed observations of Cyg X-1.
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Finally, it is important to obtain multiwavelength observa-
tions of multiple episodes of each of the spectral states. For ex-
ample, if there are indeed parallel tracks in the radio–X-ray
correlations, it would be interesting to determine whether the
amplitude of the radio–X-ray correlation is related to the flux at
which the outbursting source transits from the low/hard to high/
soft state. We note that the low-amplitude radio–X-ray corre-
lation of the 2002 GX 339!4 outburst was associated with a
very high flux level for the hard-to-soft state transition. The low-
amplitude spokes in the Cyg X-1 radio–X-ray correlation might
be similar in that they are associated with failed state tran-
sitions. If such observations can bemade with more quantitative
detail, we will have vital clues to determining the relative con-

tributions of coronae and jets and the coupling between these
two components for black hole binary systems.
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ABSTRACT

We report the results of observations of the black hole binaries XTE J1550!564 and H1743!322 in their quies-
cent state using the Chandra X-Ray Observatory. Both sources are detected at their faintest level of X-ray emission
ever observed with a 0.5–10 keV unabsorbed luminosity of 2 ; 1032 (d /5 kpc)2 ergs s!1 for XTE J1550!564 and
9 ; 1031 (d /8 kpc)2 ergs s!1 for H1743!322. These luminosities are in the upper range compared to the faintest levels
observed in other black hole systems, possibly related to residual accretion for these sources with frequent outbursts.
For XTE J1550!564, the Chandra observations also constrain the X-ray spectrum, as a fit with an absorbed power-
law model yields a photon index of 2:25 ) 0:08, clearly indicating a softening of the X-ray spectrum at lower
luminosities compared to the standard hard state. Similar softening at low luminosity is seen for several black hole
transients with orbital periods less than 60 hr. Most of the current models of accreting black holes are able to
reproduce such softening in quiescence. In contrast, we find that systems with orbital periods longer than 60 hr appear
to have hard spectra in quiescence, and their behavior may be consistent with hardening in quiescence.

Subject headingg: accretion, accretion disks — black hole physics —
stars: individual (H1743!322, XTE J1550!564) — X-rays: binaries

1. INTRODUCTION

X-ray novae (or soft X-ray transients) are compact binaries in
which a neutron star or black hole (BH) primary accretes from a
donor star via Roche lobe overflow. Most of these systems are
usually in a quiescent state with an X-ray luminosity of 1030

1033 ergs s!1. However, they undergo episodic outbursts that last
for months, with X-ray luminosities that can sometime reach or
exceed the Eddington limit (+1039 ergs s!1 for a 10 M, BH).
Despite the residual activity of these quiescent objects, very little
is known about their emission properties at very low accretion
rates (McClintock &Remillard 2006).With the sensitivity of cur-
rent X-ray missions (in particular Chandra and XMM-Newton),
it is now possible to study in more detail the physical processes
that take place in this accretion regime.

XTE J1550!564 was discovered by the Rossi X-Ray Timing
Explorer (RXTE ) All Sky Monitor (ASM) on 1998 September 7
(Smith 1998). A brief and intense radio/X-ray flare, associated
with a massive plasma ejection, was observed two weeks later
(Hannikainen et al. 2001). Subsequent radio and X-ray observa-
tions revealed the formation of large-scale jets moving away from
the XTE J1550!564 black hole over the course of several years
(Corbel et al. 2002; Tomsick et al. 2003a; Kaaret et al. 2003).
After its discovery outburst in 1998–1999, XTE J1550!564 had
a second strong outburst in 2000, and fainter and shorter out-
bursts were detected in 2001, 2002, and 2003 (Fig. 1). Optical
observations indicate that the compact object in XTE J1550!
564 is likely a black hole of 10:5 ) 1:0M, at a distance of about
5.3 kpc (Orosz et al. 2002).

H1743!322 was discovered with Ariel 5 in 1977 August
(Kaluzienski & Holt 1977) and was precisely localized by the

High Energy Astronomical Observatory 1 (HEAO-1) a fewweeks
later (Doxsey et al. 1977). On the basis of its X-ray properties,
H1743!322 has been classified as a black hole candidate (BHC;
White & Marshall 1983). In 2003 March, the International
Gamma-Ray Astrophysics Laboratory (INTEGRAL) detected new
activity from IGR J17464!3213 (Revnivtsev et al. 2003) that
was later found to correspond to H1743!322. During outburst,
H1743!322 went through several X-ray states with properties
typical of a BHC. The 2003 outburst ended late in 2003November.
H1743!322 was observed again in outburst from 2004 July
(Swank 2004) to 2004 November. A bright radio flare ( likely
associated with a massive ejection event) was observed in 2003
by Rupen et al. (2003). The ejected plasma was later found to
interact with the interstellar medium causing in situ particle ac-
celeration and the formation of two large-scale, synchrotron-
emitting radio and X-ray jets (Corbel et al. 2005), as in the XTE
J1550!564 case.

In this paper, we present the results of 10 Chandra observa-
tions of the two black holes XTE J1550!564 and H1743!322
carried out during their quiescent state. These two sources have
been detected at their faintest level ever observed. The high-
quality Chandra spectra for XTE J1550!564 allow us to study
and monitor the emission properties of this black hole at very
low accretion rate. We then investigate the quiescent emission
of black hole systems.

2. OBSERVATIONS AND DATA REDUCTION

Our Chandra program of monitoring X-ray jets from XTE
J1550!564 and H1743!322 has also allowed us to study in
great detail the black holes in these two systems. XTE J1550!
564 was observed byChandra on five occasions: 2002March 11
(MJD 52344.8), 2002 June 19 (MJD 52444.5), 2002 September
24 (MJD 52542.0), 2003 January 27 (MJD 52667.3), and 2003
October 23 (MJD 52935.6). For completeness, we also include
the results of two published Chandra observations on 2000
August 21 (MJD51777.4) and 2000 September 11 (MJD51798.3)
that were performed during the decay of the 2000 outburst of

1 AIM–Unité Mixte de Recherche CEA–CNRS, Université Paris VII, UMR
7158, CEA Saclay, Service d’Astrophysique, F-91191 Gif-sur-Yvette, France.

2 Center for Astrophysics and Space Sciences, University of California at
San Diego, MS 0424, La Jolla, CA 92093.

3 Department of Physics and Astronomy, University of Iowa, Iowa City,
IA 52242.
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XTE J1550!564 (Tomsick et al. 2001). The Chandra observa-
tions of H1743!322 were carried out on three occasions: 2004
February 12 (MJD 53048), March 24 (MJD 53089), and March
27 (MJD 53092). Figure 1 shows the RXTE ASM 1.5–12 keV
light curves of XTE J1550!564 and H1743!322, and the arrows
indicate the dates of the Chandra observations. This illustrates
that all our observations were conducted a few months (or even
up to a year for XTE J1550!564) before or after a period of
significant X-ray activity (outburst). This allows us to monitor
the emission properties of XTE J1550!564 and H1743!322
during their quiescent phases.

For all Chandra observations, we used the Advanced CCD
Imaging Spectrometer spectroscopic array (ACIS-S; Bautz et al.
1998) in imaging mode, with the target placed on one of the
back-illuminated ACIS Chips (S3). For the first observation of
XTE J1550!564 in 2002 and the first observation of H1743!
322, only the S3 chip was read out and a 1/2 subarray mode was
used to limit pileup. For the later observations, the sources were
known to be at lower flux, and the full ACIS-S imaging mode
array was used.

We produced 0.3–8 keV ACIS images using the ‘‘level 2’’
event lists from the standard data processing using the Chandra
Interactive Analysis of Observations (CIAO) software package.
We constructed light curves with all valid events on the S3 chips
to search for times of high background. Periods with background
flares were removed using the standard CIAO script analyse_
ltcrv.sl. We searched for X-ray sources in each 0.3–8 keV
image using wavdetect (Freeman et al. 2002), the wavelet-
based source detection routine in CIAO. For all Chandra obser-
vations, an X-ray source is found at the location of the black
hole. With an absolute astrometric precision of 0B6 (90% con-
fidence level ), the Chandra locations are consistent with the po-
sitions reported at other wavelengths (see also Corbel et al. 2005

for H1743!322). As the focus of this paper is the spectra of the
two black holes in quiescence, we refer the reader to the studies
of the X-ray jets presented in Corbel et al. (2002, 2005), Tomsick
et al. (2003a), and Kaaret et al. (2003), as well as the Tomsick
et al. (2001) black hole study for details of the Chandra data
reduction.

3. SPECTRAL PROPERTIES OF XTE J1550!564
AND H1743!322 IN QUIESCENCE

We extracted energy spectra in the 0.3–8 keV energy range
for the black holes in all Chandra observations using CIAO
tools, and we fitted these spectra using XSPEC. We used a circu-
lar source extraction region with radii of 1B4 and 400 for H1743!
322 and XTE J1550!564, respectively. We extracted background
spectra from annuli with inner radii of 900and 600and outer radii
of 1900and 1600 for H1743!322 and XTE J1550!564, respec-
tively. These regions were centered on the black hole positions
as given by wavdetect. The source aperture size is adapted to en-
close most of the source counts. Background regions are adapted
to cover a sufficiently large empty region. Due to the low num-
bers of source counts for H1743!322 (52 counts or less), we used
the W statistic for fitting (Wachter et al. 1979; J. Arnaud 2006, in
preparation) the unbinned spectra. This is adapted from the Cash
statistic (Cash 1979) and is valid for background-subtracted spec-
tra. For XTE J1550!564,which is brighter thanH1743!322,we
rebinned the spectra in order to have enough counts in each bin to
be able to use the $2 statistic (with the exception of the Chandra
observations onMJD51777, 51798, and 52444, forwhichwe used
the W statistic due to the low number of counts).
These spectra are adequately fitted with a power-law model

including interstellar absorption. We used this model because
this spectral shape is typically seen for black holes in quiescence
(Garcia et al. 2001; Kong et al. 2002), but we emphasize that we

Fig. 1.—RXTEASM 1.5–12 keV light curve of XTE J1550!564 (top left) and H 1743!322 (bottom left) covering the period of our Chandra observations. For the
light curve of XTE J1550!564, the points represent 5 day averages, highlighting the weaker outbursts observed in 2001, 2002, and 2003 ( y-axis also truncated at
10 counts s!1 for that purpose, the major outburst in 1998–1999 is also not shown), whereas we plot daily averages for H1743!322. The arrows mark the time of the
Chandra observations that have all been conducted while the black holes were in (or close to) quiescence. In the panels on the right, the ASM 1.5–12 keV light curves
are expressed directly (75 ASM counts s!1 = 1 crab = 3:0 ; 10!8 ergs s!1 cm!2) in flux units in order to allow a direct comparison with the Chandra 0.5–10 keV
unabsorbed flux measurements (diamonds). The apparent ASM detection of XTE J1550!564 around MJD 52360 is likely an artifact due to the location of the source
close to the solar exclusion zone.
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cannot statistically rule out other spectral shapes. However, brems-
strahlung models provide unphysical temperatures as already
mentioned in Kong et al. (2002). For H1743!322, we fixed the
equivalent hydrogen absorption column density, NH, to the con-
stant value (2:3 ; 1022 cm!2) measured inChandra observations
of H1743!322 during its 2003 outburst (Miller et al. 2005). For
XTE J1550!564, we leftNH as a free parameter in our fit. As the
values obtained (Table 1) are consistent with results from pre-
vious X-ray outbursts (9 ; 1021 cm!2; Tomsick et al. 2001), we
also fixed the column density of XTE J1550!564 to this value.
This column density is inconsistent with the value inferred from
the interstellar absorption lines (Sánchez-Fernández et al. 1999)
but agrees with the hydrogen column density deduced from
X-ray spectra of XTE J1550!564 or its associated X-ray jets
(Tomsick et al. 2001, 2003a; Kaaret et al. 2003) and also with the
Galactic column density along the line of sight (Jain et al. 1999).
The difference when compared to the optical measurement of
Sánchez-Fernández et al. (1999) may be explained in various
ways. One possibility is that the X-ray absorption column den-
sity may be intrinsically higher than the optically inferred value
due to additional local material covering the X-ray source. An-
other possibility is that the absorption column density deduced
from the interstellar absorption lines are artificially lower (due,
e.g., to saturation; Hynes et al. 2004). We believe that the latter
is more likely, as XTE J1550!564 and its X-ray jets (which are
separated by up to 3000) have similar column densities. In addi-
tion, it is interesting to point out the absence of variation of the
hydrogen column density between outburst and quiescence.

For H1743!322, the best-fit photon indices are 1:3þ2:1
!1:7, 1:6

þ1:0
!1:3,

and 2:2 ) 0:6 for the observations of MJD 53048, 53089, and

53091, respectively. Refitting these three data sets simultaneously
(allowing the normalization to vary) leads to a photon index of
1:96 ) 0:46 (with 90% confidence errors). As there are more
frequent observations of XTE J1550!564, its X-ray spectrum is
better constrained. The fit results of the individual observations
are reported in Table 1. To provide the best constraint on the spec-
tral parameters, we simultaneously fit all seven data sets simul-
taneously (again allowing the normalization to vary). Leaving
the hydrogen column density as a free parameter leads to NH ¼
(8:8 ) 1:0) ; 1021 cm!2, which is consistent with previous
estimates. With NH frozen to 9 ; 1021 cm!2 (Tomsick et al.
2001), we obtain the best constraint on the photon index for XTE
J1550!564 in quiescence, ! ¼ 2:25 ) 0:08 (with 90% confi-
dence errors). Figure 2 shows the 68%, 90%, and 99% error
contours allowing two parameters (NH and!) to vary. The results
indicate that these parameters are very well constrained by our
observations.

The photon indices in all Chandra observations of XTE
J1550!564 (Fig. 3) are consistent with the value obtained by
fitting the spectrum from the observation with the brightest flux
(on MJD 52345) alone. This indicates that the X-ray spectra of
XTE J1550!564 are consistent with the same spectral shape for
all the observations, even though the flux varies by a factor of at
least 16.

The fact that the X-ray flux varies between the observations
indicates that accretion onto the black hole has not stopped in
quiescence. We use the Chandra observations of XTE J1550!
564 onMJD52344 to construct a light curve of XTE J1550!564
with a time resolution of 1 ks (Fig. 4). A fit with a constant level
leads to a $2 of 74 for 27 degrees of freedom, clearly indicating

TABLE 1

Chandra Observations of XTE J1550!564 and H1743!322: Best-Fit Spectral Parameters for a Power-Law Model

Source

(Date)

Exposure

(s) Number of Countsa
NH

(1022 cm!2) Photon Index $2
# /dof

Cash Monte Carlo

Probabilityb
F0:5 10 keV

c

(10!14 ergs s!1 cm!2)

XTE J1550!564

MJD 51777.4 ........... 4985 71 0.9 (fixed) 2.6 ) 0.4 . . . 0.57 26.6 ) 3.5

MJD 51798.3 ........... 4572 111 0.9 (fixed) 2.3þ0:5
!0:2 . . . 0.57 46.7 ) 4.7

MJD 52344.8 ........... 26118 1206 0.86þ0:19
!0:11 2.20þ0:25

!0:18 32.8/30 . . .
0.9 (fixed) 2.25 ) 0.10 32.8/31 . . . 93.7 ) 2.8

MJD 52444.5 ........... 18025 58 0.9 (fixed) 2.8þ0:5
!0:9 . . . 0.55 6.8 ) 1.0

MJD 52542.0 ........... 24442 223 0.90þ0:53
!0:23 2.2þ0:7

!0:5 16.1/19 . . .
0.9 (fixed) 2.23þ0:25

!0:24 16.1/20 . . . 17.6 ) 1.2

MJD 52667.3 ........... 23683 254 0.90þ0:47
!0:22 2.2þ0:6

!0:4 13.9/19 . . .
0.9 (fixed) 2.19þ0:23

!0:21 13.9/20 . . . 21.3 ) 1.3

MJD 52935.6 ........... 47835 145 0.69þ0:47
!0:22 2.2þ0:7

!0:5 17.3/19 . . .
0.9 (fixed) 2.5þ0:4

!0:3 18.5/20 . . . 5.7 ) 0.5

Combined................. 0.88 þ0:12
!0:09 2.25þ0:09

!0:13 137/167 . . .
0.9 (fixed) 2.25 ) 0.08 137/168 . . .

H1743!322

MJD 53048.0 ........... 17796 6 2.3 (fixed) 1.3þ2:1
!1:7 . . . 0.33

2.3 (fixed) 2.0 (fixed ) . . . 0.48 12.2 ) 5.2

MJD 53088.9 ........... 28363 16 2.3 (fixed) 1.6þ1:0
!1:3 . . . 0.38

2.3 (fixed) 2.0 (fixed ) . . . 0.52 19.5 ) 5.3

MJD 53091.5 ........... 40037 52 2.3 (fixed) 2.2 ) 0.6 . . . 0.64

2.3 (fixed) 2.0 (fixed ) . . . 0.62 50.3 ) 7.3

Combined................. 2.3 (fixed) 1.96 ) 0.46 . . . 0.62

Note.—All quoted uncertainties are 90% confidence ("$2 ¼ 2:7 for one parameter or "$2 ¼ 4:6 for two parameters).
a Number of total count within the source region in the 0.3–8 keV energy band
b XSPEC Monte Carlo simulations of 10,000 spectra based on the fitted model. We list the fraction of these simulated spectra that has a Cash statistic value less

than the original data (for good fit, this number should be around 0.50).
c Unabsorbed X-ray flux in the 0.5–10 keV energy band.
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that there is also significantX-ray variability on short (+kilosecond)
timescale.

The unabsorbed 0.5–10 keV fluxes for H1743!322 and XTE
J1550!564 are reported in Table 1. For H1743!322, we fixed
the power-law photon index to a value of 2.0, whereas for XTE
J1550!564, the photon index was left at its fitted value. For both
sources, the column densities were fixed as indicated previously.
The quoted errors are based on the numbers of source and back-
ground counts and Poisson statistics.

4. DISCUSSION

4.1. X-Ray Luminosity in Quiescence

These Chandra observations represent the detection of XTE
J1550!564 and H1743!322 at their faintest level of X-ray
emission. The unabsorbed 0.5–10 keV luminosity of XTE
J1550!564 is 1:9 ; 1032 ergs s!1 (for a distance of 5.3 kpc;
Orosz et al. 2002) and 9:3 ; 1031 ergs s!1 for H1743!322 (at a
distance of 8 kpc). For a 10 M, black hole, these values corre-
spond to luminosities of 1:5 ; 10!7LEdd (for XTE J1550!564)

and 7:2 ; 10!8LEdd (for H1743!322). We note that the mass
of the compact object in H1743!322 is unknown, as well as its
distance. However, the kinematic study of the large-scale jets of
H1743!322, as well as its location toward the Galactic bulge,
are consistent with a distance to H1743!322 of 8 kpc (Corbel
et al. 2005).
These quiescent luminosity levels are in the upper range com-

pared to the faintest detected levels of other black holes (Garcia
et al. 2001; Kong et al. 2002; Sutaria et al. 2002; Hameury et al.
2003; Tomsick et al. 2003b). We note that there is still the possi-
bility that these sources were not observed in their true quiescent
levels, as theChandra observationswere carried out between out-
bursts. However, we note that for XTE J1550!564, theChandra
observations took place during three distinct quiescent phases
(Fig. 1), and a similar quiescent X-ray level is detected for two of
these phases. In addition, optical observations (Jain et al. 2001)
confirm that XTE J1550!564 returned to quiescence on a time-
scale of months. For H1743!322, we note that the last two
Chandra observations were taken 2.5 days apart. The flux in the
observation on MJD 53089 is consistent with the flux observed
during the firstChandra observation taken 40 days before, which
indicates that this is probably the quiescent level of H1743!322.
Between the second and third Chandra observations, the flux
more than doubled in less than 3 days. Thismay be related to con-
tinuous accretion in quiescence or possibly means that this could
be the onset of the outburst that was detected by RXTE ASM
about 90 days later (Swank 2004). Similarly, RXTE Proportional
Counter Array (PCA) detected the X-ray activity of GX 339!4
during its 2002 outburst at least 40 days before the initial ASM
detection (Homan et al. 2005). This probably indicates that
the Chandra observations at the lowest level are likely repre-
sentative of the true quiescent phase of XTE J1550!564 and
H1743!322.

4.2. X-Ray Spectra and Photon Index in Quiescence

In addition to allowing for detection of these two black holes
in quiescence, for XTE J1550!564 these observations also pro-
vide the most precise X-ray spectra of a black hole at such low
luminosities (down to +10!7LEdd). We concentrate on the

Fig. 2.—Error contours for the hydrogen column density (NH) and the power-
law index (!) derived from the combined Chandra spectrum of XTE J1550!
564. The cross marks the location of the best-fit value, and 68% ("$2 ¼ 2:30),
90% ("$2 ¼ 4:61), and 99% ("$2 ¼ 9:21) confidence contours are shown.

Fig. 3.—Evolution of the power-law photon index (! ) vs. the unabsorbed
0.5–10 keV flux for all Chandra observations of XTE J1550!564 in quies-
cence. The line indicates the best-fit value for !. All quoted errors are at the 90%
confidence level.

Fig. 4.—ChandraACIS-S light curve of XTE J1550!564 onMJD 52344 in
the 0.3–8 keV band with a time resolution of 1 ks. The dashed line illustrates the
fit with a constant level.
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power-law model, which can be representative of various emis-
sion mechanisms (see x 4.4). With a photon index of 2:25)
0:08, the X-ray spectra of XTE J1550!564 are significantly
softer than during the standard hard state (photon index of the
order of 1.5–1.7; Tomsick et al. 2001). This trend was mar-
ginally apparent in the decay of the 2000 outburst of XTE
J1550!564 (Tomsick et al. 2001), but ourChandra observations
of XTE J1550!564 clearly confirm this softening in quiescence.

In fact, this is very similar to several other black holes for
which an X-ray spectrum has been measured in quiescence. For
the rest of this paper, we concentrate on those systems for which
the photon index has been measured with relatively high preci-
sion.We have collected results from the literature, which are pre-
sented in Table 2 (90% confidence level for the uncertainty on the
photon indices) and in Figures 5 and 6. The X-ray spectrum of
XTE J1118+480 (! ¼ 2:02 ) 0:16) in quiescence (McClintock
et al. 2003) is also softer than during its standard hard state
(! ¼ 1:7; Frontera et al. 2003). When GX 339!4 is detected
at very low X-ray flux (Corbel et al. 2003; Gallo et al. 2003a;

C. Chapuis et al. 2006, in preparation), the X-ray spectra are
again consistent with being soft (! ¼ 1:99 ) 0:15; C. Chapuis
et al. 2006, in preparation) like XTE J1550!564 or XTE J1118+
480. Similar conclusions can be drawn for A0620!00, which
has a photon index of 2:26 ) 0:18 in quiescence (McClintock
et al. 2003). However, the X-ray spectra of a subset of sources
stay hard or harden significantly in quiescence compared to the
standard hard state: V404 Cyg (! ¼ 1:55 ) 0:07withNH frozen
to optical value; Kong et al. 2002) and V4641 Sgr (! ¼ 0:2)
0:9; Tomsick et al. 2003b). With a photon index of 1:30þ0:34

!0:41
(Hameury et al. 2003), GRO J1655!40 may also be considered
as being hard in quiescence.

It is interesting to note that the three BHs with the hardest
X-ray spectra in quiescence are those with the largest orbital
period (Fig. 5). From our sample, all X-ray spectra from quies-
cent BHs with orbital period of less than 2 days are consistent
with a soft power law, whereas above this limit the power law
is hard. The weighted average photon index for the four ‘‘soft’’
sources is ! ¼ 2:18 ) 0:06, whereas ! ¼ 1:53 ) 0:07 for the

TABLE 2

Parameters of Our Sample of Quiescent Black Holes: Photon Index and Orbital Parameters

Quiescentb

Source
Photon Indexa

(!)
X-Ray Flux

(ergs s!1 cm!2)

Luminosity

(LEdd)

Orbital Period
( hr)

Distancec

( kpc)

Primary Massd

(M,)

Secondary Massc

(M,)

XTE J1118+480........................ 2.02 ) 0.16 8.6 ; 10!15 [1] 3.9 ; 10!9 4.08 1.8 ) 0.6 [1] 6.48–7.19 0.23–0.32

A0620!00................................. 2.26 ) 0.18 2.6 ; 10!14 [1] 3.1 ; 10!9 7.75 1.16 ) 0.11 [2] 8.70–12.86 0.48–0.97

XTE J1550!564e...................... 2.25 ) 0.08 5.7 ; 10!14 [2] 1.4 ; 10!7 37.03 5.3 ) 2.3 [3] 9.68–11.58 0.94–1.64

GX 339!4f ............................... 1.99 ) 0.15 3.4 ; 10!13 [3] 3.5 ; 10!6 42.00 >6 [4] 5.8 0.52

GRO J1655!40 ........................ 1.30þ0:34
!0:41 2.8 ; 10 !14 [4] 4.3 ; 10!8 62.92 3.2 ) 0.2 [5] 6.03–6.57 2.23–2.74

V4641 Sgr................................. 0.2 ) 0.9 1.0 ; 10!14 [5] 1.2 ; 10!7 67.61 9.6 ) 2.4 [6] 6.82–7.42 2.85–3.34

V404 Cyg.................................. 1.55 ) 0.05 8.9 ; 10!13 [6] 6.5 ; 10!7 155.28 3.0 ) 0.8 [7] 10.06–13.38 0.53–0.83

a 90% confidence level. References in text. See also the discussion on the influence of the hydrogen column density on the photon index.
b 0.5–10 keV unabsorbed X-ray flux. Adapted from quoted reference with PIMMS from Heasarc. (1) McClintock et al. 2003; (2) this work; (3) Gallo et al.

2003a; (4) Kong et al. 2002; (5) Tomsick et al. 2003b; (6) Campana et al. 2001.
c (1) McClintock et al. 2001; (2) Gelino et al. 2001; (3) Orosz et al. 2002; (4) Hynes et al. 2004; (5) Hjellming & Rupen 1995; (6) Orosz et al. 2001; (7) Shahbaz

et al. 1994.
d Estimated 1 " range from Orosz (2003) and references therein.
e Orbital parameters from Orosz et al. (2002), taking into account the rotational velocity of the star.
f Orbital parameters from Hynes et al. (2003).

Fig. 5.—Evolution of the power-law photon index (!) vs. orbital period for
XTE J1118+480, A 0620!00, XTE J1550!564, GX 339!4, GRO J1655!40,
V4641 Sgr, and V404 Cyg (in order of increasing orbital period) in their qui-
escent states. The lines (with associated 1 " error) indicate the average value of
the photon index for the two groups (hard or soft; see text) of sources.

Fig. 6.—Evolution of the power-law photon index (!) vs. the 0.5–10 keV
quiescent luminosity (in Eddington units). The uncertainty in the luminosity is
based on the uncertainty in the black hole mass and distance. A distance of 8 kpc
associated with a mass of 6 M, have been used for GX 339!4 (Hynes et al.
2003, 2004).
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three ‘‘hard’’ sources. The difference between the two samples is
significant at more than 7 ", clearly indicating that the photon
index may depend on the orbital period. However, our sample
only includes seven sources with the hard sample dominated by
V404 Cyg, and it needs to be confirmed by further observations
of BHs in quiescence. GRS 1915+105, with an orbital period of
833 hr, would be a very good target if it returns to quiescence.

But as noted for XTE J1550!564 (x 3), the knowledge of the
interstellar absorption column density is an important parameter
for fitting the X-ray spectra. Indeed, lower column density leads
to harder spectra (Kong et al. 2002, Fig. 5). Some of the photon
indices quoted above are deduced from X-ray spectra with a
fixed column density.We should now see if fixing the interstellar
absorption could lead to an artificial bias in our sample. For
XTE J1550!564 (this work) and GX 339!4 (C. Chapuis et al.
2006, in preparation), the deduced NH (as a free parameter) is
consistent with previous measurements. For XTE J1118+480
and A0620!00, McClintock et al. (2003) used a fixed column
density; however, as NH is already very low for both of these
sources, higher values would lead to even softer spectra. The
X-ray and optical values of NH for A0620!00 and XTE J1118+
480 are consistent with each other (Kong et al. 2002; McClintock
et al. 2003). For GRO J1655!40 (Hameury et al. 2003) and
V404Cyg (Kong et al. 2002), X-ray fittingmay indicate a slightly
higher NH when compared to the optical measurement. With NH

free, the photon indices are softer with ! ¼ 1:54þ1:2
!0:7 for GRO

J1655!40 and ! ¼ 1:81 ) 0:14 for V404 Cyg. For V4641 Sgr,
there is no independent measurement of the X-ray column den-
sity due to the very fast transient nature of the source. To sum-
marize, if we take into account the influence of the uncertain
interstellar absorption column densities on the determination of
the photon indices, the difference in photon indices is significant
at the 3 " level.

If this trend is confirmed, it is of interest to understand the
possible difference between the short and long orbital period sys-
tems. As outlined in Menou et al. (1999 and references therein),
one of the obvious differences is the mass transfer rate between
the companion star and the accretion disk. Indeed, following
Frank et al. (1992), for Roche lobe overflow systems, the mass
transfer rate may be driven by two separate mechanisms: loss of
angular momentum through gravitational radiation and mag-
netic braking ( j-driven systems) or expansion of the donor star
as it evolves away from the main sequence (n-driven systems).
The j-driven systems would be found preferentially in short or-
bital period systems. The bifurcation period between these two
populations is expected to be in the range 0.5–2 days (Menou
et al.1999). Interestingly,Menou et al. (1999) have estimated the
mass transfer rate for typical binary-evolution models (see their
Fig. 3) driven by gravitational radiation and by secondary expan-
sion. If we compare the orbital period of the sources in our sam-
ple (4:1 hr< Porb < 155:3 hr), we observe that systems with
orbital periods in the range 4–30 hr would have similar mass
transfer rates to within a factor of a few. In any case, the systems
with the longest orbital period would have a much higher mass
transfer rate; therefore, this could be an origin of the possible
difference in photon indices.

Taking into account the mass of the black hole (Orosz 2003
and references therein), we can further look (Fig. 6) to see if a
correlation exists between the power-law photon indices and the
quiescent X-ray luminosities (expressed in Eddington units).
The X-ray fluxes used in this graph are from Table 2 and rep-
resent the lowest level of X-ray emission reported for these
sources. This figure illustrates that the sources with the softer or
harder spectra do not occur in a specific luminosity range.

4.3. X-Ray Spectra at Intermediate Luminosities

Most of the X-ray novae have not been observed/detected in
X-rays in their quiescent state. However, we note that the soft-
ening of their X-ray spectra has been seen at a flux level well
above quiescence. In the decay phase of their recent outburst,
XTE J1650!500 (Corbel et al. 2004), aswell asXTE J1908+094
(Jonker et al. 2004), are first observed to harden significantly in
the hard state (we note that this is also the case for GX 339!4 at
intermediate luminosity, possibly related to Compton reflection;
Nowak et al. 2002). However, a clear softening (! ¼ 1:96)
0:09), as in GX 339!4, is then observed in XTE J1650!500 in
the decay at a luminosity of 2 ; 1034 ergs s!1 (Tomsick et al.
2004). No information is available on the quiescent spectra of
XTE J1650!500 or XTE J1908+094, but it would be interesting
to see if they also soften (as GX 339!4) in quiescence. Similarly,
4U 1543!47 gradually softened at intermediate luminosity (! ¼
2:22 ) 0:12), whereas the hardest spectra in the hard state had
! ¼ 1:64 (Kalemci et al. 2005). XMM-Newton confirmed this
softening with a photon index of ! ¼ 1:94 ) 0:04 at a lumi-
nosity level of 4 ; 1034 ergs s!1 (10!5 LEdd) (La Palombara &
Mereghetti 2005). 4U 1543!47 was not in its true X-ray quies-
cence phase (at the time of the XMM-Newton observation),
which is believed to occur below 3 ; 1031 ergs s!1 (Garcia et al.
2001). However, the optical /infrared monitoring (Buxton &
Bailyn 2004) indicates that 4U 1543!47 reached its quiescent
optical level only 10 days after the XMM-Newton observations.
It is unlikely that the X-ray flux could have decayed by 3 orders
of magnitude on timescale of 10 days. This may possibly point
out that the optical emission settled down to its quiescent level
much before the X-rays. Other examples of similar softening at
intermediate luminosity during the decay phase include XTE
J1748!288 (Kotani et al. 2000) and GS 1124!68 (Ebisawa
et al. 1994).

4.4. On the X-Ray Emission of Black Holes in Quiescence

One of the main results from our study is that a significant
fraction of BHs have an X-ray spectrum that softens at lower
luminosity. The emission of quiescent BHs is usually consistent
with an extension of the hard-state properties to lower lumi-
nosities (Corbel et al. 2000, 2003; Kong et al. 2000; Tomsick
et al. 2004), and hard-state models have been applied to explain
the emission in the quiescent state.
Among these models, McClintock et al. (2003) explained the

power-law photon index of! ¼ 2:02 ) 0:16 of XTE J1118+480
(one of the best-studied black holes in quiescence) with an
advection-dominated accretion flow (ADAF) located inside a
truncated standard thin disk. However, a pure ADAF model was
insufficient to reproduce the X-ray spectrum of XTE J1118+480,
and they had to reduce the mass accretion rate close to the black
hole. Specifically, they assumed that the mass accretion rate
varies as a function of radius as Ṁ (r) / r p and obtained ade-
quate fits only for p- 0:2. The fate of the ‘‘missing mass’’ is not
described inMcClintock et al. (2003) but could possibly take the
form of an outflow (e.g., Quataert & Narayan 1999), which is
then like the ADIOSmodel (Blandford &Begelman 1999). This
is also quite similar to Yuan et al. (2005), who added a jet con-
tribution to the standard ADAF model in order to fit the spectral
energy distribution of XTE J1118+480 in the hard state. Within
this context, an X-ray power-law photon index of+2 is predicted
for BH in quiescence (Yuan &Cui 2005). However, at low lumi-
nosity the accretion flow is known to be convectively unstable
(Igumenshchev&Abramowicz 1999; Quataert &Gruzinov 2000),
and this convection-dominated accretion flow (CDAF) has a
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very different structure than the standard ADAF, as convection
significantly reduces the mass accretion rate (equivalent to set-
ting the ADAF p-parameter to 1 in eq. [1] of McClintock et al.
2003). In this CDAF framework, the X-ray spectra are expected
to soften significantly at very low luminosity (Ball et al. 2001) as
observed in our study. Thus, it is likely that the ADAF models
would be able to reproduce the soft and hard spectra described
above, by tuning the amount of outflow or convection with the
p-parameter. To reproduce the harder spectra of longer orbital pe-
riod systems, such asV404Cyg, larger values of the p-parameter,
corresponding to stronger outflow or stronger convection, would
be required.

Alternatively, in standard sphere+disk model, a softening of
the X-ray spectra would also be expected due to a decrease of the
coronal optical depth as the mass accretion rate decreases (see,
e.g., the discussion in Tomsick et al. 2004). In the magnetic
corona model, active regions above the disk are responsible for
producing the hard X-ray emission and constitute the base of the
outflow (Merloni & Fabian 2002). In that model, the X-ray spec-
trum is expected to soften at a lower accretion rate as the ac-
cretion power is carried away into the jets rather that being used
to heat the electrons (Merloni & Fabian 2002). Such a model
could easily explain the soft spectra of our sources in quiescence.
However, in this model, the inner boundary of the accretion disk
does not vary with the mass accretion rate. The characteristic
frequencies of QPOs and of broadband timing noise are known
to vary at state transitions and in the hard state (Tomsick et al.
2004; Kalemci et al. 2005), with lower frequencies generally
occurring at lower luminosities. This is easy to understand in
models in which the inner disk radius increases at low mass
accretion rates but is difficult to explain in the models in which
the inner disk radius is constant.

Alternatively, a new possibility for the origin of X-ray emis-
sion has emerged in recent years. Indeed, a strong correlation is
observed between the radio and X-ray emission of GX 339!4,
and V404 Cyg in the hard state, and this correlation seems to
extend down to the quiescent level for these two sources (Corbel
et al. 2003; Gallo et al. 2003b). The radio emission originates
from a powerful self-absorbed compact jet (Corbel et al. 2000),
and it also seems possible that this jet may contribute to the high-
energy emission (Markoff et al. 2001, 2003) of BHs in the stan-
dard hard state. Furthermore, radio observations show that the
compact jet (at least for V404 Cyg) is maintained in quiescence
(Gallo et al. 2005). Even if the debate is still open regarding the
contribution of the compact jet (Markoff & Nowak 2004; Homan
et al. 2005; Markoff et al. 2006) at high energy, we can check if
the jet model could explain the softening of X-ray spectra for BH
in quiescence. To explain the X-ray spectra in the hard state, the
electron energy distribution should have an energy index of the
order of 2.2–2.4 (Markoff et al. 2003). If the electrons that could
be responsible for the X-ray emission of BH in quiescence are
above the cooling break due to spectral aging, then the energy
index of the electron distribution (above the break) would be
3.2–3.4, therefore increasing (by 0.5) the photon index to ! +
2:1 as observed in a large part of the sources from our sample. In
this picture, the reason for the change would be that the particles
are not sufficiently reaccelerated at low accretion rate, which is
indeed quite reasonable. Alternatively, the compact jet contri-
bution may vanish at low luminosity, giving the possibility that
thermal emission from the nozzle dominates the X-ray band and

therefore gives a different spectral shape. The hard spectra (! +
1:6) would easily be explained if the compact jet properties are
similar to the standard hard state. This is consistent with the fact
that these kind of spectra are observed for the sources (V404
Cyg, GRO J1655!40 andV4641 Sgr) that have a large accretion
disk, and whichmay be a necessary condition to sustain a power-
ful compact jet. Similarly, it is of some interest to note that ac-
celeration processes are also believed to be inefficient in the jets
of the low-luminosity (10!9 LEdd) supermassive black hole, SgrA.,
located in the center of our Galaxy (Melia & Falcke 2001).

5. CONCLUSIONS

We have observed and detected XTE J1550!564 and H1743!
322 during their quiescent states at their faintest level of X-ray
emission with a 0.5–10 keV luminosity of 2 ; 1032 (d /5 kpc)2

ergs s!1 for XTE J1550!564 and 9 ; 1031 (d /8 kpc)2 ergs s!1 for
H1743!322. Such levels of X-ray emission are in the upper range
compared with the levels observed in other black hole systems.
The Chandra observations also provide the best constraint on
the power-law index of XTE J1550!564with an index of 2:25)
0:08. We focused our analysis on the power-law model as this
spectral shape is typically seen for black holes in quiescence and
can represent an approximation for most theoretical emission
mechanisms, but we emphasize that we cannot statistically rule
out other spectral shapes. All Chandra spectra of XTE J1550!
564 are consistent with a soft power law, therefore indicating
that the X-ray spectrum softens at lower luminosity. We bring
to light that all systems with short orbital period (+<60 hr)
are consistent with a softening of their X-ray spectra in quies-
cence. However, the long orbital period systems may be consis-
tent with a hardening of their X-ray spectra, but confirmation of
this trend is required. A possible and realistic test would be to ob-
tain XMM-Newton orChandra observations of long orbital period
systems, like V4641 Sgr or GRO J1655!40 with a long expo-
sure during quiescence. In addition, GRS 1915+105, with an or-
bital period of 833 hr, may be a very good target if it returns to
quiescence. Simultaneously, further observations of short orbital
period systems ( like XTE J1650!500, or 4U 1543!47 at lower
luminosity) should be performed in order to test the softening of
their spectra. We found that various classes of models (ADAF
corona+jet, CDAF, sphere+disk, magnetic corona, or jet models)
are able to reproduce the softening of the spectra in quiescence,
but we note that most of them need the presence of powerful
outflow or significant convection in order to reproduce these soft
X-ray spectra. This may increase the likelihood that outflows are
present in the most frequent phase (quiescence) of a black hole
binary’s activity and have significant influence on the physics of
these systems and neighboring environment (Fender et al. 2003,
2005).
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ABSTRACT

Multiwavelength observations of Galactic black hole (GBH) transients during state transitions and in the low/hard
state may provide detailed information on the accretion structure of these systems. The object 4U 1543!47 is a GBH
transient that was covered exceptionally well in X-rays and the infrared (daily observations) and reasonably well in
the optical and radio during its outburst decay in 2002. When all the available information is gathered from the
intermediate and the low/hard states, 4U 1543!47 makes an important contribution to our understanding of state
transitions and the role of outflows in the high-energy emission properties of black hole binaries. The evolution of the
X-ray spectral and temporal properties and the infrared light curve place strong constraints on different models to
explain the overall emission from accreting black holes. The overall spectral energy distribution is consistent with a
synchrotron origin for the optical and infrared emission; however, the X-ray flux is above the power-law continuation
of the optical and infrared flux. The infrared light curve, the HEXTE light curve, and the evolution of theX-ray photon
index indicate that the major source of hard X-rays cannot be direct synchrotron radiation from an acceleration region
in a jet for most of the outburst decay.

Subject headinggs: accretion, accretion disks — binaries: close — black hole physics —
stars: individual (4U 1543!47) — X-rays: binaries

1. INTRODUCTION

Galactic black hole (GBH) transients are binary systems that
can show orders-of-magnitude increases in luminosity during
outbursts caused by sudden, dramatic increases of mass accretion
onto compact objects. During an outburst, a GBH transient often
follows a specific sequence of X-ray spectral states; it is in the
‘‘hard’’ or ‘‘low/hard’’ (LH) state at the beginning and also
during the decay of an outburst. Between the rise and the decay,
when the 2–10 keV luminosity is high, the system is usually in
the ‘‘thermal-dominant’’ (TD) state (historically this was called
the high/soft state), and sometimes in the ‘‘steep power-law’’state
(historically, the very high state; see McClintock & Remillard
2003 for a detailed discussion of spectral states). They can also be
found in an intermediate state (IS), where source characteristics
do not fit into the TD or LH state but show various combinations
of these states, especially close to state transitions (McClintock
& Remillard 2003). The sequence of spectral states may be com-
plicated, or it may be very simple, as some sources stay in the
LH state throughout their outbursts (Kalemci 2002; Brocksopp
et al. 2004; references therein). However, the systems are almost
always found in the LH state during outburst decay (Kalemci

2002), before they return to quiescence (perhaps a continuation of
the LH state at very low luminosities; Corbel et al. 2000; Kong et
al. 2002; Tomsick et al. 2004).
In terms of timing, the TD state is characterized by a lack or

very low level of variability (a few percent rms between 0.04 and
4 Hz), whereas the LH state shows strong variability (+30% rms
in the same band) along with quasi-periodic oscillations (QPOs)
in the power density spectrum. Other Fourier analysis–related
timing tools, such as ‘‘coherence’’ and ‘‘lag’’ behavior, are also
different in each state (see Vaughan & Nowak 1997 and Nowak
et al. 1999 for detailed definitions of these quantities). The mean
coherence is very high (+1) in the LH state, and the mean lag is
either zero or very low between the 3–6 keV and 6–15 keV
bands in the 1–10 Hz frequency range. During the IS and during
transitions, however, the coherence is lower and the lag is higher
in the same frequency band and between the same energy bands
(Pottschmidt et al. 2000; Kalemci 2002).
The relation between the radio emission and the X-ray states

has been well established (McClintock & Remillard 2003; see
also Corbel et al. 2004 and the recent review by Fender [2005]).
In the TD state, the radio emission is often quenched (Fender
et al. 1999; Corbel et al. 2000). Optically thin outflows are some-
times detected during state transitions (Fender &Kuulkers 2001;
Corbel et al. 2001), and powerful, compact jets are always ob-
served in the LH state (Fender 2001). In addition, there exists a
global correlation between the X-ray flux and the radio flux for
different sources at different luminosities in the LH state (Corbel
et al. 2003; Gallo et al. 2003). The base of the jet might provide
the energetic electrons that would create the X-ray power law
in the spectrum, establishing the link between the radio and the
X-ray flux (Fender 2001). The fact that the lags are higher during
state transitions, when the optically thin, large outflows are ob-
served, may also point to a relation between the radio jet and
energetic electrons (Pottschmidt et al. 2000; Kalemci et al. 2003).
An alternative model is that the X-ray emission is synchrotron in
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nature and comes directly from a shock region in the jet (Falcke&
Biermann 1999; Markoff et al. 2001). This model can explain the
radio–X-ray flux correlation naturally; however, it fails to make
any predictions about the details of the X-ray spectrum.9

The daily observations of transients in the optical and the
infrared by the YALO consortium (Bailyn et al. 1999) provide
another dimension in the study of GBH transients. A secondary
maximum in the V, B, I, J, andK bands has been observed during
the outburst decay of 4U 1543!47 (Buxton & Bailyn 2004). A
similar secondary maximum was also observed in the V, I, andH
bands during the outburst decay of XTE J1550!564 in 2000
(Jain et al. 2001a). The properties of the optical emission during
the secondary maximum of the 2000 outburst of XTE J1550!
564 indicate a synchrotron origin from a jet (Corbel et al. 2001),
rather than X-ray reprocessing at the outer parts of the accretion
disk, which was suggested to explain the optical light curves of
the same source in its 1998 outburst (and also other GBH tran-
sients; Jain et al. 2001a, 2001b). X-ray reprocessing as the origin
of optical emission has also been questioned by Brocksopp et al.
(2004) because of a lack of correlation between the X-ray and
optical light curves of V404 Cyg, GRO J1719!24, GRO J0422þ
32, GS 1354!64, and XTE J1118þ480. The observations of
GX 339!4 in the optical and the near-infrared (NIR) in the LH
state show a nonthermal, optically thin synchrotron component
that can be extrapolated down to the X-ray spectrum (Corbel &
Fender 2002). A very recent study of GX 339!4 with good op-
tical, infrared, and X-ray monitoring points out that in the LH
state, the NIR emission has a synchrotron origin in a jet; however,
the source of the optical emission may be a combination of a jet,
the disk, and possibly a compact corona in this source (Homan
et al. 2005). In addition, the LH state during the rise of the 2002
outburst ofGX339!4 showed a strong correlation betweenX-ray
flux and optical/NIR, similar to the radio–X-ray flux correlation
(Homan et al. 2005).

One of the most interesting epochs of an outburst is its decay,
because it is almost guaranteed that therewill be a transition to the
LH state that provides additional information about the system
through various timing-analysis techniques, and also through
strong radio emission. Analysis of state transitions helps us probe
the accretion dynamics of these systems. Our group has been
observing GBH transients during outburst decays in X-rays with
the Rossi X-Ray Timing Explorer (RXTE ) and in radio to under-
stand the evolution before, during, and after the transition to the
LH state (Kalemci et al. 2001; Tomsick et al. 2001; Kalemci et al.
2003; Tomsick et al. 2003). A uniform analysis of all GBH
transients observed with approximately daily coverage with
RXTE between 1996 and 2001 resulted in a better understanding
of the evolution of spectral and temporal parameters during the
outburst decay (Kalemci et al. 2004). The most striking of all the
results is that the sharpest change indicating a state transition is
observed in the timing properties (usually a jump in the rms
amplitude of variability from less than a few percent to tens of
percent in less than a day). This change in the rms amplitude is
often (but not always) accompanied by a sharp increase in the
power-law flux. Such sharp changes in the rms amplitude of var-
iability were noted as the times of state transition in Kalemci et al.
(2004), and the same convention is applied here.

In this work, wewill try to obtain a coherent picture of changes
in the physical properties of a GBH transient, 4U 1543!47,

around state transitions and also deep in the LH state, using
multiwavelength observations. This object was discovered by
theUhuru satellite on1971August17 (Matilsky et al. 1972). The
source was observed again in outburst in 1983, in 1992, and also
in 2002 (Kitamoto et al. 1984; Harmon et al. 1992; Miller &
Remillard 2002; Brocksopp et al. 2004). The optical counterpart
was found by Pedersen (1983). Initial dynamical mass measure-
ments during quiescence established this source as a black hole bi-
nary system with a compact-object mass between 2.7 and 7.5M,
(Orosz et al. 1998). A more accurate value of 9:4 ) 2:0 M, is
given by Park et al. (2004) based on a work in preparation by
J. Orosz. The 2002 outburst was first detected by the All-Sky
Monitor (ASM) on RXTE on MJD 52,442 (Miller & Remillard
2002; Park et al. 2004). Around a month later, as the outburst was
decaying, our group started its daily monitoring campaign with
RXTE and caught the transition to a harder state on MJD 52,479
(Kalemci et al. 2002), although subsequent analysis in this work
indicates that the transition started earlier. An analysis of theRXTE
data before the LH state, with an emphasis on broad iron reflection
lines, is given by Park et al. (2004). Figure 1 shows the ASM light
curve of the overall outburst, the epochwe analyzed, and the dates
of pointed observations used in this work. The source was also
detected and observed in the radio and optical bands (see Park
et al. 2004, Buxton&Bailyn 2004, and xx 2.2 and 2.3 in this work
for more details).

Here we report on the RXTE observations during outburst
decay and combine the results with the optical, infrared, and ra-
dio information to understand jet formation and its effects on the
spectral and temporal properties of 4U 1543!47.

2. OBSERVATIONS AND ANALYSIS

2.1. RXTE Observvations

We triggered our monitoring program (P70124, PI: J. A. T.)
with RXTE after the source’s ASM count rate dropped below
15 counts s!1, and the first observation took place on MJD
52,478.7. The source was already in transition from the TD to the
LH state, showing broadband variability and QPOs (Kalemci
et al. 2002). While the nearly daily 1–3 ks monitoring from
program P70124 was going on, we triggered P70128 (PI: E. K.),

9 Only recently, the reflection from the disk has been incorporated into the
synchrotron jet model by Markoff & Nowak (2004). See also Körding & Falcke
(2004) for a recent work on timing properties from this model.

Fig. 1.—The 1.5–12 keVASM light curve of the 2002 outburst of 4U 1543!
47. We worked on the decay part of the outburst and analyzed RXTE data shown
in the gray region. The vertical bars indicate pointed PCA observations. The
dashed lines indicate approximate times of state transitions.
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which provided longer exposures (+20 ks) to investigate the
spectral and temporal properties of the source in greater detail
than possible with the daily monitoring observations. For this
work, we use the long observations and the first 18 observations
of the monitoring program that provided high-quality spectral
information. A very interesting part of the outburst, the onset of
state transition, occurred before our monitoring observations had
begun. To characterize this part, we use archival RXTE ob-
servations from P70133 (PI: J. McClintock). Table 1 shows the
list of the observations used in this work.

2.1.1. X-Ray Spectral Analysis

For the major part of the outburst, we used both the PCA and
the HEXTE instruments on RXTE for the spectral analysis (see
Bradt et al. 1993 for instrument descriptions). For the PCA, the

3–25 keV band was used, and the response matrix and the back-
ground model were created using the standard FTOOLS (ver-
sion 5.3) programs.We added 0.8% up to 7 keVand 0.4% above
7 keV as systematic errors based on fits to Crab observations
close to ours (for the details of how we estimate systematic un-
certainties, see Tomsick et al. 2001). We used all available PCUs
for each observation, choosing the combination that would pro-
vide the maximum number of counts.
The 15–200 keV band was used for the HEXTE data. We

used the response created by FTOOLS and applied the neces-
sary dead-time correction (Rothschild et al. 1998). The HEXTE
background subtraction is performed by alternating between ob-
servations of source and background fields. The relative normal-
ization between the PCA and HEXTE is kept free. The HEXTE
data were included in the spectral analysis until MJD 52,489.

TABLE 1

Spectral Parameters

Flux (10!10 ergs cm!2 s!1)

Obs.a MJD !
Tin

(keV) Power-Law DBB Notes

Thermal-dominant State

1A............ 52,464.42 2.32 ) 0.09 0.70 ) 0.01 10.19 ) 0.97 53.92 ) 0.47

2A............ 52,466.32 2.39 ) 0.07 0.67 ) 0.01 11.96 ) 0.91 38.20 ) 0.43

3A............ 52,468.64 2.10 ) 0.11 0.65 ) 0.01 5.06 ) 0.68 29.44 ) 0.28

4A............ 52,470.28 2.32 ) 0.04 0.62 ) 0.01 4.99 ) 0.59 21.72 ) 0.24

5A............ 52,472.61 2.49 ) 0.15 0.57 ) 0.01 4.69 ) 0.50 12.84 ) 0.14

6A............ 52,473.19 2.57 ) 0.03 0.54 ) 0.01 7.69 ) 0.58 10.62 ) 0.14

7A............ 52,473.25 2.51 ) 0.04 0.54 ) 0.01 6.36 ) 0.52 10.99 ) 0.16

Intermediate State

8A............ 52,474.17 2.54 ) 0.03 0.53 ) 0.01 10.38 ) 0.29 7.781 ) 0.103 Variability, state transition

9A............ 52,477.27 2.43 ) 0.01 0.47 ) 0.01 12.78 ) 0.27 2.783 ) 0.074 QPO

10B.......... 52,478.68 2.43 ) 0.01 0.43 ) 0.01 11.75 ) 0.32 1.676 ) 0.058 QPO

11B.......... 52,479.74 2.40 ) 0.02 0.42 ) 0.02 9.26 ) 0.12 1.324 ) 0.041 QPO

Low/Hard State

12B.......... 52,480.66 2.10 ) 0.02 0.37 ) 0.03 12.29 ) 0.10 0.365 ) 0.026 Spectral hardening, QPO

13C.......... 52,481.03 2.10 ) 0.01 0.33 ) 0.03 11.44 ) 0.11 0.305 ) 0.018 High-energy cutoff, QPO

14C.a ....... 52,481.16 2.02 ) 0.01 0.40 ) 0.02 11.56 ) 0.09 0.360 ) 0.028 High-energy cutoff, QPO

14C.b....... 52,481.23 2.00 ) 0.01 0.35 ) 0.03 12.01 ) 0.11 0.237 ) 0.019 High-energy cutoff, QPO

14C.c ....... 52,481.29 1.96 ) 0.01 0.33 ) 0.01 12.20 ) 0.11 0.205 ) 0.012 High-energy cutoff, QPO

14C.d....... 52,481.36 1.97 ) 0.01 0.35 ) 0.02 11.97 ) 0.21 0.217 ) 0.018 High-energy cutoff (?), QPO

15B.......... 52,482.91 1.78 ) 0.04 0.35 9.77 ) 0.09 0.116 ) 0.036 Smedge optical depth begins to drop; the disk temperature is fixed

from this observation on

16B.......... 52,483.93 1.70 ) 0.02 0.35 8.00 ) 0.09 0.056 ) 0.015 Infrared flux begins to rise

17B.......... 52,484.03 1.71 ) 0.02 0.35 7.88 ) 0.16 0.031 ) 0.016

18B.......... 52,485.74 1.65 ) 0.04 0.35 4.49 ) 0.06 0.024 ) 0.016

19B.......... 52,486.80 1.64 ) 0.04 0.35 3.17 ) 0.03 0.027 ) 0.008

20C.......... 52,487.23 1.63 ) 0.01 0.35 2.62 ) 0.01 0.028 ) 0.004 MOST radio detection

21C.......... 52,487.82 1.70 ) 0.02 0.35 2.17 ) 0.03 0.023 ) 0.002

22B.......... 52,488.03 1.68 ) 0.02 0.35 1.96 ) 0.03 0.020 ) 0.004 Smedge is not required; Galactic ridge emission (<5% of the total

flux) is included

23B.......... 52,489.20 1.70 ) 0.04 0.35 1.25 ) 0.03 0.020 ) 0.005

24B.......... 52,490.13 1.75 ) 0.02 0.35 1.05 ) 0.01 0.020 ) 0.005 Only PCA used from this observation on; ATCA radio detection

25B.......... 52,491.22 1.88 ) 0.04 0.35 0.76 ) 0.02 0.014 ) 0.001

26B.......... 52,492.14 2.06 ) 0.07 0.35 0.56 ) 0.02 0.011 ) 0.002 No timing after this observation, poor statistics

27B.......... 52,493.13 1.99 ) 0.06 0.35 0.47 ) 0.02 0.013 ) 0.002 Galactic ridge emission less than 15% of the total flux

28B.......... 52,494.08 2.10 ) 0.05 0.35 0.47 ) 0.02 0.013 ) 0.002

29B.......... 52,496.14 2.24 ) 0.07 0.35 0.30 ) 0.01 0.010 ) 0.001 Galactic ridge emission less than 25% of the total flux

30B.......... 52,497.07 2.11 ) 0.10 0.35 0.29 ) 0.01 0.010 ) 0.002

31B.......... 52,498.67 2.22 ) 0.12 0.35 0.22 ) 0.01 0.008 ) 0.002

a ‘‘A’’ for observations from P70133 (PI: J. McClintock), ‘‘B’’ for observations from P70124 (PI: J. A. T.), and ‘‘C’’ for observations from P70128 (PI: E. K.).
Observation 14 from P70128 is divided into four.
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After this date, the statistical quality of theHEXTEdatawaspoor
and theywere not included in the analysis.We are presenting the
first analysis of the HEXTE data for this source.

For all the observations, our first spectral model consisted of
absorption (model ‘‘phabs’’ in XSPEC), a smeared edge (‘‘smedge’’
in XSPEC; Ebisawa et al. 1994), a multicolor disk-blackbody
(‘‘diskbb’’ in XSPEC; Makishima et al. 1986), a power law
(‘‘pegpower’’ in XSPEC), and a narrow Gaussian to model the
iron line. This model has been commonly used for the spectral
analysis of GBHs in the LH state (Tomsick & Kaaret 2000;
Sobczak et al. 2000). A difference between our analysis and that
of Park et al. (2004) is the modeling of the iron line. For most
of our observations, the statistical quality of the data is not
sufficient for reliable iron-line studies, and including a narrow
line instead of a broadened Laor-model iron line (Laor 1991)
yielded acceptable fits. For consistency and simplicity, we left
the iron line narrow, and we did not deduce any physical re-
sults from the iron-line fits. The hydrogen column density was
fixed to 4 ; 1021 cm!2, as used by Park et al. (2004). The width
of the smeared edge was fixed to 7 keV. Once we fitted the
observations with this model, we added a high-energy cutoff
(‘‘highecut’’ in XSPEC) to the model and refitted. We include
the high-energy cutoff in the overall model if an F-test indicates
that adding this component significantly improves the fit.

At very low flux levels, the Galactic ridge emission becomes
important. Although 4U 1543!47 is not very close to the plane
(b ¼ þ5N43), there was some contribution from the ridge, evi-
dent from the detection of a narrow iron line at 6.7 keV. How-
ever, even during the observations when 4U 1543!47 was at its
faintest (after MJD 52,500), it was still detectable by the PCA.
We obtained a scanning observation onMJD 52,547 that showed
an increase in the count rate when the RXTE pointing posi-
tion reached the position of 4U 1543!47. Therefore, we were
not able to use any of our observations as background for Ga-
lactic ridge emission. Instead, we model the ridge emission us-
ing the description given by Revnivtsev (2003). We also utilized
an XMM-Newton observation on MJD 52,504.54 that is close to
our faint RXTE observations (Miller et al. 2004). We fitted our
PCA observation close to the XMM-Newton observation with a
model consisting of interstellar absorption, a power law to rep-
resent 4U 1543!47 with XMM-Newton parameters, a second
power law, and a narrow Gaussian to represent the ridge emis-
sion. We fixed the second power-law index to 2.15, consistent
with Revnivtsev (2003), which resulted in a 1:2 ; 10!11 erg
cm!2 s!1 Galactic ridge contribution in the 3–25 keV band. If
the index is not fixed, it results in harder ridge emission.

2.1.2. X-Ray Temporal Analysis

For each observation, we computed the power density spectra
(PDSs) and the cross spectra from the PCA data using IDL
programs developed at the University of Tübingen (Pottschmidt
2002) for three energy bands: 3–6, 6–15, and 15–30 keV. We
also computed a PDS for the combined band of 3–30 keV. Above
30 keV, the source is not significantly above the background
for timing analysis. The PDS was normalized as described by
Miyamoto & Kitamoto (1989) and corrected for dead-time ef-
fects according to Zhang et al. (1995), with a dead time of 10 &s
per event. Using 256 s time segments, we investigated the low-
frequency QPOs and the timing properties of the continuum up
to 256 Hz. We fitted all our PDSs with Lorentzians of the form

Li( f ) ¼
R2
i "i

2'½( f ! fi )
2 þ (12 "i)

2&
; ð1Þ

where subscript i denotes each Lorentzian component in the fit,
Ri is the rms amplitude of the Lorentzian in the frequency band
from!1 toþ1,"i is the full width at half-maximum, and fi is
the resonance frequency. A useful property of the Lorentzian is
the ‘‘peak frequency’’ at which the Lorentzian contributes max-
imum power per logarithmic frequency interval:

#i ¼ fi

!
"2

i

4f 2i
þ 1

"1=2
: ð2Þ

An example power spectrum of 4U 1543!47 in the form of
PDS multiplied by frequency is shown in Figure 2a. The PDS
consists of broad and narrow Lorentzian fit components. In
this figure the Lorentzians peak at #i, demonstrating the easy
identification of characteristic frequencies as peak frequencies
of Lorentzian components. The peak frequencies are shown
with solid vertical lines in Figure 2a. A Lorentzian with quality
value Qi ¼ fi="i > 2 is denoted a QPO (such as the narrow
feature in the middle in Fig. 2a). The rms amplitudes are cal-
culated over a frequency band from zero to infinity.

The cross spectrum leading to the coherence function and
time lag constitutes another tool that is available as part of
Fourier analysis. The coherence function is a Fourier frequency–
dependent measure of the degree of linear correlation between
two concurrent light curves measured simultaneously in two en-
ergy bands (Nowak et al. 1999). The Fourier time lag is a Fourier
frequency–dependent measure of the time delay between two

Fig. 2.—(a) Power spectrum of observation 9A in the 3–6 keV band, in the
form of PDS times frequency. The Lorentzians shown with dashed curves are
individual components producing the overall fit, shown with the solid curve.
The solid vertical lines are peak frequencies, and the dashed lines show the 1 "
errors on the peak frequencies. (b) Coherence function for the same observation
between the 3–6 keV band and the 6–15 keV band. (c) Fourier lag between the
3–6 keV and the 6–15 keV bands for the same observation.
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concurrent time series (Miyamoto&Kitamoto1989;Nowak et al.
1999). It is related to the phase of the average cross power spec-
trum between the soft- and hard-band light curves. We use the
convention that the sign of the lag is positive when hard photons
lag soft photons. Observations of hard lags in GBHs have often
been interpreted as evidence of Compton upscattering in a hot
electron gas (Payne 1980); however, simple Comptonization
models have difficulty explaining the magnitude of the lags (Ford
et al. 1999).

We calculated the coherence and lag spectrum between the
3–6 keV and 6–15 keV band light curves for all observations.
Not all observations yielded meaningful coherence measure-
ments, and the lag measurements are only meaningful when the
coherence is well defined (Nowak et al. 1999). Figure 2 shows
the coherence spectrum in themiddle panel (Fig. 2b) and the lag
spectrum in the bottom panel (Fig. 2c) for observation 9A. For
observations close to the transition (such as the one in Fig. 2),
meaningful (not noisy) coherence and lag values were observed
between 1 and 10 Hz. To understand the trends in the amplitude
of these quantities, we calculated the mean lag and the mean
coherence, similar to what was done in Kalemci et al. (2003).

2.2. Optical and Infrared Observvations

The optical/infrared (OIR) data sets were taken directly from
Buxton & Bailyn (2004), and therefore we give only a short sum-
mary of how these observations were obtained. The details can be
found in Buxton & Bailyn (2004). Daily V- and J- band images
were taken using the YALO 1.0 m telescope from MJD 52,423.
Daily K-band observations were initiated on MJD 52,440. The
optical observations with B, V, and I filters were conducted be-
tweenMJD 52,442.9 andMJD 52,500.8 using the 74 inch (1.9m)
telescope at Mount Stromlo Observatory. In this work, only the
J-band light curve is shown, as the important features are most
visible in the infrared. The light curves of the remaining bands can
be found in Buxton & Bailyn (2004).

2.3. Radio Observvations

The source was also observed at radio frequencies, and the de-
tails of theMolonglo Observatory Syntheses Telescope (MOST)
andGiantMetrewave Radio Telescope (GMRT) observations are
discussed by Park et al. (2004). Here we give a summary of these
observations. The source was detected in radio several times be-
tweenMJD 52,443 andMJD 52,447 byMOSTandGMRT. After
MJD 52,447, the source was radio-quiet until MJD 52,487. The
upper limits for MOSTand GMRTobservations on MJD 52,480
are 3.0 and 3.2 mJy, respectively. On MJD 52,487, in the LH
state, MOST detected the source at 5:2 ) 0:9 mJy. The final ob-
servation byMOST, onMJD52,496.33, did not detect the source,
with an upper limit of 2.4 mJy (Park et al. 2004).

We observed 4U 1543!47 five times during 2002 June and
August with the Australia Telescope Compact Array (ATCA). In
each case the primary calibrator was PKS 1934!638 and the sec-
ondary calibrator was PMN J1603!4904. Observations took place
at 4.80 and 8.64 GHz with a bandwidth of 128 MHz. The data
were reduced in the standard way with (minimal) flagging, flux
and phase calibration, and finally mapping using MIRIAD (Sault
et al. 1995). A point sourcewas fitted to the detected emission and
the flux density measured. A radio source was detected twice,
first on MJD 52,445 at 3:18 ) 0:19 mJy (4.80 GHz) and 2:76)
0:07 mJy (8.64 GHz), and second on MJD 52,490 at 4:00)
0:05 mJy (4.80 GHz) and 4:19 ) 0:06 mJy (8.64 GHz). OnMJD
52,450, 52,451, and 52,453, during the TD state, the source was
radio-quiet, with upper limits ranging between 0.2 and 3.0 mJy.

3. RESULTS

3.1. Evvolution in the X-Ray Reggime

To be able to determine the sequence of events during the de-
cay of the outburst, we investigated the evolution of several
spectral and temporal fit parameters, as well as the infrared and
radio fluxes. To establish the times of state transitions, we use a
plot of several parameters as a function of time (Fig. 3). The
main spectral fit parameters are also tabulated in Table 1.

3.1.1. States and Transitions

In Figure 3, we marked the time of the first state transition at
MJD +52,474 (between observations 7A and 8A in Table 1),
when the source showed a sharp increase in the rms amplitude
of variability accompanied by a sharp increase in the power-law
flux. Before this date, the spectra were dominated by the disk
component (more than 80% of the total flux in the 3–25 keV
band), and hence the source was in the TD state. Within a few
days, the power law became the dominant component in the spec-
trum, and the rms amplitude of variability increased to+18%. A
QPO appeared in the PDS (see Fig. 4). Note that during this time,
while the rms amplitude of variability and the power-law flux
were changing rapidly, the photon index remained almost con-
stant, and the inner disk temperature (Tin) and the disk-blackbody
(DBB) flux decayed smoothly, consistent with the observations

Fig. 3.—Evolution of (a) the total rms amplitude of variability in the 3–
30 keV band, (b) the photon index (!), (c) the inner disk temperature kTin , (d )
the power-law flux in the 3–25 keV band in units of 10!9 ergs cm!2 s!1, (e) the
disk-blackbody flux in the 3–25 keV band in units of 10!9 ergs cm!2 s!1, and
( f ) the optical depth of the smeared-edge component in the fit. Unabsorbed fluxes
were used. For most of the flux measurements, the 1 " uncertainties are smaller
than the plot symbols; 2 " upper limits are shown with arrows. The dashed lines
indicate approximate times of state transitions. The gray area shows the ob-
servations during the transition to the LH state.
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reported in Kalemci et al. (2004). The source was in the IS during
this time, based on the softness of the photon index and the rela-
tively comparable contributions of the hard and the soft com-
ponents to the spectrum.

Around MJD 52,480 (observation 12B in Table 1), another
set of sharp changes occurred; the rms amplitude of variability
jumped to the +24% level, accompanied by a sharp hardening
of the photon index and rapid cooling of the inner disk temper-
ature. The power-law flux increased slightly, and the DBB flux
decreased, still smoothly but more rapidly. The overall effect
was total dominance of the power-law flux over the whole spec-
trum. After all these rapid changes (shown by the gray area in
Fig. 3), the source was in the LH state. In this state, the rms
amplitude of variability continued to increase before leveling
off at +35%. The photon index stayed around 1.7 and then
increased slightly after MJD 52,490. The power-law flux de-
cayed smoothly. We fixed Tin to 0.35 keV, as the fit did not
produce meaningful errors when we let Tin vary. The disk com-
ponent was only affecting the first spectral bin in our fit. As long
as the NH value was fixed, the DBB component was required by
the F-test in the fit, although its relative contribution to the over-
all flux is less than 5% (see Table 1).

The evolution of the smeared-edge component in the spectral
fits is also worth mentioning (see Fig. 3f for the evolution of the
optical depth). This component was required in the fit until
MJD 52,488, although its effects are less and less pronounced
after MJD 52,481. For observation 14C.d, the optical depth
(which may be related to reflection fraction) in the ‘‘smedge’’
component was +2. It dropped down to +0.8 on MJD 52,483
and stayed between 0.5 and 0.7 for the next six observations.
This evolution may indicate that the reflection fraction dropped
as the source went into the LH state. After MJD 52,488, the
smedge component was not required in the fit, although the
reduced quality of the spectra prevented us from placing strong
upper limits on the optical depth of the component after MJD
52,492.

3.1.2. Short-Timescale Evvolution

The first long observation in program P70128 was well timed,
in that it was conducted when the source was in transition to
the LH state, while changes were happening rapidly. In order
to quantify these changes, we divided the long observation into
five sections (naturally separated by occultations, with each piece

having three PCUs on). Including these pieces, we show that the
QPO frequency and the photon index are strongly correlated
(with linear correlation coefficient of 0.995) in the IS and during
the transition (see Fig. 4). Note that the last six observations are
only 2–3 hours apart! A QPO frequency–photon index corre-
lation has previously been recognized (Kalemci 2002; Vignarca
et al. 2003), but we have shown for the first time that it holds on
timescales as short as hours.

Another very important result that came out from the long
observation is the presence of a high-energy cutoff in the HEXTE
spectrum during the state transition. The cutoff is only detected
significantly during the observations in which the power-law
index was changing rapidly and the transition was taking place
(Fig. 3, gray area). The cutoff and the folding energies for those
observations are given in Table 2. Errors are too large to establish
a pattern in the folding energy, except for observation 14C.d, for
which the folding energy increased. This increase is probably a
sign of a return to regular power-law shape.After this observation,
the fit values for the folding energy are far beyond the HEXTE
energy range, and a cutoff component is not required by theF-test.
This is not the first time that the existence of a high-energy cut-
off has been observed during a state transition. XTE J1550!564
during its decay in 2000 outburst showed similar behavior: the
cutoff was only significant during the transition (Tomsick 2001;
Rodriguez 2003).

3.1.3. Evvolution in Temporal Parameters

The evolution of the total rms amplitude of variability and the
QPO frequencies is shown in Figures 3 and 4. The QPO was
detected only for the IS and during the transition to the LH state.
In the LH state, the PDS can usually be characterized with two
broad Lorentzians. Therefore, to understand the evolution of char-
acteristic frequencies, we used the broad Lorentzian with the low-
est peak frequency, which is present for all observations (#1; see
eq. [2]). This evolution is shown in Figure 5b. In this figure we
also show the evolution of the photon index (Fig. 5a), which is
known to correlate with the temporal parameters that are dis-
cussed in this section. There is a good correlation between the
photon index and #1, something that has also been observed for
other sources (Kalemci 2002; Pottschmidt et al. 2003). The de-
crease of characteristic frequencies in time after the transition to
the LH state is also a known effect (Kalemci et al. 2004). Note that
the characteristic frequency levels off as the photon index also
levels off at low flux levels.

We also include the evolution of mean coherence and lags in
the 1–10 Hz band in Figure 5. It was necessary to merge the
light curves of the five observations in the LH state (15B–19B
in Table 1) to improve statistics. In the IS, the coherence is rela-
tively low, whereas the lags are high. As the source enters the
LH state, the coherence increases and approaches unity, and
the lag decreases. In the LH state, the coherence is high and the
mean lag is low. These results are in agreement with the analysis

Fig. 4.—(a) QPO frequency (for the times when the QPO is observed);
(b) photon index of 4U 1543!47 in the IS and during the transition to the LH state.

TABLE 2

High-Energy Cutoff Parameters

Observation MJD

Ecut

(keV)

Efolding

(keV)

13C................................ 52,481.03 56 ) 15 98 ) 53

14C.a ............................. 52,481.16 56 ) 10 79 ) 32

14C.b............................. 52,481.23 38 ) 15 197 ) 88

14C.c ............................. 52,481.29 45 ) 7 86 ) 28

14C.d............................. 52,481.36 34 ) 13 320þ410
!130
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of other black hole transients: high lag and low coherence dur-
ing the IS, and high coherence and low (usually consistent with
zero) lag in the LH state, alongwith a correlation between photon
index and the 1–10 Hz mean lag when they are measurable
(Kalemci 2002).

3.2. Multiwavvelenggth Observvations

Although some of the radio, optical, and infrared data from
this source were presented before (Park et al. 2004; Buxton &
Bailyn 2004), additional information is available when they are
combined with the data from pointed RXTE observations. The
evolution of the J-band fluxes, along with the radio information,
is shown in Figure 6b. In Figure 6 we also show the rms am-
plitude of variability and the photon index (same as Figs. 3a and
3b, respectively), as well as the HEXTE cluster A count rate in
the 16–100 keV band. The J-band flux decreased steadily in the
TD state as the source flux was decaying. Unfortunately, there
was no coverage during the first transition, making it impossible
for us to determine if there was a response in the OIR emission.
On the other hand, there was strong response after the transition to
the LH state, such that the J-band flux started to increase sharply
+3 days after the time of transition and peaked in 3 days. A two-
sided Gaussian fit to the J-band light curve during the secondary
maximum results in a peak time ofMJD 52,486.3þ1:5

!1:8 (Buxton&
Bailyn 2004). After staying at the peak for a few days, it started
to decay and reached the pre–secondary-peak levels in 7 days.
As shown by Buxton & Bailyn (2004), both the optical (B, V, I )
and the infrared light curves show this peak. It is most pro-

nounced in the J and the K bands, as the strength of emission in-
creases with wavelength. The spectrum of the OIR points is best
fitted by a power law rather than a blackbody or a DBB model
(Buxton&Bailyn 2004). This strongly suggests that the origin of
the OIR emission is optically thin synchrotron. From the be-
ginning of our observations on MJD 52,464 to MJD 52,487,
there was only one radio observation that resulted in no detection.
The detections occurred in the LH state, during the secondary
maximum. The radio emissionmost likely originates from an out-
flow, possibly a compact jet given the inverted spectrum of ob-
servation 24B (see Fig. 8 below).
While the J-band flux increased, the rms amplitude of vari-

ability (Fig. 6a) also increased slightly. It is not clear what hap-
pened to the rms amplitude of variability after MJD 52,492, as
the count rate was too low to constrain the timing properties.
The photon index (Fig. 6c), on the other hand, seemed to show
an anticorrelation with the J-band flux. There is a +2 day time
lag between the time at which the photon index began to harden
and when the J-band flux began to increase. As the J-band flux
decreased, the photon index began to soften.10

Another interesting change with respect to the changes in the
OIR is the evolution of the hard flux. This is represented by the

Fig. 5.—Evolution of (a) the photon index (same as Fig. 3b), (b) the lowest
peak frequency (#1), (c) the mean coherence in the 1–10 Hz band between the
3–6 keV and the 6–15 keV bands, and (d ) the mean lag in the 1–10 Hz band
between the 3–6 keV and the 6–15 keV bands. The dashed lines represent
approximate times of state transitions. Five LH-state observations were merged
to obtain the last point.

Fig. 6.—Evolution of (a) the rms amplitude of variability, (b) the J-band
infrared fluxes from Buxton & Bailyn 2004 (circles) along with radio fluxes
from our observations (triangles) and Park et al. (2004; upper limits and
square), (c) the photon index, and (d ) the HEXTE cluster A count rate in the
16–100 keV band. Note that (a) and (c) were shown before in Fig. 3. The gap in
the infrared light curve during the IS is due to lack of coverage.

10 When not fixed in the fit, the indices of the Galactic ridge emission were
consistently harder than 2.15 for the last two points. We fixed the ridge power-
law index to 2.15 so that the fit resulted in a harder index for the source. The
actual photon indices for these two points were probably higher.
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HEXTE cluster A count rate in the 16–100 keV band in Figure 6d .
First of all, there was a sharp increase in the count rate right at
the transition (probably caused by sharp hardening of the X-ray
spectrum). By the time theHEXTE count rate peaked, the power-
law index had dipped and the J-band flux started to rise. The lag
between the time that hard X-rays peaked and the OIR peaked
was about 2 days.

3.3. Spectral Energgy Distribution

We have constructed two spectral energy distributions (SEDs)
close to the peak of the infrared maximum for the dates of the
MOST (MJD +52,487) and ATCA (MJD +52,490) observa-
tions. We first corrected the OIR magnitudes for interstellar ex-
tinction using E(B!V ) ¼ 0:50 ) 0:05 (Orosz et al. 1998), AV ¼
3:2E(B!V ) ¼ 1:60 ) 0:16 (Zombeck 1990), AB=AV ¼ 1:324,
AI=AV ¼ 0:482, AJ=AV ¼ 0:282, and AK=AV ¼ 0:112 (Rieke
& Lebofsky 1985). There were no B, V, or I observations on
MJD 52,487 (Buxton & Bailyn 2004). The source was observed
in theB,V, and I bands onMJD 52,486 and again onMJD 52,490.
We used linear interpolation to estimate the peak fluxes on
MJD 52,487. For each band, we fitted a line to the underlying
magnitudes using the points before and after the peak to estimate
the underlying flux during the secondary maximum. We con-
verted the peak and underlying magnitudes into fluxes using the
irradiation factors and description given by Zombeck (1990) and
then subtracted the underlying flux from the peak flux to obtain
the residual flux representing the emission from the peak only
(similar to what was done in Buxton & Bailyn 2004). We used a
measurement error of 0.05 mag in each band. In addition, we
calculated the error due to uncertainty in extinction using the
uncertainty in E(B!V ). We also obtained 0.05 and 0.08 mag
uncertainties in determining the baseline fluxes for JK and BVI
bands, respectively, from the fitting process. ForMJD 52,487, an
additional 0.05 mag uncertainty is estimated in B, V, and I due to
interpolation in finding the peak flux. All the error components
were added in quadrature to estimate the total uncertainty in the
measurements. The unabsorbed PCA and HEXTE fluxes for
MJD 52,487 and the unabsorbed PCA fluxes for MJD 52,490
were converted into millijanskys to complete the SEDs shown in
Figures 7 and 8.

For each case, we fitted a power law to three sets of data: OIR
set only, X-ray set only, andOIR andX-ray (overall) set. Figure 7
shows the SED at MJD 52,487, which includes the MOST ob-
servation, the OIR data, and the PCA and HEXTE data, as well
as the power-law fits (see Table 3 for fit parameters). Statistically,
the OIR points are not a continuation of the power law for the
X-ray data, as the high-quality PCA and HEXTE data have a
photon index of !1.63 with reduced $2 value of 0.64 (XSPEC
fit, including all other model components). The OIR points alone
result in a much steeper power-law index of 2.16.

Although the OIR points again do not follow the power-
law fit of the X-ray data for the SED of MJD 52,490 shown
in Figure 8, the discrepancy is much less compared with the
MJD 52,487 observation. The X-ray and OIR power-law in-
dices are consistent within 2 " uncertainty. Unlike the first case,
this SED provides the break point in the spectrum, as there are
two radio points. The turnover is around 1014 Hz. This value is
similar to the observed values for other sources (Corbel &
Fender 2002; Homan et al. 2005).

For the B, V, and I bands, the largest contribution to the error
estimate is from the reddening factor. We investigated whether
an underestimated error in the reddening could cause the discrep-
ancy between the OIR slope and the X-ray slope for our SEDs.

Fig. 7.—Spectral energy distribution of 4U 1543!47 at MJD 52,487. The
lines represent power-law fits to different subsets of data (see Table 3).

Fig. 8.—Spectral energy distribution of 4U 1543!47 at MJD 52,490. The
lines passing through the optical, infrared, and X-ray points represent power-
law fits to different subsets of data (see Table 3). Another line is drawn that
passes through the radio points and intersects the power-law fits.

TABLE 3

SED Power-Law Fit Parameters

Data Set Photon Index $2/dof

MJD 52,487:

Optical and IR only .......................... !2.16 ) 0.10 8.74/3

X-ray onlya........................................ !1.63 ) 0.01 39.78/62

Optical, IR, and X-ray...................... !1.73 ) 0.01 164.30/64

MJD 52,490:

Optical and IR only .......................... !1.91 ) 0.10 14.66/3

X-ray onlya........................................ !1.75 ) 0.02 47.68/43

Optical, IR, and X-ray...................... !1.80 ) 0.02 80.39/42

a X-ray–only fits for both dates are from XSPEC fits, with all other model
components.
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For the SED on MJD 52,490, an uncertainty of 15% in AV in-
stead of the quoted 10% is enough to make the OIR slope and the
X-ray slope be consistent within 1 " uncertainty. However, for
the SED on MJD 52,487, the uncertainty of the reddening factor
must be as high as 60% to make OIR slope and X-ray slope
consistent, which is highly unlikely.

3.4. Summary of Results

In this section we summarize our main results, which are
discussed in detail in x 4.

1. The source 4U 1543!47 showed two state transitions dur-
ing its decay in the 2002 outburst:

a) The first transition was from the TD state to the IS on
MJD +52,474 and was marked by a jump in the rms ampli-
tude of variability and power-law flux; and

b) The second transition was from the IS to the LH state
and was marked by a sharp hardening of the X-ray spectrum
and an increase in the rms amplitude of variability.

2. During the IS and the transition to the LH state, a QPO was
detected. The resonance frequency (see eq. [1]) of the QPO shows
a very strong correlation with the photon index on timescales of
hours.

3. A high-energy cutoff was detected in the X-ray spectrum
only during the transition to the LH state, whereas after the tran-
sition and during the LH state, the cutoff was either absent or
beyond the HEXTE detection range.

4. The spectrum softened at very low flux levels in the
LH state.

5. The characteristic frequencies decreased during the transi-
tion and in the LH state before they leveled off. The characteristic
frequencies and the photon index show a good correlation.

6. The mean coherence was low during the IS and then in-
creased and approached unity as the source made the transition
to the LH state. The mean lag, on the other hand, was high in the
IS and decreased during the transition.

7. The OIR light curves started peaking +3 days after the
transition to the LH state. The radio detections occurred during
the OIR secondary maximum.

8. The HEXTE 16–100 keV light curve increased during the
transition to the LH state, while the photon index hardened. It did
decay, however, while the infrared flux was rising.

9. The SEDs show that the OIR part of the spectrum can be
represented by a power law. For the SED on MJD 52,487, the
hard X-ray points are not a continuation of the OIR points and
have a different index. For the SED on MJD 52,490, the differ-
ence is less, and the X-ray and OIR power-law indices are con-
sistent within 2 " uncertainty.

4. DISCUSSION

The multiwavelength observations of the 2002 outburst of
4U 1543!47 have provided a wealth of information on the phys-
ical processes that operate during state transitions and the LH
state of GBH transients. In this section, using our observational
results, previous experience from other sources, and some theo-
retical models, we try to place constraints on the X-ray emission
geometry and the hard X-ray emission mechanism (the power-
law part of the X-ray spectrum), and we try to identify the origin
of the seed photons (if seed photons are required). These three
properties constitute the fundamental differences between vari-
ous models of X-ray emission from GBHs (Tomsick 2004).

One set of models considers a corona (which could be in
the form of an advection-dominated accretion flow, or ADAF)

inside a transition radius (which canmove) as the accretion geom-
etry (see, e.g., Esin et al. 1997). In this case, the base of the jet
may be the whole corona, or the base may be small compared
with the overall size of the corona (Fender 2001; Markoff &
Nowak 2004).We note that the jet has not been incorporated into
the ADAF or ‘‘sphere plus disk’’ models in a self-consistent way.
In the ‘‘magnetic corona’’ model, active, optically thin regions
above the disk are responsible for the hard X-ray emission and
the outflow formation (Merloni & Fabian 2002). In this model,
the position of the inner edge of the accretion disk does not nec-
essarily change significantly. For these cases in which the main
hard X-ray–producing mechanism is Compton scattering, the
seed photons could be produced either in the accretion disk as
blackbody radiation or in the corona as synchrotron radiation
(synchrotron self-Compton; Markoff & Nowak 2004). On the
other hand, the main hard X-ray emissionmechanismmay be not
Compton scattering but synchrotron radiation originating in the
optically thin shock region in the jet (Falcke & Biermann 1999;
Markoff et al. 2001; Markoff & Nowak 2004). A combination of
emission mechanisms is also possible (see, e.g., Rodriguez et al.
2004); synchrotron radiation and Compton scattering may con-
tribute simultaneously, and the seed photons for Compton scat-
teringmight also be a combination of synchrotron at the base of a
jet or accretion disk. However, unless these mechanisms con-
spire to result in very similar observational properties, it may still
be possible to determine the major emission mechanism and
major contributor of seed photons.
The transition of 4U 1543!47 to the IS from the TD state

shows characteristics that many other sources also show, namely,
a strong jump in the rms amplitude of variability (from less than
4% to +9%) accompanied by an increase in the power-law flux
on a timescale of a few days. Note that during this transition, the
change in the power-law photon index is smooth. Based on the
similar evolution of spectral and temporal parameters of other
GBH transients, in Kalemci et al. (2004) it was concluded that a
threshold volume for a hot corona is required in order to observe
variability. The second transition, during which the photon index
and the inner disk temperature decrease very rapidly, and the
multiwavelength observations in the LH state provide more in-
sight into the hard X-ray emission mechanism for this source.
Below, we describe how the sequence of observational changes
may be explained by different hard X-ray emission mechanisms
and geometries.

4.1. Compton Scatteringg: RecessinggAccretion Disk

In the IS, the inner edge of the disk is close to the black hole, the
high reflection fraction indicates that the disk and the corona have
some overlap, and there is strong cooling of coronal electrons by
the accretion disk seed photons. The electron distribution is most
likely notMaxwellian (Coppi 1999), as no cutoff is detected in the
HEXTE spectrum. It is possible that an outflow may already be
present in this state that provides an ‘‘elongated’’ and variable
corona structure at its base, which could explain large lags and
small coherence values, as well as the nonthermal nature of the
electron population (Pottschmidt et al. 2000; Kalemci et al. 2003).
At some critical combination of physical parameters (the

mass accretion rate has been shown not to be the only param-
eter determining when the transition occurs; Homan et al. 2001;
Kalemci et al. 2004), the inner parts of the disk evaporate
rapidly into a hot corona and the transition radius moves out-
ward. During this process, the optical thickness of the corona
increases and thermal electrons dominate the system, causing
a harder spectrum with a cutoff in the HEXTE band. As the
disk moves outward, the hardening of the spectrum continues
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because of a lower level of cooling by the disk (the cutoff be-
comes undetectable), and the disk temperature decreases as the
hotter inner parts of the disk evaporate. Recession of the disk
could also explain the evolution of the QPO frequency and #1 if
they are related to some dynamical timescale of the inner disk.
This model may further explain the correlation between the pho-
ton index and the QPO if the hardening is a direct result of less
cooling due to an increasing inner disk radius, to which the QPO
frequency is linked. Similar arguments have been put forward to
explain the well-established correlation between photon index
and reflection fraction in GBHs and active galactic nuclei
(Zdziarski et al. 2002 and references therein). The relation be-
tween the photon index and theQPO frequency could also be due
to increasing optical depth of the corona as it expands (Titarchuk
& Fiorito 2004).

The detection of an inverted radio spectrum, and also the in-
frared peak, indicates that a compact jet is present deep in the
LH state. The high coherence and low lag values, and the indi-
cation of a low reflection fraction, may point to the size of the
jet now being small compared with the transition radius. Accord-
ing to Meier et al. (2001), the production region for an MHD-
driven compact jet is (7–8)Rg for a Schwarzschild hole, and even
smaller for a Kerr hole. A decrease by more than 1 order of mag-
nitude in characteristic frequency between the IS and the deep
LH state may also indicate that the transition radius is away from
the jet production region. The detection of the QPO and the
photon index–QPO frequency correlation point to an accretion
disk as the major source of seed photons in the IS and during the
transition. Also, once the spectrum reaches its hardest point, on
MJD +52,483, the HEXTE count rate starts to decrease, in par-
allel with the decrease in the DBB flux, again indicating that the
major source of seed photons is the accretion disk. However, the
source of seed photons deep in the LH state is unclear, and syn-
chrotron self-Compton may be contributing to the hard X-ray
emission after MJD +52,487. The spectral softening at the end
of the outburst may be due to a decrease of the optical thickness
of the Comptonizingmedium as themass accretion rate decreases,
and the energetic electrons either advectively accrete onto the
black hole or leave the vicinity of the black hole in the form of an
outflow (Esin et al. 1997). We note that this type of softening is
observed in many sources (Tomsick et al. 2001; Kalemci 2002).

4.2. Compton Scatteringg: Stable Inner Disk (Maggnetic Flares)

The fits to the PCA spectrum, even at very low flux levels,
require a disk component to be able to fit the first bin. However,
we cannot reliably constrain disk parameters after MJD 52,485
with PCA observations when only one bin is affected. TheXMM-
Newton observation that took place on MJD 52,504.5 indicates
that a disk component is required in the fit at the+3 " level with
a temperature of 0.19 keV. After converting the normalization of
the DBB fit to an inner disk radius, Miller et al. (2004) claimed
that the disk may still be very close to the last stable orbit. If the
disk is not moving, as in the magnetic-flares model, the expla-
nation of the spectral evolution is different from the case of a
moving disk. In the stable-disk case, after the transition to the IS
the active regions increase in number as compared with before
the transition, and the observed variability is due to short-lived
flares in the active regions (Merloni & Fabian 2001). A non-
Maxwellian distribution of electrons in the corona is again re-
quired in the IS. During the transition to the LH state, a larger and
larger portion of the accretion energy is used to buoy themagnetic
flux tubes and to heat the corona. This results in cooling of the
disk and a hardening photon index. At lower mass accretion rates,
the accretion energy might be channeled into launching and sus-

taining the jet rather than heating the electrons, which may ex-
plain the softening at the end of the outburst (Merloni & Fabian
2002). The decrease in the reflection fraction could be explained if
the surface of the disk becomes ionized, which would wash away
the features (Nayakshin & Dove 2001). However, a recent study
has shown that themagnetic-flaresmodel cannot explain the high-
energy emission of Cygnus X-1, even with the ionization effect
(Barrio et al. 2003). It is also not clear what determines the QPO
frequency, what causes the temporal evolution, why the charac-
teristic frequencies decrease in time, or what causes the QPO
frequency–photon index correlation.

4.3. Direct Synchrotron Radiation

It is hard to explain the sequence of events in this source if
the main hard X-ray emission mechanism is direct synchrotron
from a shock region (first acceleration zone) in a jet for most
of the outburst decay. The origin of the OIR peak emission is
probably synchrotron from a shock region in the jet (where the
hard X-rays would also originate), as indicated by the SEDs
(Buxton & Bailyn 2004). The infrared peak shows that the
shock region has formed after the transition to the LH state.
Even though there is no coverage in the OIR during the IS, the
infrared emission between MJD 52,480 and MJD 52,483 is the
continuation of the decay in infrared before the IS, and it is
unlikely that another infrared peak is present in the IS. The out-
flow may be present after the first transition to the IS; however,
the formation of the shock region did not take place before the
source was in the LH state. If the above assessment is correct,
the synchrotron X-ray emission from the jet region could not
have been produced before the source was deep in the LH state.
But it is possible that the synchrotron emission becomes the
dominant X-ray emission mechanism after the formation of the
shock region. The synchrotron model results in a very low re-
flection fraction (+3%; Markoff & Nowak 2004). There is a
sharp drop in smeared-edge optical depth just before the in-
frared flux begins to rise. It is also intriguing that the QPO dis-
appears and the structure of the power spectrum changes as the
reflection decreases. However, there is also evidence against
the synchrotron interpretation even after the infrared flux be-
gins to rise. The SEDs indicate that, even without an expo-
nential cutoff, the X-ray contribution from synchrotron is below
the observed levels. More importantly, the HEXTE light curve
does not follow the infrared light curve, decreasing while the
infrared is still rising and the photon index is hardening between
MJD 52,483 and MJD 52,487 (see Fig. 6). This is very hard to
explain in the synchrotron model when the infrared and optical
emission comes from the optically thin part of the SED as in 4U
1543!47 (see Figs. 7 and 8). We emphasize that the synchro-
tron radiation from the jet may still be contributing to the overall
X-ray emission, but it cannot be the dominant emission mech-
anism until about MJD 52,490. It is hard to make a claim about
the dominant emission mechanism after this date. Note that the
discrepancy in the power-law index of the OIR points and X-ray
points onMJD 52,490 is alsomuch less than that onMJD 52,487
(see Figs. 7 and 8).

4.4. Comparison with GX 339!4

When only the evolution of X-ray properties is considered,
4U 1543!47 is a very typical source, showing characteristics
seen in many other GBH transients (Kalemci et al. 2004).
However, this does not translate easily into generalizing the re-
sults from this work to all GBH transients, as few objects have had
nearly daily simultaneous infrared and X-ray coverage such that
one could compare the details of spectral evolution. GX 339!4
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had such coverage during its 2002 outburst. It is also a very
typical GBH transient in its spectral and timing properties. In
fact, its 2002 outburst decay shows spectral and temporal char-
acteristics in X-rays very similar to the decay of 4U 1543!47
(E. Kalemci et al., in preparation). However, in the LH state
during the outburst rise, GX 339!4 showed a correlation be-
tween the X-ray flux and the OIR flux (Homan et al. 2005),
whereas 4U 1543!47 shows an anticorrelation in the LH state
during the decay. Although somewhat speculative, the main dif-
ference between the behavior in 4U 1543!47 and in GX 339!4
could be the origin of seed photons for Compton upscattering.
For 4U 1543!47, the decay part of the HEXTE light curve
seems to have two slopes: a sharp decay until MJD 52,486 and a
more gradual decay after this date. This could be a sign of the
major seed photon emission mechanism changing from DBB
from the accretion disk to synchrotron self-Compton at the base
of the jet after MJD 52,489, as the infrared and X-rays correlate
after this date. Complete multiwavelength analysis (including
OIR data) of other black hole transients is necessary to gener-
alize the relation between the OIR and X-ray flux.

5. SUMMARY AND CONCLUSION

Using X-rays, optical/infrared, and radio observations, we
have characterized the outburst decay of the Galactic black hole
transient 4U 1543!47 and placed constraints on several emis-
sion models. A large, nonthermal, and radiatively inefficient out-
flow could explain the spectral and temporal evolution in the
intermediate state. The presence of a high-energy cutoff in the
X-ray spectra during the transition to the low/hard state is in-
dicative of a thermal electron distribution. In general, our obser-
vations are consistent with a recessing accretion disk plus hot
corona plus ‘‘compact’’ jet geometry, with the main hard X-ray
emission mechanism being Compton upscattering of soft accre-
tion disk seed photons by energetic electrons in the corona. Here
we use theword ‘‘compact’’ to also emphasize the size of the base
of the jet, which most likely is small compared with the overall
size of the corona. This interpretation can reasonably explain all
aspects of our observations until deep in the LH state.

Our results do not strongly rule out the possibility of the ac-
cretion disk always being close to the last stable orbit, as in the
magnetic-flares model; however, the QPO frequency–photon
index correlation and the decrease of characteristic frequencies
with time are two results from this and other sources that need to
be understood for this model (Zdziarski et al. 2003; Tomsick
2004).
Our observations disfavor synchrotron from a shock region

in the jet as the major source of hard X-rays until deep in the
LH state. We cannot place constraints on different emission mod-
els after MJD 52,490.
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THE GALACTIC BLACK HOLE TRANSIENT H1743!322 DURING OUTBURST DECAY:
CONNECTIONS BETWEEN TIMING NOISE, STATE TRANSITIONS, AND RADIO EMISSION
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ABSTRACT

Multiwavelength observations of Galactic black hole transients during outburst decay are instrumental for our
understanding of the accretion geometry and the formation of outflows around black hole systems. H1743!322, a
black hole transient observed intensely in X-rays and also covered in the radio band during its 2003 decay, provides
clues about the changes in accretion geometry during state transitions and also the general properties of X-ray
emission during the intermediate and low-hard states. In this work, we report on the evolution of spectral and temporal
properties in X-rays and the flux in the radio band, with the goal of understanding the nature of state transitions ob-
served in this source. We concentrate on the transition from the thermal dominant state to the intermediate state that
occurs on a timescale of 1 day. We show that the state transition is associated with a sudden increase in power-law
flux.We determine that the ratio of the power-law flux to the overall flux in the 3–25 keV band must exceed 0.6 for us
to observe strong timing noise. Even after the state transition, once this ratio was below 0.6, the system transited back
to the thermal dominant state for 1 day. We show that the emission from the compact radio core does not turn on
during the transition from the thermal dominant state to the intermediate state but does turn on when the source
reaches the low-hard state, as seen in 4U 1543!47 and GX 339!4. We find that the photon index correlates strongly
with the QPO frequency and anticorrelates with the rms amplitude of variability. We also show that the variability is
more likely to be associated with the power-law emission than the disk emission.

Subject headinggs: accretion, accretion disks — binaries: close — black hole physics —
stars: individual (H1743!322) — X-rays: binaries — X-rays: stars

1. INTRODUCTION

The Galactic black hole transients show several correlated
spectral and temporal variability properties during outbursts, de-
noted as spectral states. During the initial rise and at the end
of the decay before quiescence, these transients are usually in
the ‘‘low-hard’’ state (LHS). In this state, a hard power-law
component dominates the X-ray spectrum, and strong variability
(>20% rms amplitude) and quasi-periodic oscillations (QPOs)
are often observed. In between the rise and the decay, the source
may evolve through a combination of ‘‘thermal dominant’’ and
‘‘steep power-law’’ states. In the thermal dominant state (TDS),
the soft disk component dominates the spectrum, and the timing
noise is very low or absent. In the steep power-law state, the
power-law flux in the 2–20 keV band accounts for more than
50% of the flux and has a photon index (!) greater than 2.4.
Moderate variability and QPOs are observed in this state. There
also exist intermediate states (IS) in which source characteristics
do not fit into the steep power law, TDS, or LHS, but show var-
ious combinations of these states (see McClintock & Remillard
2006 for detailed discussion of spectral states). Throughout this
work, we use the name IS for the particular intermediate state
between the TDS and the LHS during the outburst decay. Even
though these states were historically characterized using X-ray
observations, changes in other bands occur as well. In the TDS,

the radio emission from the compact core is quenched (Fender
et al. 1999; Corbel et al. 2000). Optically thin outflows are some-
times detected during state transitions (Fender &Kuulkers 2001;
Corbel et al. 2001), and powerful, compact jets are always ob-
served in the LHS (Fender 2001). The optical and infrared emis-
sion also show state-dependent properties (Kalemci et al. 2005;
Homan et al. 2005a; Corbel & Fender 2002).
The multiwavelength observations made during the decaying

portion of the outbursts provide valuable information about black
hole transients because of the very high probability of observing
transitions from the TDS to the IS, and eventually to the LHS
(Kalemci 2002). The changes during the transitions can reveal
the geometry and physical environment of these systems before
and after the transitions (Esin et al. 1997; Zdziarski et al. 2002).
The LHS contains additional information due to strong variabil-
ity and strong radio emission, both correlating with spectral pa-
rameters. Our group has been observing these transients during
outburst decay in X-rays with the Rossi X-Ray Timing Explorer
(RXTE ) and in radio to understand the evolution before, during,
and after the state transitions (Kalemci et al. 2001, 2003, 2005;
Tomsick et al. 2001, 2003). Our emphasis is on state transitions,
and especially on understanding the changes in X-rays while the
radio jet is turning on. A uniform analysis of all black hole tran-
sients observed with approximately daily coverage with RXTE
during outburst decay between 1996 and 2001 provided impor-
tant information on the evolution of spectral and temporal param-
eters during the decay (Kalemci et al. 2004a). The sharpest change
indicating a state transition is observed to be a jump in the rms
amplitude of variability from less than a few percent to more than
tens of percent in less than 1 day. This change in the rms amplitude
is almost always accompanied by a sharp increase in the power-
law flux. There is also evidence that the strong rms noise is only
observed when the power-law flux from the source is above a
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certain percentage of the total flux. This sharp change in rms am-
plitude of variability is noted as the time of state transition from the
TDS to a harder state in Kalemci et al. (2004a), and the same def-
inition is applied here.During the outburst decay, the photon index,
disk temperature, and disk flux usually decrease slowly. Often, late
in the outburst, the disk flux becomes undetectable. After the tran-
sition, characteristic frequencies of the power-density spectrum
also decrease with time.

H1743!322 was discovered with the Ariel 5 (Kaluzienski
& Holt 1977) and HEAO 1 (Doxsey et al. 1977) satellites in
1977 August. After a couple of detections in 1984 with EXOSAT
(Reynolds 1999), and in 1996 with the TTM/COMIS telescope
on Mir-Kvant (Emelyanov et al. 2000), the source was detected
in outburst again in 2003 March with INTEGRAL (Revnivtsev
et al. 2003) and RXTE (Markwardt & Swank 2003). The radio
(Rupen et al. 2003a), infrared (Baba et al. 2003), and optical
(Steeghs et al. 2003) counterparts were quickly identified during
the 2003 outburst. The radio observations revealed relativistic
jets (v/c ’ 0:8; Rupen et al. 2004b; Corbel et al. 2005). Large-
scale jets were also detected in X-rays withChandra at the end of
the outburst (Corbel et al. 2005). The X-ray observations with
RXTE and INTEGRAL indicate that the source went through
several spectral states before fading at the end of 2003 (Markwardt
& Swank 2003; Homan et al. 2003; Kretschmar et al. 2003;
Grebenev et al. 2003; Tomsick & Kalemci 2003; Parmar et al.
2003; Joinet et al. 2005). Even though there is no mass measure-
ment of the compact object, the X-ray spectral and temporal prop-
erties and a high-frequency QPO pair with frequencies similar to
those of other black hole sources (Homan et al. 2005b) establish
this source as a very likely black hole.

In this work we characterize the X-ray and radio properties of
H1743!322 during the outburst decay in 2003, compare these
properties to the general properties of black hole transients, and
discuss the unique properties of this source in detail. We espe-
cially concentrate on the triggering mechanism for the state tran-
sitions during the outburst decay.

2. OBSERVATIONS AND ANALYSIS

2.1. The RXTE Observations

The RXTE All-Sky Monitor (ASM) light curve of H1743!
322 in the 2003 outburst is shown in Figure 1. Our daily mon-
itoring campaign with RXTE (under observation ID 80137, each
pointing 2–3 ks long) started on MJD 52,906 after the source’s
ASM count rate dropped below 15 counts s!1. The source was in
the TDS until MJD 52,930, when a transition to the IS occurred
(Tomsick & Kalemci 2003). After MJD 52,938, the source was
in the LHS (Kalemci et al. 2004b). In the LHS, we also obtained
longer exposure observations (10–15 ks; see Table 1) to inves-
tigate spectral and temporal properties of the source in greater
detail than the daily monitoring observations. The monitoring
program has very good coverage of the transitions and evolution
during the outburst decay (see Fig. 1). Table 1 shows the list of the
observations we used in this work.

2.1.1. X-Ray Spectral Analysis

For most of the observations, we used both the Proportional
Counter Array (PCA) and the High-Energy X-Ray Timing Ex-
periment (HEXTE) instruments on RXTE for the spectral anal-
ysis (see Bradt et al. [1993] for instrument descriptions). For the
PCA, the 3–25 keV band was used, and the response matrix and
background model were created using the standard FTOOLS
(version 5.3.1) programs. We added 0.8% up to 7 keVand 0.4%
above 7 keV as systematic error (for the details of how we esti-

mated systematic uncertainties, see Tomsick et al. 2001).We used
all available proportional counter units (PCUs) for each obser-
vation, choosing the combination that would give the maximum
number of counts per pointing.

The 15–200 keV bandwas used for the HEXTE data.We used
the response matrix created by FTOOLS and applied the neces-
sary dead-time correction (Rothschild et al. 1998). The HEXTE
background is measured throughout the observation by alternat-
ing between the source and background fields every 32 s. As
H1743!322 is close to the plane (b ¼ !1N83), both the source
confusion and the Galactic ridge emission are important for de-
termining the HEXTE background. By using the HEXTEROCK
utility and Galactic bulge scans and comparing the rates between
‘‘positive’’ and ‘‘negative’’ off-source cluster positions, we deter-
mined that for both clusters, positive background pointing pro-
vides a better estimate of the background for our observations.
For cluster A, the negative pointing is in the Galactic plane, with
very strong ridge contribution, and background sources are con-
tributing in the cluster B negative position. The relative nor-
malization between the PCA and the HEXTE is kept free, and
varies between 0.9 and 1. The HEXTE data were included in the
spectral analysis until MJD 52,950. After this date, including
HEXTE data did not improve the fits due to low fluxes and short
observation times.

The Galactic ridge emission was a factor for all of the ob-
servations discussed here because of the proximity of the source
to the Galactic plane. We determined that our last nine observa-
tions in 2004 (MJD 53,021–53,055) had a constant flux that rep-
resented the ridge emission with a power-law index of 2.325 and
an iron line at 6.62 keV. The 3–25 keVunabsorbed flux from the
ridge emission is 1:08 ; 10!10 ergs cm!2 s!1. These numbers are
consistent with expectations from theGalactic ridge (Revnivtsev
2003). To make sure, we also analyzed the RXTEGalactic bulge
scans before and after the outburst. We determined that the model
described above fits them as well. For all observations, we fixed
the ridge parameters as given above. After MJD 52,960, our
monitoring observations did not detect the source significantly
above the Galactic ridge emission.

Fig. 1.—The 2–12 keVASM light curve of the 2003 outburst of H1743!322.
The vertical lines indicate the times forRXTE pointings thatwe analyzed. The dashed
line indicates the approximate time of state transitions from the TDS to the IS.
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TABLE 1

Observational Parameters

Observation
No.a

Date

(MJD)

Exposureb

(ks) ! Tin PL Fluxc DBB Fluxd
rms

(%)e Notes

01-00 ........... 52908.49 2.40 2:73 ) 0:07 0:82 ) 0:01 5.06 24.63 <3.25

02-00 ........... 52909.53 3.00 2:40 ) 0:05 0:81 ) 0:01 6.03 23.86 <3.25

03-00 ........... 52911.52 3.54 2:24 ) 0:03 0:80 ) 0:01 8.34 23.00 <3.23

04-00 ........... 52912.50 3.54 2:18 ) 0:03 0:800 ) 0:01 10.4 22.11 2:17 ) 1:48
05-00 ........... 52914.47 2.40 2:30 ) 0:04 0:780 ) 0:01 4.91 19.87 1:66 ) 0:99
11-00 ........... 52916.88 3.48 2:25 ) 0:03 0:76 ) 0:01 7.33 16.69 2:78 ) 2:10
07-00 ........... 52917.56 3.48 2:18 ) 0:03 0:74 ) 0:01 6.95 15.84 2:24 ) 1:11
08-00 ........... 52918.21 2.94 2:25 ) 0:04 0:75 ) 0:01 6.66 15.53 1:28 ) 1:33
09-00 ........... 52920.62 2.52 2:36 ) 0:05 0:74 ) 0:01 3.50 14.02 1:86 ) 0:80
10-00 ........... 52921.44 2.28 2:35 ) 0:09 0:73 ) 0:01 3.47 12.57 2:28 ) 1:16
13-00 ........... 52924.62 2.70 2:31 ) 0:07 0:70 ) 0:01 3.20 10.32 <2.04 Radio (VLA) observation with no detection.

14-00 ........... 52926.18 3.48 2:29 ) 0:05 0:68 ) 0:01 3.70 8.65 <2.53

15-00 ........... 52927.04 3.42 2:24 ) 0:06 0:68 ) 0:01 2.97 8.03 <2.15

16-00 ........... 52928.48 1.86 2:18 ) 0:07 0:66 ) 0:01 3.48 6.96 <2.80 Galactic ridge +10% of the overall flux.

17-00 ........... 52929.32 3.54 2:01 ) 0:05 0:66 ) 0:01 4.05 6.38 <2.03

18-00 ........... 52929.91 1.56 2:14 ) 0:05 0:65 ) 0:01 4.58 5.87 <1.37

18-01 ........... 52929.98 2.04 2:07 ) 0:05 0:65 ) 0:01 4.44 5.92 <1.77 Still in the TD state.

19-01 ........... 52930.90 1.56 2:20 ) 0:04 0:64 ) 0:01 8.17 4.96 7:18 ) 0:27 Timing noise, transition to the IS.

19-00 ........... 52931.46 1.98 2:27 ) 0:03 0:63 ) 0:01 8.18 4.83 7:60 ) 0:52
20-00 ........... 52932.07 3.30 2:22 ) 0:02 0:62 ) 0:01 11.66 3.25 11:15 ) 0:46 No radio detection at MJD 52932.96.

QPO at 7.8 Hz.

21-00 ........... 52933.27 3.42 2:10 ) 0:05 0:62 ) 0:01 4.63 4.11 1:85 ) 0:26 Timing noise reduces substantially for

this observation only!

22-00 ........... 52933.99 3.48 2:23 ) 0:02 0:60 ) 0:01 8.77 3.06 10:35 ) 1:10 QPO at 7.6 Hz.

23-00 ........... 52935.04 2.88 2:25 ) 0:03 0:58 ) 0:01 6.07 2.89 9:77 ) 1:36 QPO at 7.1 Hz.

24-00 ........... 52936.02 2.28 2:20 ) 0:02 0:58 ) 0:01 7.88 2.12 11:44 ) 0:56 QPO at 7.7 Hz.

25-00 ........... 52937.51 3.48 2:17 ) 0:02 0:55 ) 0:02 9.47 1.26 15:71 ) 0:91 QPO at 6.9 Hz.

26-00 ........... 52938.00 2.10 2:06 ) 0:02 0:52 ) 0:03 9.61 0.80 21:22 ) 1:13 LHS according to McClintock & Remillard

(2006). QPO at 5.9 Hz.

27-00 ........... 52939.12 2.04 2:07 ) 0:02 0:50 ) 0:03 8.58 0.67 19:47 ) 0:78 Radio (VLA) detection! QPO at 5.8 Hz.

28-00 ........... 52942.12 1.98 1:86 ) 0:02 0:50 ) 0:08 6.31 0.20 26:21 ) 1:08 QPO at 2.9 Hz.

29-00 ........... 52942.68 1.62 1:87 ) 0:03 0:59 ) 0:11 5.66 0.19 19:82 ) 2:34 QPO at 2.4 Hz.

L01-00......... 52944.10 10.08 1:78 ) 0:01 0:42 ) 0:05 4.91 0.13 27:51 ) 2:63 QPO at 1.8 Hz.

30-00 ........... 52945.17 1.80 1:78 ) 0:02 0:45 ) 0:06 4.02 0.14 26:46 ) 3:69
L01-01......... 52946.07 10.62 1:69 ) 0:02 0:47 ) 0:07 3.59 0.09 28:96 ) 2:54
31-00 ........... 52947.02 1.08 1:79 ) 0:03 0:39 ) 0:10 2.80 0.06 29:93 ) 5:11
32-00 ........... 52948.19 5.22 1:78 ) 0:02 0:29 ) 0:02 2.29 0.03 30:11 ) 2:23
33-00 ........... 52949.53 3.54 1:74 ) 0:02 0:37 ) 0:07 1.99 0.05 36:40 ) 2:41 Last radio (VLA) detection.

L01-02......... 52949.67 10.38 1:76 ) 0:01 0:28 ) 0:01 1.79 0.03 39:29 ) 5:45
34-00 ........... 52950.44 2.04 1:78 ) 0:03 0:36 ) 0:06 1.47 0.03 32:27 ) 12:20 Only PCA is used from this observation on.

35-00f .......... 52951.39 3.72 1:74 ) 0:03 0:37 ) 0:06 1.02 0.04 . . . Galactic ridge is as strong as the source.

36-00 ........... 52952.26 1.56 1:86 ) 0:04 0:29 ) 0:03 0.84 0.01 . . .
L02-00......... 52953.18 14.28 1:83 ) 0:02 0:28 ) 0:02 0.58 0.02 . . .
L02-01......... 52953.69 3.96 1:83 ) 0:05 0:30 ) 0:04 0.49 0.02 . . .
L02-02......... 52953.96 8.76 1:72 ) 0:05 0:40 ) 0:03 0.41 0.04 . . .
37-00 ........... 52955.46 1.74 1:98 ) 0:22 0:38 ) 0:08 0.18 0.03 . . .
38-00 ........... 52956.26 3.06 1:71 ) 0:20 0:35 ) 0:06 0.13 0.02 . . . Radio (ATCA) observation with no detection.

39-00 ........... 52957.00 1.44 2:43 ) 0:29 0:36 ) 0:09 0.09 0.02 . . .
40-00 ........... 52958.23 3.66 2:32 ) 0:25 0:33 ) 0:06 0.08 0.02 . . .
L03-0xg ....... 52958.82 12.12 2:51 ) 0:66 0:35 ) 0:05 0.02 0.02 . . .
L03-01......... 52959.21 14.64 1:79 ) 0:41 0:36 ) 0:03 0.03 0.02 . . .

a Full observation ID is, e.g., 80137-01-Obs for observations that do not start with L, and 80137-02-Obs for those that start with L, denoting ‘‘long.’’
b Exposure time.
c Unabsorbed power-law flux in the 3–25 keV band, in units of 10!10 ergs cm!2 s!1

d Unabsorbed disk-blackbody flux in the 3–25 keV band, in units of 10!10 ergs cm!2 s!1.
e rms amplitude of variability in the 3–30 keV band after ridge correction.
f Observations 34-01, 35-00, and 35-01 were merged.
g Observations L03-00, L03-02, and L03-03 were merged.



For all the observations, our first spectral model consisted of
absorption (phabs inXSPEC), smeared edge (smedge inXSPEC;
Ebisawa et al. 1994), a multicolor disk blackbody (diskbb in
XSPEC; Makishima et al. 1986), a power law (pegpwrlw in
XSPEC), a narrow Gaussian to model the iron line, and the ridge
emission (as described above). This model has been commonly
used for the spectral analysis of black holes in the LHS (Tomsick
& Kaaret 2000; Sobczak et al. 2000; Kalemci et al. 2005). The
hydrogen column density was fixed to NH ¼ 2:3 ; 1022 cm!2

based on the Chandra results (Miller et al. 2004). The smeared
edge width was fixed to 10 keV. Once we fit the observations with
this model, we added a high-energy cutoff (highecut in XSPEC)
to the model. None of the observations showed a significant de-
crease in $2, which would indicate a high-energy cutoff.

2.1.2. X-Ray Temporal Analysis

For each observation, we computed the power density spectra
(PDS) from the PCA data using IDL programs developed at
the University of Tübingen (Pottschmidt 2002) for three energy
bands, 3–6 keV, 6–15 keV, and 15–30 keV. We also computed
the PDS for the combined band of 3–30 keV. The source flux
above 30 keV is too low for timing analysis. The PDS was nor-
malized as described in Miyamoto & Kitamoto (1989) and cor-
rected for the dead-time effects according to Zhang et al. (1995),
with a dead time of 10 &s per event. Using 256 s time segments,
we investigated the low-frequency QPOs and the timing proper-
ties of the continuum up to 256 Hz for different energy bands. We
fit all our PDSs with broad and narrow Lorentzians with our stan-
dard timing analysis techniques (Kalemci et al. 2005; Kalemci
2002; Pottschmidt 2002).

In the PDS fits, Lorentzians with quality value (centroid fre-
quency divided by the width) Q > 2 are denoted as QPOs. The
rms amplitudes are calculated over a frequency band from zero
to infinity. We multiplied the rms amplitude of variability with
T2/ T ! (Rþ B)½ &2, where T is the overall count rate, B is the
background rate determined usingpcabackest, andR is the count
rate due to the Galactic ridge, to obtain the variability inherent to
the source (Berger & van der Klis 1994).

2.2. Radio Observations

We obtained Very Large Array (VLA) radio information
(observations conducted by M. Rupen) for dates between MJD
52,920 and 52,949. The ‘‘core’’ was not detected in 4.86 and
8.64 GHz frequencies on MJD 52,924.9 and 52,933.0. Another
radio component (from an earlier discrete plasma ejection) away
from the core was detected during this time (Rupen et al. 2004c).
The first detection of the core during the decay occurred onMJD
52,940.0, with a flux density of 0:14 ) 0:04 mJy beam!1

(M. Rupen 2003, private communication). The last detection of
the core with the VLA occurred on MJD 52,949, with a flux
density of 0:22 ) 0:04 mJy at 4.86 GHz (Rupen et al. 2004a).

Toward the end of the 2003 outburst, the source was observed
with the Australia Telescope Compact Array (ATCA). The source
was not detected on MJD 52,955.86, 52,973.72, 52,983.45,
52,994.49, or 53,049.40,with the highest rms value of 0.10mJy at
4.8 GHz (Corbel et al. 2005). The evolution of the radio fluxes
during the outburst decay is given in Figure 2b.

3. RESULTS

We investigated the evolution of several spectral and temporal
fit parameters during the decay of H1743!322 to establish the
time of state transitions. Some of the important parameters are

shown in Figure 2, and some of the spectral fit parameters are
tabulated in Table 1.

3.1. States and Transitions

Until MJD 52,930, the spectral and temporal properties of the
source indicated a TDS.When the noise was detected in the PDS,
it was characterized by a weak power law typically observed in
the TDS (see Fig. 3a). The rms amplitude of variability was less
than 3%. OnMJD 52,930, the power-law flux doubled, while the
power-law ratio (PLR, the ratio of the power-law flux to the total
flux in the 3–25 keV band) exceeded 0.6, and the PDS showed
detectable timing noise, with an rms amplitude of+7%. The spec-
tral and temporal properties (see Figs. 3b and 3d ) indicate an IS
right after this transition. During the transition, the photon index
increased slightly. The evolutions of Tin and the disk-blackbody
(DBB) flux were smooth.

A QPO appeared onMJD 52,932 as the PLR reached 0.8. Just
after this date, for one observation, the power-law flux and the
PLR dropped. The strong timing signature also disappeared, and
the PDS only showed a weak power-law component. The source
properties were similar to those of the TDS. This single obser-
vation is called ‘‘TD-like’’ for this reason. Within half a day, the
power-law flux increased to the IS levels, and the timing noise
reappeared, along with the QPO (see Fig. 3). Based on the TDS
observations and the TD-like observation, we set a PLR threshold

Fig. 2.—Evolution of (a) the total rms amplitude of variability in the 3–30 keV
band, (b) the radio flux density at 4.86 GHz, (c) the QPO frequency, (d ) the photon
index (!), (e) the inner disk temperatureTin , ( f ) the power-lawflux (circles) and the
disk-blackbodyflux (diamonds) in the 3–25 keVband in units of 10!10 ergs cm!2

s!1, and (g) the ratio of the power-law flux to the total flux in the 3–25 keV band.
The dashed line indicates the case for which all the emission comes from the
power-law component. The solid line shows the threshold for observing timing
noise. Unabsorbed fluxes are shown. For most of the measurements, the 1 "
uncertainties are smaller than the plot symbols. The vertical dashed line indicates
the approximate time of transition from the TDS to the IS. The first four data
points in (b) are from VLA, and the final point is from ATCA.
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of variability of +0.6 for H1743!322. The duration for the
TD-like case is of the order of 1 day. Interestingly, the photon
index decreased during the TD-like observation, returning to the
value measured right before the transition to the IS.

QPOs with decreasing frequency were observed in 10 obser-
vations after the transition. After MJD 52,933, the rms amplitude
of variability increased, the photon index hardened, and the inner
disk temperature and DBB flux decreased smoothly. At the end
of this evolution, the source was in the LHS. The transition to the
LHS was smooth, and it is difficult to determine when the source
left the IS. Based on the McClintock & Remillard (2006) criteria
(spectrum dominated by the power-law component, 1:5 < ! <
2:1, rms amplitude of variability >10%), the transition happened
around MJD 52,938. In the LHS the photon index hovered be-
tween 1.7 and 1.9 until MJD 52,956. The rms amplitude of
variability increased until MJD 52,950. After this date, the sta-
tistical quality of the data was not good enough to determine
the rms amplitude of variability.

3.2. Correlations between Spectral and Temporal Parameters

It has been well established that the black hole transients show
several correlations between spectral and temporal parameters
(Kalemci 2002, and references therein). During outburst decays,
the photon index shows the strongest correlations (or anti-
correlations)with theQPO frequency and the rms amplitude of var-
iability (Vignarca et al. 2003; Kalemci 2002). We plotted these
parameters as a function of photon index in Figure 4. We also
included the PLR as a function of photon index, as it shows a
strong correlation with the rms amplitude of variability in the IS.
Figure 4 shows that the rms amplitude of variability is strongly
anticorrelated ( linear correlation coefficient of !0.949), and the
QPO frequency is strongly correlated ( linear correlation coeffi-
cient of 0.987) with the photon index. Notice that there might be

a turnover (or a saturation) in the QPO-! relation, as seen earlier
for other sources by Vignarca et al. (2003). The TD-like observa-
tion is not shown. Obviously, it does not obey the anticorrelation
between the rms amplitude of variability and !.
Another interesting relation is between the rms amplitude

of variability and the disk flux. It is well known that the rms
amplitude of variability increases with energy for systems with
significant disk emission (Kalemci 2002), but once this disk com-
ponent is not significant, the relation between rms amplitude of
variability and energy is not predictable (Kalemci et al. 2004a). In
Figure 5, we show the rms amplitude of variability for two en-
ergy bands, their ratio, and the PLR. The presence of DBB emis-
sion clearly reduces the rms amplitude of variability in the 3–6 keV

Fig. 4.—Correlation between the photon index and the rms amplitude of
variability (top), the PLR (middle), and the QPO frequency (bottom) for ob-
servations taken between MJD 52,930.9 and 52,949.7, excluding the TD-like
observation.

Fig. 5.—Top: Evolution of the rms amplitude of variability in the 3–6 keV
(triangles) and 6–15 keV (diamonds) bands. The 3 " upper-limit rms amplitude
of variability for the TD-like observation in the 6–15 keV band (9.25%) is
shown with an arrow. The 3–6 keV band upper limit of 3.28% is not shown for
clarity. Middle: The ratio of the rms variability in the 3–6 keV and 6–15 keV
bands. Bottom: The PLR.

Fig. 3.—Power spectra (a) in the TDS, (b) after the transition to the IS, (c) during
the TD-like observation, and (d ) right after the TD-like observation, again in the IS.
PDSs in (b), (c), and (d ) are approximately 1 day apart. The solid line shows the
effective Poisson noise level (uncertainty in Poisson noise subtraction after merging
segments and binning the data; Nowak et al. 1999).
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band. For most of the observations during which the DBB emis-
sion is not significant, the ratio between rms amplitudes of vari-
ability is consistent with unity. But when the last six observations
are grouped, it is clear that the 6–15 keV band rms amplitude of
variability is higher than that of the 3–6 keV band.

4. DISCUSSION

4.1. Evolution of Spectral and Temporal Properties
during Outburst Decay

In general, the evolution of the spectral and temporal param-
eters of H1743!322 show very similar characteristics to the evo-
lution of other black hole systems during outburst decay. The
transition from the TDS to the IS is sharp, and is marked by a
jump in the rms amplitude of variability, the power-law flux, and
the PLR (Kalemci et al. 2004a, 2005). We note that, during the
transition, both the power-law flux and the PLR increase sub-
stantially. But the sudden increase in the PLR is always due to a
sudden increase in the power-lawflux, and not to a sudden decrease
in DBB emission. Therefore, the physical change that causes the
state transition is associated with a sudden increase in the power-
law flux. On the other hand, the PLR provides a threshold for
strong variability. After the transition from the TDS to the IS, the
DBB flux and inner disk temperature steadily decrease, and finally
the source reaches the LHS.

A detailed discussion of several scenarios that could result
in such evolution during the decay is given for 4U 1543!47 in
Kalemci et al. (2005). H1743!322 shows spectral and temporal
evolution in X-rays quite similar to those of 4U 1543!47. In
addition, for both cases, the radio core was only detected after the
sources reached their hardest levels, and not detected right after
the transition to the IS. For H1743!322, the fits never require a
high-energy cutoff in the spectrum, while for 4U 1543!47, a
cutoff is observed only during the transition to the LHS. It is pos-
sible that a portion of electrons are nonthermal for both sources,
at least in the TDS and IS (Coppi 1999). For H1743!322, the
evolution of Tin is consistent with an accretion disk receding
away from the black hole (and the drop in QPO frequency may
also be an indication of this). The evolutions of the PLR and !
indicate a Comptonizing medium (either an independent corona
or the base of a jet) getting stronger as the decay progresses. The
lack of adequate multiwavelength coverage does not allow us
to strongly constrain the details of different models, as we were
able to do for 4U 1543!47.

Even thoughmost of the properties of H1743!322 are generic
to the black hole transients during decay, it also showed two
unexpected behaviors. The first one is the TD-like observation on
MJD 52,932. Once the transition to a harder state occurs, it is
unusual for a system to go back to the previous, softer state just
for 1 day during the outburst decay. (Short branchings to harder
states are common, such as branching seen in the 1998 outburst
of XTE J1550!564; Homan et al. 2001). For the 14 outburst
decays analyzed in Kalemci 2002, only XTE J1859+226 showed
a similar behavior in its outburst decay in 1999. After the tran-
sition to the IS at MJD 51,524, XTE J1859+226 transited back
to the TDS twice for a short time (Kalemci 2002). A recent re-
port indicates that during the decay of the 2002–2003 outburst of
GX 339!4, the source transited back to the TDS for 3 days after
the transition to the IS (Belloni et al. 2005). We note that these
branchings with timescales of a few days may be more common,
as frequent monitoring is required to catch them. If we examine
the cases source by source, rather than outburst by outburst, from
the seven transients that have been observed with daily moni-
toring, three sources showed this behavior. The IS is a transi-

tional state between the TDS and the LHS, but these branchings
imply that the evolution is not monotonic. Transitions back and
forth to the TDS can occur on a timescale of days. In contrast, once
the source is in the hard state and the X-ray luminosity keeps
decreasing, the process is irreversible; there is no example (to the
best of our knowledge) of a transition back to the IS or the TDS.

A second unexpected behavior is the slight increase in photon
index (+6%) during the transition to the IS (see Fig. 2). The only
other case that showed an increase in photon index during a tran-
sition from the TDS to the IS is the 2000 outburst of XTE J1550!
564 (Kalemci et al. 2004a; Rodriguez et al. 2003). During such
transitions, the power-law index usually does not change, or de-
creases somewhat (Kalemci et al. 2004a). For both H1743!322
and XTE J1550!564, the power-law flux and the PLR showed
a sudden increase, while the photon index also increased. How-
ever, for H1743!322, this transition resulted in an increase in rms
amplitude of variability, whereas for XTE J1550!564, it resulted
in a decrease of rms amplitude of variability. Note that the con-
ditions for these two transitions were not the same. For H1743!
322, the transition was from the TDS to an IS, whereas for XTE
J1550!564, the transition was from a soft IS to a harder IS,
en route to the LHS.

4.2. Emission Mechanisms during the State Transition
from the TDS to the IS

In the TDS, the bulk of the emission comes from the disk as
multicolor blackbody radiation. The evolution of the DBB com-
ponent during the transition to the IS is smooth. On the other
hand, the power-law component in the X-ray spectrum shows a
sudden change, and is perhaps associated with the state transi-
tion. For the power-law component, the two important observa-
tions are (1) a sudden (less than 1 day) and strong (100%) increase
in the flux, and (2) a small change (6% increase) in the photon
index. We note that an increase in the power-law flux with only
little or no change in the power-law index is a universal property
of the state transitions that coincide with the appearance of tim-
ing noise and QPOs for most of the black hole systems (Kalemci
et al. 2004a). In this section, we discuss various scenarios that
may explain the evolution of the power-law component during the
transition to the IS.

For thermal Comptonization, the photon index depends on two
parameters of the corona: the temperature and the optical depth
of the Comptonizing medium (Sunyaev & Titarchuk1980). The
power-law flux depends on the input soft flux, the optical depth,
and the covering fraction of the Comptonizing medium. Increas-
ing the soft input flux would result in a larger power-law flux and
also may cause a lower coronal temperature due to cooling. Our
observations do not indicate an increase in the DBB flux. A
sudden expansion of the corona (while keeping the optical depth
constant) could explain the change in power-law flux if the vol-
ume increase corresponds to an increase in the covering fraction.
Before the transition, the rms amplitude of variability is less than
1.8%; therefore, there is at least a factor of 4 increase in the rms
amplitude of variability, whereas there is only a factor of 2 in-
crease in the power-law flux. Therefore, the volume increase
should have a nonlinear relation to the variability amplitude to
explain the strong increase. Emergence of another soft photon
source inside the corona (with a spectrum not contributing in the
PCA range) is another possible explanation for the transition. One
candidate is synchrotron radiation inside the corona, causing syn-
chrotron self-Compton emission (Markoff&Nowak 2004). In this
case, the hard power-law emission would be created by a combi-
nation of thermalComptonization of synchrotron and disk photons
and nonthermal synchrotron self-Compton emission. For the case
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of synchrotron, the seed photons come from inside, while for the
DBB, the seed photons come from both the outside and the inside
of the corona, depending on the assumed geometry. It is possible
that the strong variability is created more efficiently if the source
is inside the corona. Since the major change is not related to the
temperature and optical depth of the corona, it could also explain
why the photon index varies little during the transition. The small
change in the index may be due to additional cooling (if the in-
crease in the secondary soft flux is more than the decrease in the
DBB flux), or the effect of additional nonthermal Comptonization.
If the strong variability in the IS and the LHS is due to an addi-
tional soft component such as the synchrotron radiation, then the
origin of low-frequencyQPOswill not be the accretion disk (Lee
&Miller 1998; Titarchuk & Fiorito 2004). One can also envision
a combination of scenarios, such as an expansion of the corona
while the synchrotron self-Compton contribution is increasing.

Another way to increase the power-law flux is to have two
emission mechanisms producing power-law spectra. During the
transition, the second component, which also produces the timing
noise, may become active. One possibility is that during the TDS
the bulkmotion (dynamical) Comptonization (Laurent&Titarchuk
1999; Titarchuk & Fiorito 2004) may be the main mechanism,
whereas in the IS, thermal Comptonization starts to operate. This
requires that both components produce very similar power-law
spectra right at the transition. The secondary component in the
IS may also be direct synchrotron emission from a jet (Falcke &
Biermann 1999; Markoff et al. 2001). This, again, requires that
both emission mechanisms produce a similar spectrum at the
transition. There is another argument against this second possi-
bility. The radio observations indicate that the emission from the
compact jet began sometime between MJD 52,933 and 52,940,
well after the transition to the IS. (Since there was no optical or
infrared monitoring of the source during the transition, we were
not able to pinpoint the time of jet formation.) Based on the com-
parison between the optical and IR light curves and the X-ray
and radio properties of GX 339!4 (Homan et al. 2005a) and 4U
1543!47 (Kalemci et al. 2005), one can argue that the compact jet
does not turn on before the source is settled in the LHS. H1743!
322 seems to support this argument, as the compact radio jet was
first detected after the source was in the LHS, according to
McClintock & Remillard (2006). We note that, during the rise, a
compact radio core was observed, even after the transition from
the LHS to the IS (Joinet et al. 2005; Rupen et al. 2003). This
shows that, even though the formation of the compact jet requires
the LHS with almost no soft emission in the PCA band, it can be
sustained for a while in the presence of soft emission (Corbel et al.
2004).

4.3. The Correlations

There is a very strong correlation between the photon index and
the QPO frequency up to a photon index of 2.2. At high photon
indices, the relation seems to be turning over. XTE J1550!564
and GRO J1655!40 are two other sources that show a turnover
in the QPO frequency–photon index relation (Vignarca et al.
2003). Relativistic effects may cause this turnover, if the QPO has
an ‘‘accretion ejection instability’’ origin (Varnière et al. 2002;
Vignarca et al. 2003). We note that we cannot conclusively claim
that the relation turns over for H1743!322, because the evidence
for a turnover is based on a single data point (see Fig. 4). A sat-
urationQPO frequencywith photon index could be a sign of a sys-
temdominated by a converging inflow (Titarchuk&Fiorito 2004).

There is a strong anticorrelation between the photon index
and the rms amplitude of variability. This is a global relation that
is valid for most black hole transients during outburst decay

(Kalemci et al. 2003). One can also observe a strong correlation
between the PLR and the rms amplitude of variability at high
spectral indices (see Fig. 4). This shows the diminishing effect of
the DBB radiation on the rms amplitude of variability. Another
way to investigate the effect of DBB on the rms amplitude of
variability is to compare the energy dependence of variability.
Figure 5 shows that for the observations with strong DBB emis-
sion, the rms amplitude of variability is much stronger in the
higher energy band than in the lower energy band. One can see a
correlation between the ratio of the rms amplitude of variability
in two bands and the PLR. Once the DBB emission is negligible
(PLR + 1), the relation between the rms amplitude of variability
and energy is not that clear. The correlations between the PLR
and both the rms amplitude of variability and the variability ratio
indicate that the variability is generated in the power-law com-
ponent, and that the DBB component regulates the rms ampli-
tude of variability by changing the mean flux (Churazov et al.
2001; Kalemci 2002).

5. SUMMARY AND CONCLUSIONS

We analyzed the RXTE X-ray observations of H1743!322
during its outburst decay in 2003. In addition to the X-ray obser-
vations, we also obtained radio fluxes and discussed their evo-
lution with respect to the state transitions. The evolution of the
spectral and temporal fit parameters show similar properties to
those of other sources. The transition from the TDS to the IS is
marked by a strong increase in the rms amplitude of variability and
power-law flux. This transition may correspond to the emergence
of a secondary soft component, such as synchrotron radiation, or
a secondary power-law component. Future multiwavelength ob-
servations of these transients may help in making the distinction.
At the time of this transition, the radio core was not detected.
Three days after the transition, the sourcewent back to the TDS for
1 day, indicating that the IS is not stable. After the source returned
to the IS, it gradually reached the low-hard state. The core is
detected in the radio band when the X-ray spectrum is totally
dominated by the power-law emission.
There is a strong correlation between the photon index and

the QPO frequency. At high QPO frequencies and photon indi-
ces, the correlation shows a turnover (or saturates). The threshold
PLR for the state transition and the correlation between the PLR
and the ratio of rms amplitude of variability in the 6–15 keVand
3–6 keV bands show that the DBB emission dilutes the ampli-
tude of variability. When the DBB emission is absent, the rms
amplitude of variability in two bands is similar. This may indi-
cate that the origin of the variability and the QPO is the corona
itself, rather than the disk.
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ON THE ORIGIN OF RADIO EMISSION IN THE X-RAY STATES OF XTE J1650!500
DURING THE 2001–2002 OUTBURST
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ABSTRACT

We report on simultaneous radio and X-ray observations of the black hole candidate XTE J1650!500 during
the course of its 2001–2002 outburst. The scheduling of the observations allowed us to sample the properties of
XTE J1650!500 in different X-ray spectral states, namely, the hard state, the steep power-law state, and the ther-
mal dominant state, according to the recent spectral classification of McClintock & Remillard. The hard state is
consistent with a compact jet dominating the spectral energy distribution at radio frequencies; however, the current
data suggest that its contribution as direct synchrotron emission at higher energies may not be significant. In that
case, XTE J1650!500 may be dominated by Compton processes (either inverse Comptonization of thermal disk
photons and/or synchrotron self-Compton radiation from the base of the compact jet) in the X-ray regime. We
surprisingly detect a faint level of radio emission in the thermal dominant state that may be consistent with the
emission of previously ejected material interacting with the interstellar medium, similar (but on a smaller angular
scale) to what was observed in XTE J1550!564 by Corbel and coworkers. Based on the properties of radio
emission in the steep power-law state of XTE J1650!500 and taking into account the behavior of other black hole
candidates (namely, GX 339!4, XTE J1550!564, and XTE J1859+226) while in the intermediate and steep
power-law states, we are able to present a general pattern of behavior for the origin of radio emission in these two
states that could be important for understanding the accretion-ejection coupling very close to the black hole event
horizon.

Subject headinggs: accretion, accretion disks — black hole physics — ISM: jets and outflows —
radio continuum: stars — stars: individual (GX 339!4, XTE J1550!564,
XTE J1650!500, XTE J1859+226)

1. INTRODUCTION

XTE J1650!500 is a soft X-ray transient discovered on 2001
September 5 (MJD 52,157; Remillard 2001) by the All-Sky
Monitor on board the Rossi X-Ray Timing Explorer (RXTE
ASM). On the next day, pointed RXTE PCA (Proportional
Counter Array) observations confirmed the ASM detection of
XTE J1650!500 with an X-ray spectrum typical of a black hole
candidate (BHC) in the hard state (HS) (Markwardt et al.
2001). This was confirmed by further analysis of the power
density spectra (Revnivtsev & Sunyaev 2001; Wijnands et al.
2001). During the course of the outburst, XTE J1650!500 went
into all the canonical X-ray spectral states (Rossi et al. 2004)
that are typical of the population of BHCs (Belloni 2004;
McClintock & Remillard 2004). High-frequency quasi-periodic
oscillations (QPOs) have been reported by Homan et al. (2003).
The possible detection of a broad iron K! emission (e.g., Miller
et al. 2002) may suggest that XTE J1650!500 is a maximal
Kerr black hole. In addition, short (+100 s) X-ray flares and
long-timescale oscillations have been reported by Tomsick et al.
(2003b) during the decay to quiescence.

The optical counterpart was discovered by Castro-Tirado
et al. (2001) with the 0.6 m optical telescope at Lake Tekapo,
New Zealand. The identification was later confirmed by Groot
et al. (2001) and Augusteijn et al. (2001). The radio counterpart
was discovered with the Australia Telescope Compact Array
(ATCA) located in Narrabri, Australia (Groot et al. 2001).
Further optical observations of XTE J1650!500 in quiescence
with the 6.5 m Magellan telescope and the 8 m Very Large
Telescope revealed the orbital parameters of this system (Orosz
et al. 2004). The companion star is of spectral type K3 V–K5 V,
and the orbital period of the system is 0.3205 days. The mass
function of 2:73 ) 0:56 M, and the lower limit on the incli-
nation angle of 50/ ) 3/ (in contradiction to what was origi-
nally proposed by Sanchez-Fernandez et al. [2002]) give an
upper limit of 7.3 M, for the mass of the compact object. The
primary in the XTE J1650!500 system is likely a black hole,
and in fact, the existing data suggest that it could be a black hole
with a mass of only 4 M, (Orosz et al. 2004).
In this paper we report on X-ray and radio observations of

XTE J1650!500 spread over the entire outburst. In x 2 we
describe the observations and the outburst evolution. We then
discuss the properties of the radio emission from XTE J1650!
500 in each of the states covered by our observations, including
the HS, the steep power-law (SPL) state (we also discuss the
nature of the intermediate state [ IS]), the thermal dominant
(TD) state, and the state transitions. Our conclusions are sum-
marized in x 4. Our X-ray state definitions are nearly the same
as the new definitions described in the review by McClintock
& Remillard (2004). In this work we follow McClintock &
Remillard (2004) by using the names HS and TD state rather
than the previous names (low-hard state and high-soft state,
respectively) to designate the two best-known X-ray states. The
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AIM, CEA Saclay, F-91191 Gif-sur-Yvette, France.

2 Astronomical Institute ‘Anton Pannekoek’ and Center for High Energy
Astrophysics, University of Amsterdam, Kruislaan 403, 1098 SJ Amsterdam,
Netherlands.

3 Center for Astrophysics and Space Sciences, University of California at
San Diego, MS 04-24, La Jolla, CA 92093.

4 Australia Telescope National Facility, CSIRO, P.O. Box 76, Epping,
NSW 1710, Australia.

5 Center for Astrophysics and Supercomputing, Swinburne University of
Technology, Mail Number 31, P.O. Box 218, Hawthorn, VIC 3122, Australia.

1272

The Astrophysical Journal, 617:1272–1283, 2004 December 20
# 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.



difference between our definitions and those of McClintock &
Remillard (2004) concerns the intermediate and very high
states, which could possibly be various instances of the same
state (e.g., Homan et al. 2001; Belloni 2004). McClintock &
Remillard (2004) divided these two flavors of the intermediate/
very high state as follows: First is the soft (i.e., photon index
>2.4) flavor, which has a steep power-law spectrum and was
therefore called the SPL state. In the SPL state, low- and high-
frequency QPOs are usually detected. The interpretation of the
IS in McClintock & Remillard (2004) is more ambiguous, as it
is defined in terms of combinations of the other spectral states.
In this work we define the IS as having properties between the
HS and SPL state, so that the IS is essentially a hard flavor of the
intermediate/very high state mentioned previously.

2. OBSERVATIONS AND OUTBURST OVERVIEW

2.1. Radio Observvations

During the X-ray outburst of XTE J1650!500, we con-
ducted eight continuum radio observations with ATCA, located
in Narrabri, New South Wales, Australia. The ATCA synthesis
telescope is an east-west array consisting of six 22 m anten-
nas. The ATCA uses orthogonal polarized feeds and records
full Stokes parameters. We carried out observations mostly at
4800 MHz (6.3 cm) and 8640 MHz (3.5 cm) with the exception
of the first two observations, for which we also made mea-
surements at 1384 MHz (21.7 cm) and 2496 MHz (12.0 cm).
For the first observation, because of the large uncertainty in
the X-ray position at that time, the radio counterpart of XTE
J1650!500 was outside the primary beam of the telescope
at 4800 and 8640 MHz. We performed observations in vari-
ous array configurations: 6B (baselines ranging from 214 to
5969 m), 6D (77–5878 m), 0.750D (31–4469 m), and EW352
(31–4438 m), in order of decreasing spatial resolution. An
additional observation (6A configuration) was conducted on
2003 December 21 while XTE J1650!500 was in quiescence.
We did not detect XTE J1650!500 with a 3 " upper limit of
0.3 mJy at 4800 and 8640 MHz.

The amplitude and bandpass calibrator was PKS 1934!638,
and the antenna’s gain and phase calibration, as well as the

polarization leakage, were derived from regular observations
of the nearby (less than a degree away) calibrator PMN 1646!
50. The editing, calibration, Fourier transformation, deconvo-
lution, and image analysis were performed using the MIRIAD
software package (Sault & Killeen 1998). An observing log, as
well as the ATCA flux densities of XTE J1650!500, can be
found in Table 1. The dates of our ATCA observations are
indicated in Figures 1 and 2 in order to illustrate how they are
related to the X-ray states of XTE J1650!500.

2.2. X-Ray Observvations

In order to have a long-term view of the X-ray behavior of
XTE J1650!500, we used the publicly available X-ray data
from the RXTE ASM (Levine et al. 1996). The 1.5–12 keV
ASM light curve is plotted in Figure 1. In addition, we also
used PCA and HEXTE data from our pointed observations, as
well as observations available from the RXTE archive. The
procedure for reduction of these data can be found in Tomsick
et al. (2003b, 2004). We used these data to extract count rates
in the 3–200 keV band as a function of time. We define a hard
color as the ratio of the HEXTE count rate (20–200 keV) to the
3–20 keV PCA count rate. We then constructed a hardness-
intensity diagram (HID), similarly to Homan et al. (2003) and
Rossi et al. (2004). We conducted a more detailed analysis of
the X-ray energy spectrum for the RXTE observations closest in
time to the eight radio observations. Using the XSPEC (ver. 11)
software for spectral analysis, we fitted the PCA+HEXTE spec-
tra, primarily to determine the fluxes in several energy bands
(see Table 1, Figs. 5 and 6). In all cases, the spectral continuum
is well described by a disk-blackbody (Makishima et al. 1986)
plus power-law or cutoff power-law model, which is typical
of BHC systems. We also accounted for interstellar absorp-
tion, and we fixed the column density to the value of NH ¼
6 ; 1021 cm!2 measured by the Chandra X-Ray Observatory
(Tomsick et al. 2004). For some observations, this continuum
model left significant residuals near the iron K! complex (6–
10 keV), but we obtained acceptable fits with reduced $2 < 1:0
after including an iron emission line and a smeared iron edge
(Ebisawa et al. 1994). The final model we used to determine the

TABLE 1

Observing Log and Results

Observation

Parameter 1 2 3 4 5 6 7 8

Date (MJD)a .................. 52159.94 52160.81 52177.01 52187.67 52195.85 52204.25 52241.52 52247.63

Calendar date ................. 2001 Sep 7 2001 Sep 8 2001 Sep 24 2001 Oct 5 2001 Oct 13 2001 Oct 21 2001 Nov 27 2001 Dec 4

Time on source (hr)b ..... 0.66, 1.09 1.16, 0.99 1.29 4.10 3.75 1.80 6.56 2.73

Array configuration........ 6B 6B 0.750D EW352 EW352 EW352 6D 6D

Flux density (mJy):

1384 MHz .................. 2.7 ) 0.3 4.08 ) 0.20 . . . . . . . . . . . . . . . . . .
2496 MHz.................. 2.3 ) 0.2 5.30 ) 0.15 . . . . . . . . . . . . . . . . . .
4800 MHz.................. . . . 5.28 ) 0.10 0.83 ) 0.10 <0.21 1.29 ) 0.07 0.78 ) 0.10 1.21 ) 0.06 0.75 ) 0.10

8640 MHz.................. . . . 4.48 ) 0.10 0.77 ) 0.10 <0.18 0.91 ) 0.10 0.34 ) 0.09 1.15 ) 0.06 <0.30

Spectral index ................ !0.27 ) 0.31 !0.29 ) 0.04c !0.13 ) 0.86 . . . !0.59 ) 0.56 !1.41 ) 1.36 !0.09 ) 0.18 <!1.3

X-ray state...................... HS HS SPL SPL TD TD HS HS

X-ray fluxd ..................... 10.40 ) 0.10 10.96 ) 0.11 10.47 ) 0.10 10.31 ) 0.10 10.04 ) 0.10 7.25 ) 0.07 1.75 ) 0.08 1.13 ) 0.06

Note.—Upper limits are given at the 3 " confidence level.
a Radio observation midpoint.
b The first number is for the observations at 1384 and 2496 MHz (if noted); otherwise, it is related to the observations at 4800 and 8640 MHz.
c Spectral index obtained if we fit the radio spectrum with a power law and thermal free-free absorption. If we use the two higher frequencies, a spectral index of

!0:28 ) 0:14 is deduced.
d Unabsorbed 2–11 keV flux in units of 10!9 ergs s!1 cm!2.
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X-ray fluxes is also described in detail in, e.g., Tomsick et al.
(2001).

2.3. The 2001–2002 X-Ray Outburst of XTE J1650!500

To fully understand the radio properties of XTE J1650!500
during its outburst, we first need to characterize the X-ray states
of XTE J1650!500 as a function of time. For that purpose,
Figure 1 shows the RXTE ASM 1.5–12 keV and RXTE PCA+
HEXTE 3–200 keV light curves, as well as the evolution of the
RXTE ASM (3–12 keV/1.5–3 keV) hardness ratio; the arrows
indicate the dates of the ATCA radio observations. In addition,
the HID in Figure 2 adds complementary information on the
outburst evolution; the diamonds highlight the radio observa-
tions. XTE J1650!500 moved counterclockwise in the HID
during the whole outburst. As can be seen from these two fig-
ures, the scheduling of the radio observations provides a sam-
pling of very different X-ray states of XTE J1650!500. In
Figure 1 we indicate the time intervals used by Homan et al.
(2003) and Rossi et al. (2004) with Roman numerals.
After its discovery on 2001 September 5 (MJD 52,157) by

RXTE ASM (Remillard 2001), the first RXTE pointed observa-
tion occurred on 2001 September 6. The RXTE observations
(up to September 9) are consistent with a BHC in the HS with
a strong band-limited noise component in the power density

Fig. 1.—Top: RXTE (PCA+HEXTE) 3–200 keV count rate light curve (daily average) of XTE J1650!500 during its 2001–2002 outburst. Middle: RXTE ASM
1.5–12 keV count rate light curve. Bottom: Evolution of the ASM hardness ratio (3–12 keV/1.5–3 keV) during the whole outburst. The vertical dotted lines indicate
the transition between the various X-ray states: HS (hard state), IS (intermediate state), SPL (steep power-law state), and TD (thermal dominant state). The roman
numerals in the top panel illustrate the various time intervals used by Homan et al. (2003) and Rossi et al. (2004) for their X-ray analysis. The arrows (with a number)
indicate when our radio observations were performed. We note that the high-frequency QPOs have been detected only in interval III (Homan et al. 2003).

Fig. 2.—HID for the outburst of XTE J1650!500, similar to the one used
by Homan et al. (2003). The diamonds (with associated number) indicate the
period of simultaneous radio and X-ray observations. For observations 7 and 8,
the position is only indicative, as XTE J1650!500 could not be observed by
RXTE because of its proximity to the Sun. However (see text and Fig. 5), their
positions are likely to be approximately correct.
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spectra and energy spectra dominated by a power-law compo-
nent of photon index+1.6 and exponential cutoff (Revnivtsev &
Sunyaev 2001; Wijnands et al. 2001). The rest of the bright
outburst phase has been described by Rossi et al. (2004; S. Rossi
2004, private communication) and Homan et al. (2003), and
we outline their conclusions below (for the decay phase, see
Kalemci et al. [2003] and Tomsick et al. [2003b, 2004]). Start-
ing around September 9, a gradual softening of the spectrum
occurs up until October 5 (MJD 52,187). From September 9 to
20 (MJD 52,161–52,172), XTE J1650!500 is characterized by
a smooth softening of its energy spectrum (with an evolution
of the power-law photon index from 1.5 to 2.2), and the fre-
quency of the QPO increases from+1 to 9 Hz. During the period
from September 20 to October 5 (MJD 52,172–52,187), the pho-
ton index of the power-law component saturates to a value of
+2.2. The rms variability and the frequency of the QPO become
more erratic, with oscillations around their maxima. The high-
frequency QPOs are observed only during this portion of the
outburst (Homan et al. 2003). The accretion disk and power-
law flux components give similar contributions to the total flux,
which makes this interval very typical of the SPL state. We note
that the photon index does not exactly fulfill the criteria (not
greater than 2.4) of McClintock & Remillard (2004) for an SPL
state, but as it is the part of the outburst with the steepest power
law, we consider it as an SPL state for the rest of the paper. The
properties of XTE J1650!500, between September 9 and 20,
would then be consistent with an IS as defined above. From
October 5 to November 19 (MJD 52,187–52,232), the contri-
bution from the accretion disk dominates the energy spectra, and
the level of rms variability is very low, as is typical of the TD state.
XTE J1650!500 returned back to the HS after November 19
(MJD 52,232), as illustrated by the hardening of the spectrum and
the increased rms variability (Kalemci et al. 2003; Rossi et al.
2004).

To summarize, after a brief (but we cannot exclude that the
outburst was ongoing for many days before the discovery of
the source) initial HS, XTE J1650!500 underwent a smooth
transition to the IS, followed by transitions to the SPL state, the
TD state, and then back to the HS. Our radio observations oc-
curred as follows: observations 1 and 2 during the initial HS
(however, observation 2 is very close to the transition to the
IS), observations 3 and 4 during the SPL state (however, ob-
servation 4 is very close to the transition to the TD state), ob-
servations 5 and 6 during the TD state, and observations 7 and
8 during the final HS. A ninth observation was performed later,
when XTE J1650!500 was back in quiescence. We now de-
scribe the properties of XTE J1650!500 within these X-ray
states.

3. RADIO EMISSION FROM XTE J1650!500:
RESULTS AND DISCUSSION

We now focus on the properties of the radio emission. We
obtained radio coverage during the initial and final HSs, the
SPL state, and the TD state. By looking at Table 1 and Figure 3,
in which the radio light curve of XTE J1650!500 is plotted,
we note that radio emission from XTE J1650!500 is detected
during the first radio observation on September 7 with a spec-
trum consistent with being flat between 1384 and 2496 MHz.
The day after, the radio flux density increased by almost a
factor of 2 and had similar spectral characteristics. On Sep-
tember 24 we observed the source at a much fainter radio flux
(+0.8 mJy), and the source disappeared below the sensitivity
level on October 5 with 3 " upper limits of 0.21 and 0.18 mJy
at 4800 and 8640 MHz, respectively. Compared to the brightest

level of radio emission observed on September 8, this indicates
a significant quenching (of more than a factor of 25) of the
radio emission. Surprisingly, radio emission is again observed
(observations 5 and 6) at the millijansky level in the TD state
(contrary to expectations based on observations of other BHCs;
e.g., Fender et al. 1999; Corbel et al. 2000). During the final
two radio observations, the behavior of the source may be
consistent with the behavior during the first two observations.
For the rest of the paper, we define the radio spectral index !
with S# / #! , where S# is the radio flux density and # is the
frequency.

The best position of the radio counterpart to XTE J1650!
500 (with the radio source fitted as a pointlike source) is
! (J2000:0) ¼ 16h50m00:s96, ((J2000:0) ¼ !49/57044B60, with
an absolute positional uncertainty of 0B25, mostly due to the
uncertainty on the phase calibrator position. All radio obser-
vations (when the radio source is detected) are consistent with
a location of the radio counterpart at this position. This con-
stitutes the most accurate position for XTE J1650!500 and
is in agreement with the one derived from optical observa-
tions (Castro-Tirado et al. 2001) and Chandra observations
(Tomsick et al. 2004).

3.1. The Initial and Final Hard States

3.1.1. Radio Emission from a Compact Jet

Radio observations 1, 2, 7, and 8 were performed while XTE
J1650!500 was in the HS. Both the initial and final hard X-ray
states are therefore covered. Once again, the overall properties
of the HS radio emission are broadly consistent with those that
have been observed in other BHCs in a similar X-ray state
(Corbel et al. 2000; Fender 2001): a level of radio emission of a
few millijanskys with a radio spectrum that is almost flat. Such
characteristics are believed to originate from a self-absorbed
conical outflow or compact jet (e.g., Blandford & Königl 1979;
Hjellming & Johnston 1988), similar to the one directly resolved
from Cyg X-1 by Stirling et al. (2001). We do not detect linear
polarization from the compact jet of XTE J1650!500, with our
best 3 " upper limit of 4.0% or 4.7% at 4800 or 8640 MHz,
respectively. Such limits are consistent with previous detections
at lower levels (e.g., Corbel et al. 2000 for GX 339!4).

For the purpose of our discussion, we have calculated
the radio spectral indices, and these are included in Table 1.

Fig. 3.—Radio light curve of XTE J1650!500 during its outburst in 2001.
The vertical lines define the state transitions (see also Fig. 1). Upper limits are
plotted at the 3 " confidence level.
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Despite being consistent with being flat (!+ 0), the radio spec-
trum (e.g., Fig. 4) seems less inverted at high radio frequencies
than is typical for BHC systems.

Below, we come back to the last observation on December 4,
which shows a very unusual spectrum. It is interesting to note
that the radio spectrum on September 8 (observation 2: Fig. 4)
shows a turnover at lower frequencies. This could be due to
free-free absorption by a thermal plasma, and, indeed, a fit to
the spectrum with a power law and free-free absorption [S# ¼
S0#! exp (!) #!2:1), where S0 is the amplitude at 1 GHz, ! is
the spectral index of the unabsorbed spectrum, and ) is the
free-free optical depth at 1 GHz] describes the data sufficiently
well, with S0 ¼ 8:59 ) 0:07 mJy, ! ¼ !0:29 ) 0:04, and ) ¼
1:32 ) 0:02. The opacity is in the range of values obtained by
Fender (2001) for the 1989 outburst of V404 Cyg (GS 2023+
338). We note that similarly, during the first detection of XTE
J1859+226 in 1999, the radio spectrum also shows absorption
at low frequencies (Brocksopp et al. 2002) while in the HS. If
the radio emission arises from a compact jet (as is usually
observed in the HS), then it is unlikely that synchrotron self-
absorption is responsible for the observed absorption at low
frequencies, as this emission originates from large-scale re-
gions (see Fender 2001). The nature of the putative thermal
absorbing plasma is unclear (higher interstellar medium [ISM]
density, remnant of past activity, etc.). Alternatively (but
probably less plausibly), the radio spectrum could be caused by
two components: a flat component from the compact jet, as
well as a second component from an optically thick ejection
event. This may be a possibility, as radio observation 2 oc-
curred very close to the hard to intermediate state transition.
However, this is not favored by the fact that the radio spectra
are all consistent with having the same intrinsic spectral index,
even during the final HS (with the exception of observation 8).
In addition, as discussed below, if an ejection event occurred
for XTE J1650!500, it probably took place during the inter-
mediate to SPL state transition (x 3.2).

We note that the radio spectrum in observation 8 is very
steep (!0!1:3), and this is unusual for a black hole in the
HS. It is not clear if this is related to the jet/ISM interaction
mentioned below (likely not, as the spectrum in observation
7 looks similar to the initial HS) or possibly to the X-ray os-
cillation behavior observed 10 days later (Tomsick et al.
2003b).

As discussed above, we obtained the best constraint on the
spectral index during the September 8 observation, with ! ¼
!0:29 ) 0:04. The reason the radio spectrum may have been
less inverted than usual is still unclear. This may be related to
the inclination angle of the jet, as usually lower inclination
angles lead to flatter spectra (e.g., Falcke 1996). For example,
the radio to millimeter spectrum of the compact jet of Cyg X-1
(a low-inclination system) is almost flat, i.e., !+ 0 (Fender
et al. 2000). However, even with a low inclination angle for the
jet, it is almost impossible to obtain such a negative spectral
index. Furthermore, optical observations indicate that the in-
clination angle of the orbital plane in XTE J1650!500 is at
least 50/ (Orosz et al. 2004), so this explanation does not work
for XTE J1650!500 unless the compact jets are strongly mis-
aligned with the orbital plane (as might be the case in few
systems; Maccarone 2002). In addition, we note that even in a
system such as 4U 1543!47 with a low inclination angle (20N7)
1N0; J. A. Orosz et al. 2005, in preparation), the radio spectrum
of the compact jet (e.g., ! ¼ 0:08 ) 0:04) is still slightly in-
verted (Kalemci et al. 2004b). We also note that the spectral
index also varies within a single source (e.g., GX 339!4;
Corbel et al. 2000), so it is unlikely that the inclination angle is
responsible for this less inverted radio spectrum.
According to Hjellming & Johnston (1988), a less inverted

radio spectrum would also be expected in the case of lateral
expansion slowed by an external medium (i.e., a compact jet with
a narrower opening angle). In addition, because of the longitu-
dinal pressure gradient, the bulk Lorentz factor would increase
along the jet axis. If observers were looking into the jet boosting
cone, they would expect to see an increase in low-frequency
radio emission (which originates far from the base of the jet) and
therefore possibly a much less inverted radio spectrum (e.g.,
Falcke 1996). Obscuration of part of the receding jet may also
contribute to the nature of the spectrum. In any case, a combi-
nation of all these effects may be in place in XTE J1650!500. It
is also clear that future studies of the evolution of the radio
spectral index of the compact jets in BHC systems are important,
as they may shed light on the geometry of the system.
If the measured spectral index is correct, then it is likely

that the contribution from the compact jet at higher frequen-
cies will not be significant. As illustrated in GX 339!4 and
XTE J1550!564, the spectrum of the compact jet extends to
shorter wavelengths, with a transition to the optically thin re-
gime in the near-infrared (Corbel et al. 2001; Corbel & Fender
2002). In that case, it is unlikely that an infrared reflare would
have been detected during the soft to hard state transition, as
in XTE J1550!564, GX 339!4, or 4U 1543!47 (Jain et al.
2001; Buxton & Bailyn 2004). The contribution in X-ray, as
direct synchrotron emission (e.g., Markoff et al. 2001, 2003),
may also be negligible (see x 3.1.2); however, a contribution
from synchrotron self-Compton (SSC) emission from the base
of the compact jet (e.g., Markoff & Nowak 2004) cannot be
ruled out at this stage.

3.1.2. On the Radio/X-Ray Correlation

While in the HS, BHCs display a strong correlation between
their radio and X-ray emission. This was first observed in
GX 339!4 (Corbel et al. 2000, 2003) over more than 3 orders
of magnitude in X-ray flux and almost down to its quiescence
level. Gallo et al. (2003) found a similar correlation for GS
2023+338 (V404 Cyg), but, interestingly, they show that all
BHCs in the HS behave similarly, i.e., their data are consistent
with a universal relation between radio and X-ray luminosities.
They also observed a relatively small scatter of approximately

Fig. 4.—Radio spectrum of XTE J1650!500 for observation 2 on 2001
September 8. The solid line is the fit to a spectrum with a power law and
thermal free-free absorption.
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1 order of magnitude in radio power. In fact, the scatter could be
even smaller if we account for the recent distance estimate, in
the range between 6 and 15 kpc, for GX 339!4 by Hynes et al.
(2004), as this will bring GX 339!4 closer to GS 2023+338,
and the small scatter could imply low bulk Lorentz factors (<2)
for the compact jets. Interestingly, this correlation also seems to
hold for a large sample of supermassive black holes if one takes
into account the mass of the black hole as an additional cor-
rection (Merloni et al. 2003; Falcke et al. 2004).

In order to see if XTE J1650!500 fits into this picture, we
looked at the relationship between the X-ray and radio flux
levels for XTE J1650!500. Despite our efforts to get quasi-
simultaneous X-ray and ATCA observations (see Table 1), this
was not possible for the final HS, as XTE J1650!500 was in the
solar exclusion zone for RXTE. In Figure 5 we plot the X-ray flux
in various bands during a portion of the decay of the 2001 outburst
(see also Tomsick et al. 2003b, 2004). After the transition to the
HS (on MJD 52,232; Kalemci et al. 2004a), the decay is smooth
enough that interpolation of the X-ray flux at the time of the ra-
dio observation is sufficient to obtain an estimate. We note that an
increase of the decay rate is observed at the end of the outburst
(Fig. 5), with a spectrum that gets harder with time (a smooth
variation of the photon index: 1:91 ) 0:02 on MJD 52,235.6 to
1:35 ) 0:23 onMJD 52,267.9), very similar to the decay of XTE
J1908+094 during its 2003 outburst (Jonker et al. 2004).

In Figure 6 we have plotted the radio flux density at
4.8 GHz versus the unabsorbed 2–11 keV X-ray flux (in Crab
units) scaled to a distance of 1 kpc (similar to Gallo et al. 2003),

Fig. 5.—Evolution of the X-ray flux (in units of 10!9 ergs s!1 cm!2) in various energy bands during the decay phase. The transition from the TD state to the HS
occurred on MJD 52,232. The dashed vertical lines indicate when radio observations 7 and 8 were performed. These figures give a feeling for the precision of our
X-ray flux estimates (for radio observations 7 and 8) based on an interpolation of the decay trend.

Fig. 6.—Radio flux density (mJy) at 4.8 GHz of XTE J1650!500 during
the HS and SPL state vs. the unabsorbed 2–11 keV X-ray flux (in Crab units)
scaled to a distance of 1 kpc (this assumes that XTE J1650!500 is located at
3 kpc from the Earth). As described in the text, the X-ray fluxes for obser-
vations 7 and 8 are from an interpolation of the decay trend. The best-fit func-
tion (solid line) with its associated error (dot-dashed lines), obtained by Gallo
et al. (2003) for GX 339!4 and GS 2023+338, are also plotted. The vertical
dotted lines indicate the level of 2% and 10% Eddington luminosity for a 4M,
black hole.
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assuming a distance of 3 kpc for XTE J1650!500. This distance
gives luminosity estimates during the state transition consistent
with other BHCs (Maccarone 2003). In Figure 6 we have also
plotted the best-fit function obtained by Gallo et al. (2003) using
their data sets, i.e., S radio ¼ k(Sx)

þ0:7, with k ¼ 223 ) 156 mJy.
Although we have a sample of only four data points, we can
clearly see that they all lie significantly below (by a factor 20) the
best-fit line of Gallo et al. (2003). The determination of the slope
of the power-law function linking the radio and X-ray emission
is very uncertain because of our limited sample of data points (as
well as the unusual radio spectrum in observation 8 and the fact
that two observations took place very close to state transitions).
The reason that the normalization in XTE J1650!500 is sig-
nificantly lower (the source is less radio loud or more X-ray
loud) than in other BHCs (Gallo et al. 2003) is still unclear. It
may be related to the fact that direct synchrotron X-ray emis-
sion (and possibly even SSC) from the compact jets is likely
not dominant in the case of XTE J1650!500 for a reason
that still remains to be explained. The lower normalization in
XTE J1650!500 could be related to the fact that the X-ray re-
gime may be dominated by thermal Comptonization of disk pho-
tons in the corona. We note that the distance to XTE J1650!500
may be larger than 3 kpc, but this will only make XTE J1650!
500 more anomalous relative to the other BHCs.

3.2. Radio Emission in the Intermediate
and Steep Power-Law States

3.2.1. The Steep Power-Law State of XTE J1650!500

As outlined above, after a few days in the HS, XTE J1650!
500 entered the IS and then went into the SPL state. In the IS,
the X-ray spectrum softens gradually until the photon index
reaches a value of +2.2 (Rossi et al. 2004), whereas the QPO
frequency increases from 1 to 8.5 Hz. Then (SPL state), the
photon index and the QPO frequency (it is not clear if this is the
same type of QPO) oscillate around their saturation value. This
behavior is more pronounced for the QPO frequency, as it
fluctuates along with the broadband variability. The slow var-
iations of the photon index could be related to cooling of the
corona by an increase in the number of soft disk photons (the
inner accretion disk could get closer to the black hole). Sig-
nificant variations are also observed in the total disk flux con-
tribution (Rossi et al. 2004) and may indicate that the accretion
disk has reached the innermost stable circular orbit (ISCO) and
is oscillating around this value. This interval (SPL state) also
corresponds to the period over which high-frequency QPOs are
detected and therefore confirms that the disk is very close to the
black hole (Homan et al. 2003).

We conducted two radio observations during the SPL state of
XTE J1650!500 in 2001. The first one resulted in the detection
of XTE J1650!500 at a faint level of +0.8 mJy (the spectral
index is not well constrained: ! ¼ !0:13 ) 0:86). The second
observation did not result in a detection of XTE J1650!500,
with 3 " upper limits of 0.18 mJy at 8640 MHz and 0.21 mJy
at 4800 MHz, indicating a significant (more than a factor of
25) quenching of radio emission compared to the initial HS.

3.2.2. The Steep Power-Law State of XTE J1550!564
and XTE J1859+226

Very few soft X-ray transients have been observed at radio
frequencies during the intermediate or SPL states. Moreover,
when these states have been observed, the radio emission has
usually been dominated by the decaying optically thin synchro-
tron emission arising from jet ejections that occur at or near

state transitions prior to the source entering the intermediate or
SPL state. Thus, when the emission from the jet ejections is
detected, it is decoupled from the black hole system, implying
that the observed radio emission is not an intrinsic property of
the intermediate or SPL states, as the emitting electrons are al-
ready far from the system.
There is only one case for which the radio observations sam-

pled the intrinsic properties of the intermediate or SPL states:
XTE J1550!564 during its reactivation in 2000 (Corbel et al.
2001). Interestingly, the properties of the radio emission from
XTE J1550!564 were quite similar to what we observe now in
XTE J1650!500; indeed, for XTE J1550!564 the first detec-
tion showed an optically thin spectrum with a well-constrained
spectral index of ! ¼ !0:45 ) 0:05, while later, the radio
emission was quenched. The optically thin component was
interpreted as synchrotron emission arising from relativistic
plasma during the state transition. Such small ejection events
are frequently observed during state transitions (e.g., see Fender
et al. [1999] or Corbel et al. [2000] for the 1998 outburst of
GX 339!4 or Brocksopp et al. [2005] for the 2003 outburst of
XTE J1720!318). We note that the spectacular massive ejec-
tion events (with bright radio emission and a radio core that
is usually resolved on a timescale of weeks; e.g., Mirabel &
Rodrı́guez [1994] for GRS 1915+105) may be related to sharper
state transitions, possibly related to a huge increase in the ac-
cretion rate in the inner part of the accretion disk or maybe to a
different black hole parameter, such as the spin.
Furthermore, we highlight the fact that during the 1999

outburst of XTE J1859+226, Brocksopp et al. (2002) reported
the detection of flaring radio emission from this black hole in a
soft state, which is unexpected in the canonical high/soft (or
TD) state (e.g., Fender et al. 1999). In that case, the radio flaring
emission was clearly associated with spectral hardening of the
X-ray spectrum. However, their definition of a soft state is not
clear. Indeed, the hard X-ray light curve in Brocksopp et al.
(2002) revealed a very significant level of hard X-ray emission
up to at least MJD 51,490, which is very uncommon for a TD
state (e.g., McClintock & Remillard 2004). In addition, Cui
et al. (2000) reported the detection of high-frequency QPOs
around MJD 51,468, which is a characteristic of the SPL state
(McClintock & Remillard 2004); this is also favored by the
large fraction of X-ray flux in the power-law component (Hynes
et al. 2002), which is also quite steep. Kalemci (2002), ana-
lyzing the RXTE PCA data of XTE J1859+226 after MJD
51,515, describes the spectral state evolution as a TD state from
MJD 51,515 up to 51,524, after which the system was found in
the IS for the remaining PCA observations. Based on the above,
it seems likely that the TD state in XTE J1859+226 did not start
before MJD 51,490. This is confirmed byMarkwardt (2001), as
this work indicates that the disk component became dominant
only after MJD 51,487. Therefore, the X-ray state in which
Brocksopp et al. (2002) detected flaring radio emission from
XTE J1859+226 was most likely the SPL state (or less probably
an IS) and not a TD state. Therefore, the observed radio flaring
behavior in XTE J1859+226 must be related to the behavior of
BHCs while in the SPL state. This conclusion has also been
drawn by Fender et al. (2005).

3.2.3. XTE J1650!500 and the Origgin of Radio Emission
in the Steep Power-Law State

With our new observations, XTE J1650!500 is therefore the
third source for which the intrinsic radio properties of the SPL
state have been sampled, and the observed behavior is consis-
tent with what has been found in XTE J1550!564 (Corbel
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et al. 2001). The detection of the faint radio component in the
SPL state on September 24 (observation 3) may be related to an
ejection event at the time of the transition from the hard to
intermediate states (on September 9). However, as there is sig-
nificant time (15 days) between the transition and the detec-
tion of the faint radio component, we consider two alternative
explanations.

First, an interesting comparison can be made with the 2002–
2003 outburst of GX 339!4, as a strong radio flare has been
observed with ATCA (Gallo et al. 2004). In Figure 7 we have
plotted the ASM light curve and hardness ratio (similar to Fig. 1
for XTE J1650!500) for the initial part of the outburst. As
GX 339!4 and XTE J1650!500 have similar hydrogen col-
umn densities (e.g., Miller et al. 2004), we can directly compare
their hardness ratios, which are indeed very similar (Figs. 1 and
7). After an initial HS, GX 339!4 makes a transition to an IS
around MJD 52,400. Then, the spectrum softens up to approx-
imatelyMJD 52,409, whenGX339!4 is found in the SPL state.
The evolution of the states becomes more complicated later on
in the outburst (T. Belloni 2004, private communication). The
spectral state evolution (during the beginning of the outburst) in
GX 339!4 is therefore identical to that of XTE J1650!500.
The radio flare observed by Gallo et al. (2004) started on 2002
May 14 around 13:00 (MJD 52,409.042), reaching its maximum
6 hr later. The arrow in Figure 7 indicates that the radio flare
started once the softening of the X-ray spectrum ended, i.e., it
corresponds to the transition from the IS to the SPL state. Based
on the above, and comparing their hardness ratios, we can say
that if a radio flare (and hence massive plasma ejection) oc-
curred in XTE J1650!500, then this happened at the transition
between the IS and SPL state. In that case, the observed radio
emission on September 24 would have been at the end of the
decay of this flare. This could correspond to the ejected ma-

terials that later interacts with the ISM (x 3.3), as in GX 339!4
(Gallo et al. 2004).

Alternatively, an equally plausible explanation is the fol-
lowing. The transition from the IS to the SPL state seems to cor-
respond to a period over which the inner radius of the accretion
disk reaches the ISCO, and this would be valid for most of the
SPL state, as outlined above in x 3.2.1. As the X-ray properties
of the SPL state favor an ‘‘unstable’’ accretion disk (Rossi et al.
2004), they may suggest that the optically thin synchrotron
component observed on September 24 could be related to an
ejection of a very small portion of the inner accretion disk or
corona. In that case, it would be very similar to the radio flaring
behavior observed in XTE J1859+226 during its SPL state in
1999 or to the behavior observed in GRS 1915+105 (but at a
much slower rate). The comparison of GRS 1915+105 with
BHCs in canonical X-ray states is not straightforward, but the
X-ray states A, B (soft), and C (hard) may be similar to inter-
mediate and very high states (Reig et al. 2003). Oscillations
between states A, B, and C are correlated with radio flaring
activity (e.g., Klein-Wolt et al. 2002), with stronger radio emis-
sion in the spectrally hard state C, whereas the soft states are
never associated with bright radio emission.

These two possible explanations for the origin of radio emis-
sion in the IS and SPL state could be combined as follows: For
GX 339!4 and probably for XTE J1650!500, the transition
from the IS to the SPL state is associated with an ejection event
(with a radio spectrum characteristic of optically thin synchrotron
emission) that decays on a timescale of hours. After the transi-
tion, the accretion disk settles down close to the ISCO. At that
time, as the spectrum hardens, accretion disk or coronal material
can be ejected from the system (as in XTE J1859+226), resulting
in weak radio flares. If the radio observation takes place between
two flares, then no radio emission will be observed. Indeed, this

Fig. 7.—Evolution of the RXTE ASM count rate and hardness ratio (similar to Fig. 1) for the initial part of the 2002 outburst of GX 339!4. Again, the X-ray spectral
states sampled (T. Belloni 2004, private communication) are indicated. The arrow marks the time of the major radio flare observed by Gallo et al. (2004) in 2002 May.
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was also the case for GX 339!4: after the major radio flare as-
sociated with the IS to SPL state transition, several radio flares
were observed during the SPL state (Gallo et al. 2004), and, in-
terestingly, for at least one SPL state radio observation (on 2002
June 9 [MJD 52,434]), the radio emission was quenched (by a
factor of more than 45 compared to the initial HS).

Indeed, we can now try to see if the 2000 radio observations
of XTE J1550!564 fit into this framework. For that purpose,
we have plotted in Figure 8 the ASM hardness ratio and light
curve for the 2000 outburst. Similarly, after an initial HS (e.g.,
Rodriguez et al. 2003, 2004), the source went into the SPL state
with gradual softening of the X-ray spectrum in between (very
similar to the IS of XTE J1650!500 and GX 339!4 mentioned
above). The radio flare was observed again after the softening
was over (Corbel et al. 2001). Again, the high-frequency QPOs
(Miller et al. 2001) were reported in only the SPL state (between
MJD 51,663 and 51,672), i.e., after the end of the softening. The
second radio observation of XTE J1550!564 occurred later in
the SPL state and showed that the radio emission was quenched,
so that either the observation occurred between two flares or
perhaps there was no flare at all. The X-ray spectral evolution
(Rodriguez et al. 2003) may even suggest that the ejected ma-
terial could be originating from the corona. The outburst evo-
lution of XTE J1859+226 (Fig. 9) could again be included in
this picture in this way: after an initial HS and a softening, a
massive radio flare occurred, and then, as the source became
spectrally harder, several weaker flares took place.

3.2.4. On the Nature of Radio Emission in the Intermediate State

At this stage, it is not clear if the general pattern presented in
x 3.2.3 concerns only the SPL state. Perhaps the IS, with slower
evolution and a significant level of hard X-ray emission (like

the IS in XTE J1650!500), is not associated with radio emis-
sion. In fact, it is interesting to note that before the major radio
flare observed in 2002 (see Fig. 2 in Gallo et al. 2004), a stable
level of radio emission with a flux of +12 mJy and a flat spec-
trum (between 4.8 and 8.6 GHz) was observed in GX 339!4.
Therefore, as GX 339!4 was in the IS at that time, this would
indicate that the compact jet could possibly survive during the
IS but could be destroyed very quickly, i.e., on a timescale of
hours. Similarly, a nonzero level of radio emission with a flat
spectrum is also observed in XTE J1859+226 prior to its major
radio flare in 1999 (Brocksopp et al. 2002). Again, this detec-
tion would be consistent with the presence of the compact jet in
the IS of XTE J1859+226. If this interpretation is correct (i.e.,
that the compact jet exists in the IS), this would be an important
clue for understanding the inflow-outflow coupling close to the
event horizon of a black hole. For that purpose, it would be very
important to monitor the radio properties of BHCs during the
IS or SPL state in order to constrain the geometry of these
BHC systems during the various X-ray states. In any case, this
suggestion seems to be confirmed by Fender et al. (2005), who
studied similar data sets (including also GRS 1915+105 but not
XTE J1650!500) and drew similar conclusions regarding the
nature of radio emission in the IS and SPL state.

3.2.5. Quenched Radio Emission at a Few Percent
Eddinggton Luminosity

As a final remark, in Figure 6 we observe that the radio ob-
servations in the initial HS and in the SPL state occurred at the
same unabsorbed X-ray flux, which corresponds to a level of
4 Crab (+8% of the Eddington luminosity for a 4M, black hole
at 3 kpc; if we used an upper limit of 7 M,, then it would
correspond to about 4.6% of the Eddington luminosity). This

Fig. 8.—Same as Fig. 7, but for the 2000 outburst of XTE J1550!564. The arrow indicates the date of the radio observations performed by Corbel et al. (2001), during
which they probably detected the end of the radio flare associated with the state transition. The high-frequency QPOs are detected only during the SPL state.
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picture is qualitatively consistent with the behavior of GX 339!4,
Cyg X-1, and GS 2023+338 (Gallo et al. 2003), indicating that
the quenching of the compact jet occurs at an almost fixed
fraction (a few percent) of the Eddington luminosity, so that there
is a correlation between the mass of the black hole and the X-ray
flux where the transition occurs. We note that if the mass of a
black hole is known, then a measurement of the X-ray flux for
which quenching occurs could constitute an independent dis-
tance estimate (or vice versa).

3.3. Surprisingg Detection of Radio Emission
in a Thermal Dominant State

The last radio observations that we discuss in this paper are
those (5 and 6) that were conducted during the TD state. Radio
emission is observed (Figs. 3 and 10) at a level of+1 mJy, with
a spectrum that is consistent with optically thin synchrotron
emission (but the spectral index is not well constrained). These
detections are contrary to what would have been expected in the
TD state, which has always (in previous observations of BHCs)
been associated with quenched radio emission: e.g., GX 339!4
(Fender et al. 1999; Corbel et al. 2000) and Cyg X-1 (Gallo et al.
2003; Tigelaar et al. 2004). Therefore, these detections do not
fit with the standard view, and they constitute a certain surprise.
As discussed in x 3.2, the radio flaring emission observed in the
soft state of XTE J1859+226 (Brocksopp et al. 2002) has to be
related to the behavior of the BHC while in the SPL state.
Regarding the case of XTE J1650!500, the HID (Fig. 2) in-
dicates that the detection of radio emission in the TD state is not
related to spectral hardening at all, as the X-ray emission stays
very soft during this period, with no hard component. There-
fore, an alternative explanation must be found, and we con-
centrate on two possibilities.

First, we consider the possibility that the radio emission is
still related to the compact jet. As demonstrated in the case of
GX 339!4 (Fender et al. 1999; Corbel et al. 2000), the TD state
is associated with a quenching of the compact jet by at least a
factor of 25. According to Meier et al. (2001), the quenching
would be the result of a weaker poloidal magnetic field in a
geometrically thin accretion disk.Migliari et al. (2004) reported
the detection of radio emission in two atoll-type neutron star

Fig. 9.—Same as Fig. 7, but for the 1999 outburst of XTE J1859+226. The arrow indicates the date of the major radio flare detected by Brocksopp et al. (2002).
The first two vertical lines, for the HS and IS, are approximately indicative of the period of state transitions.

Fig. 10.—Radio emission at 8640 MHz during an observation performed
on MJD 52,195 (observation 5) in a TD state. Contours are at 3, 4, 5, 7, and 9
times the rms level of 0.10 mJy beam!1.
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X-ray binaries while they were in a soft (banana) X-ray state.
They suggested that this could be related to an interaction of
the magnetic field of the neutron star with the accretion disk.
However, such an explanation does not work in the case of XTE
J1650!500, which is likely a black hole, based on its X-ray
properties and also its mass function (Orosz et al. 2004). Per-
haps the mass of the black hole in XTE J1650!500 (which may
be smaller than a typical stellar-mass black hole) is an important
parameter that could set the level of quenching when the spec-
trum gets soft. However, as the compact jet was quenched by a
factor of more than 25 in the SPL state (observation 4), similar
to other BHCs (e.g., GX 339!4; Fender et al. 1999), it seems
likely that the observed radio emission in the TD state of XTE
J1650!500 does not originate from the compact jet.

The second possibility that we consider now is that the ob-
served radio emission is the result of the interaction of material
previously ejected from the system with the ISM, similarly to
what has been observed for XTE J1550!564 (Corbel et al. 2002;
Tomsick et al. 2003a; Kaaret et al. 2003) and for GX 339!4
(Gallo et al. 2004). The observed radio spectrum would be con-
sistent with this interpretation (optically thin synchrotron emis-
sion, but it should be kept in mind that the spectral index is not
well constrained). In addition, we have also observed that within
an observation, the flux is varying (decaying) on a timescale of
hours. For example, in observation 5, the radio flux density drops
(during the observation) from 1:74 ) 0:11 to 0:85 ) 0:11 mJy
at 4800 MHz and from 1:09 ) 0:11 to 0:80 ) 0:15 mJy at
8640 MHz. There also seems to be some variations for obser-
vation 6.

This is contrary to what has been found previously in
XTE J1550!564, with the slow decay of radio emission (on a
timescale of a week) due to the jet/ISM interaction (Corbel et al.
2002; S. Corbel et al. 2005, in preparation). However, the
variations of radio emission in the large-scale jet of GX 339!4
were much faster than in the case of XTE J1550!564. The
origin of the ejected material could be related to the flaring
behavior in the SPL state, or more likely during the IS to SPL
state transition (as discussed in x 3.2), similarly to GX 339!4. If
this interpretation were correct, the contribution to the X-ray
spectrum of the interaction of the jet with the ISM (as in
XTE J1550!564) would not be detectable, as the X-ray spec-
trum would likely be dominated by the thermal emission from
the accretion disk. In any case, this may suggest that the re-
activation of particle acceleration during collisions with the
ISM may be a common occurrence in microquasars.

4. CONCLUSIONS

XTE J1650!500 was discovered in 2001 September and
then underwent transitions between various X-ray spectral

states while we observed the source at radio frequencies. We
can summarize our conclusions as follows: In the HS, the radio
emission of XTE J1650!500 can be interpreted (like other
BHCs) as arising from a self-absorbed compact jet. However,
there seems to be some indication that the radio spectrum is less
inverted than in other sources. In addition, XTE J1650!500
seems to be more X-ray loud when compared to other black
hole candidates observed at similar radio flux density. This
could possibly indicate that XTE J1650!500 is dominated in
the X-ray regime by Comptonization of the disk photons in the
corona with negligible (if any) contribution from the compact
jet at high energies (X-ray, optical, and possibly even in the
infrared). With the observations performed in the SPL state and
using the existing data from other BHCs, we conclude that the
transition from the IS to the SPL state is likely associated with a
(more or less) massive ejection event that decays on a timescale
of hours. In addition, weaker radio flares (and hence ejection
events) may be observed in the SPL state associated with X-ray
spectral hardening. If a radio observation took place between
two flares or if no flare occurred at all, then no radio emission
would be detected. For the IS itself, the detection of radio
emission (with a flat spectrum) prior to the major flare of XTE
J1859+226 in 1999 and of GX 339!4 in 2002 (associated with
an IS to SPL state transition) may suggest that the compact jet
can survive in the IS, and perhaps this is due to the fact that the
flux of soft X-rays is lower in the IS than in the SPL state. In the
TD state, we have surprisingly detected a significant amount of
varying radio emission, which we interpret as the interaction of
previously ejected materials with the neighboring environment
( ISM or a remnant of past activity), similar to what has been
observed in XTE J1550!564. In that case, such events may be
more common than previously thought. Our conclusions re-
garding the nature of radio emission within the various spectral
states of XTE J1650!500 and a possible extension to BHCs in
general are summarized in Table 2. All of this points to the fact
that it is extremely important to intensively monitor the radio
properties of BHCs along the various X-ray states in order to
shed light on the accretion-ejection coupling close to the black
hole event horizon.

The Australia Telescope is funded by the Commonwealth
of Australia for operation as a national facility managed by
CSIRO. RXTE ASM results are provided by the RXTE ASM
team at the Massachusetts Institute of Technology. We thank
Bob Sault, Dave McConnell, and the ATCA time allocating
committee for allowing these observations at the right times
to sample various X-ray states. S. C. acknowledges useful and

TABLE 2

Properties of Radio Emission along the Various X-Ray States in XTE J1650!500 and in Black Hole Binary Systems in General

Origin of the Radio Emission

X-Ray State XTE J1650!500 Black Hole Candidates

HS ........................................ Self-absorbed compact jet Self-absorbed compact jet

IS .......................................... No radio observation Self-absorbed compact jet

IS to SPL state transition..... No radio observation Massive ejection event

SPL state .............................. Decay of massive ejection event or small ejection event and quenching Small ejection events and/or quenched radio emission

TD state................................ Interaction jet / ISM? Quenched radio emission

Notes.—See also Fender et al. (2005) for the general case. We note that in any state observed after the IS to SPL state transition, radio emission from the
interaction of the massive ejection event with the ISM may contribute to the observed level of radio emission (if unresolved).
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X-RAY OBSERVATIONS OF THE BLACK HOLE TRANSIENT 4U 1630!47
DURING 2 YEARS OF X-RAY ACTIVITY
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ABSTRACT

The black hole candidate (BHC) X-ray transient 4U 1630!47 continuously produced strong X-ray emission for
more than 2 years during its 2002–2004 outburst, which is one of the brightest and longest outbursts ever seen from
this source. We use more than 300 observations made with the Rossi X-Ray Timing Explorer (RXTE ) to study the
source throughout the outburst, along with hard X-ray images from the International Gamma-Ray Astrophysics
Laboratory ( INTEGRAL ), which are critical for interpreting the RXTE data in this crowded field. The source exhibits
extreme behaviors, which can be interpreted as an indication that the system luminosity approaches the Eddington
limit. For 15 observations, fitting the spectral continuum with a disk-blackbody plus power-law model results in
measured inner disk temperatures between 2.7 and 3.8 keV, and such temperatures are only rivaled by the brightest
BHC systems, such as GRS 1915+105 and XTE J1550!564. If the high temperatures are caused by the dominance
of electron scattering opacity in the inner regions of the accretion disk, it is theoretically required that the source
luminosity be considerably higher than 20% of the Eddington limit. We detect a variety of high-amplitude variability,
including hard 10–100 s flares, which peak at levels as much as 2–3 times higher than nonflare levels. This flaring
occurs at the highest disk luminosities in a regime in which the source deviates from the Ldisk / T 4

in relationship that
is seen at lower luminosities, possibly suggesting that we are seeing transitions between a Shakura & Sunyaev disk
and a ‘‘slim’’ disk, which is predicted to occur at very high mass accretion rates. The X-ray properties in 2002–2004
are significantly different from those seen during the 1998 outburst, which is the only outburst with detected radio jet
emission. Our results support the ‘‘jet line’’ concept recently advanced by Fender and coworkers. Our study allows for
a test of the quantitativeMcClintock &Remillard spectral state definitions, and we find that these definitions alone do
not provide a complete description of the outburst. Finally, for several of the observations, the high-energy emission is
dominated by the nearby sources IGR J16320–4751 and IGR J16358–4726, and we provide information on when
these sources were bright and on the nature of their energy spectra.

Subject headings: accretion, accretion disks — black hole physics —
stars: individual (4U 1630!47, IGR J16320!4751, IGR J16358!4726) — X-rays: stars

Online material: color figuresONLINE MATERIALCOLOR FIGURES

1. INTRODUCTION

The X-ray (+1–10 keV) luminosities fromGalactic black hole
candidate (BHC) transients range fromvalues below 1030 ergs s!1

when the sources are in quiescence (Garcia et al. 2001) to val-
ues that can approach or exceed 1039 ergs s!1 for some
sources (Done et al. 2004). During outbursts, luminosities above
+1034 ergs s!1 are usually seen for at least several months (Chen
et al. 1997), and significant changes in the X-ray properties oc-
cur over time. We do not have a detailed understanding of all the
physical changes that lead to changes in theX-ray emission prop-
erties, but the physics involves the structure of the accretion disk
around the black hole, as well as the connection between the ac-
cretion disk and the steady or impulsive jets that can be launched
from these systems. The changes in the X-ray emission proper-
ties are partially caused by changes in the mass accretion rate
onto the black hole; however, it has been demonstrated that other
physical parameters must also be important for determining those
properties (Homan et al. 2001; Tomsick 2004b).

The emission properties of accreting black holes are often
classified in terms of ‘‘spectral states.’’ Recently, efforts have
been made to make the state definitions more quantitative and
to connect these definitions directly to the continuum spectral
components (McClintock & Remillard 2003). The spectra can
often be described as the combination of a soft, thermal compo-
nent along with a hard component that can fall off more or less
steeply with energy. The thermal component is almost certainly
blackbody emission from an accretion disk, as in Shakura &
Sunyaev (1973), but the mechanism for producing the hard com-
ponent is less clear. Accreting black holes can be highly variable,
sometimes with quasi-periodic oscillations (QPOs); spectral and
timing properties are both incorporated in the following spectral
state definitions from McClintock & Remillard (2003).

In the thermal-dominant (TD) state, the thermal component
accounts for >75% of the total 2–20 keV flux. In this state, no
or weak QPOs are seen with rms levels below 1%, and the 0.1–
10 Hz continuum rms is P6%. In the steep power-law (SPL)
state, the hard component is a power law with ! > 2:4, where !
is the power-law photon index. A source is said to be in the SPL
state if QPOs are present and the hard component contributes
>20% of the 2–20 keV flux or if, regardless of the timing prop-
erties, the hard component contributes >50% of the 2–20 keV
flux. Finally, in the hard state, the hard component is much less
steep, at 1:5 < ! < 2:1, the hard component contributes more
than 80% of the 2–20 keV flux, the 0.1–10 Hz continuum rms
is between 10% and 30%, and the presence of radio emission
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signals the presence of a compact jet (Fender 2001). As dis-
cussed in McClintock & Remillard (2003), systems also exhibit
intermediate states, with properties that are usually some com-
bination of the three main states (TD, SPL, and hard).

The X-ray activity from the BHC transient 4U 1630!47 over
more than 2 years during 2002–2004, along with good high-
energy coverage of the source by the Rossi X-Ray Timing Ex-
plorer (RXTE ) and the International Gamma-Ray Astrophysics
Laboratory (INTEGRAL), provides an opportunity to study the
long-term evolution of the source as it enters different spectral
states and exhibits different emission properties. Among BHC
transients 4U 1630!47 is one of the most active, and it has
produced strong hard X-ray emission during its 17 detected
outbursts (Trudolyubov et al. 2001; Tomsick & Kaaret 2000;
Oosterbroek et al. 1998; Kuulkers et al. 1997; Parmar et al.
1997). The source has a quasi-periodic+600–700 day outburst
recurrence time (Kuulkers et al. 1997), which is unusually short
for systems of this type, probably indicating a higher time-
averaged mass accretion rate from its companion (Chen et al.
1997). Highly polarized radio emission was detected from 4U
1630!47 during its 1998 outburst (Hjellming et al. 1999), in-
dicating the presence of jets, and the source is often compared to
microquasars such as GRS 1915+105 and GRO J1655!40. The
compact object mass has not been measured for 4U 1630!47,
but McClintock & Remillard (2003) classify it as a very likely
‘‘category A’’ BHC. Also, the binary orbital period is not
known, and our lack of knowledge is due to the difficulty in
performing optical and infrared studies of the source due to its
high column density (but see Augusteijn et al. [2001] for the
likely identification of the source’s infrared counterpart).

The current outburst from 4U 1630!47, which began in
2002 September (Wijnands et al. 2002), is one of the brightest
and longest recorded outbursts from this system. A new high-
amplitude flaring behavior has been reported at different times
during this outburst (Homan&Wijnands 2002; Tomsick 2003),
and in this work we study this behavior inmore detail. Also, tran-
sitions between spectral states have been observed during this
outburst (Tomsick et al. 2004b; Tomsick 2004a). In addition to
the high level of recent activity from 4U 1630!47 and the recent
work on defining spectral states, our study comes at a time when
INTEGRAL is providing high-quality hard X-ray images. Images
of the 4U 1630!47 field, which we present in this work and in
Tomsick et al. 2004b, are extremely useful for avoiding source
confusion. In the following, we present X-ray spectral and tim-
ing studies of 4U 1630!47.

2. OBSERVATIONS

RXTE regularly monitored 4U 1630!47 in outburst with
pointed observations between 2002 September 12 (MJD 52,529)

and 2005 January 4 (MJD 53,375). Here we study the evolu-
tion of the X-ray properties throughout the outburst by analyz-
ing data from the 318 RXTE observations that occurred during
this time. With the exception of five 22–36 day observing gaps
causedmainly by Sun angle constraints, pointed observations oc-
curred, on average, approximately every other day for 2.3 years.
The observations were made under seven different proposals (see
Table 1 for the proposal IDs): In three cases (P70113, P80117,
and P90128) we observed 4U 1630!47 in conjunction with
our INTEGRAL program; and in the other four cases (P70417,

TABLE 1

RXTE Observations

Proposal ID Number of Observations

Range of Exposure Times

(s)

Mean Exposure Time

(s)

P70417 ................................... 53 96–7504 1745

P70113 ................................... 55 288–11,216 2756

P80117 ................................... 53 96–7376 1849

P80417 ................................... 1 1072–1072 1072

P80420 ................................... 55 320–2320 1144

P90128 ................................... 54 256–3392 1635

P90410 ................................... 47 464–3264 1775

Fig. 1.—X-ray light curves and hardness vs. time for 4U 1630!47 from 2002
September to 2005 January. (a) RXTE ASM 1.5–12 keV rates (daily averages).
(b) 3–20 keV PCA light curve for the 318 pointed observations. (c) 20–100 keV
HEXTE light curve. (d ) 9–20/3–9 keV hardness ratio using the PCA count
rates. The vertical dashed line marks the time of the INTEGRAL observation. In
(b) ‘‘fl’’ marks the examples of the flaring behavior shown in Fig. 4. Also, the
PCA count rates for the final four observations (see [b]) are consistent with little
or no contribution to the emission from 4U 1630!47.
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P80417, P80420, and P90410) the observations were made un-
der a public Target of Opportunity program, and we analyzed
data from the public archive. The Proportional Counter Array
(PCA) and High-Energy X-Ray Timing Experiment (HEXTE)
light curves shown in Figure 1 indicate the times of the RXTE
observations.

After the launch of the European Space Agency (ESA) satel-
lite INTEGRAL (Winkler et al. 2003) in 2002 October, we trig-
gered our Target of Opportunity to observe 4U 1630!47 when
the source became observable during outburst in early 2003.We
obtained a 293 ks exposure between UT 2003 February 1.2 and
UT 2003 February 5.3, and the time of this observation is marked
in Figure 1. We previously used the data from this observa-
tion for studies of the obscured X-ray source IGR J16320–4751
(AX J1631.9!4752), which is a hard and persistent (though
highly variable) source that is close to 4U 1630!47 (Tomsick
et al. 2003; Rodriguez et al. 2003; Foschini et al. 2004), and we
used these data to report detections of two other new INTEGRAL
sources (Tomsick et al. 2004a). In addition, the 20–40 keV im-
ages from this observation can be found in Tomsick et al. (2004b)
along with information about the sources in the INTEGRAL
field of view (FOV), including an initial look at the hard X-ray
and gamma-ray properties of 4U 1630!47. Although we do not
present a full analysis of the INTEGRAL data here, the hard X-ray
INTEGRAL images are important for interpreting the RXTE data.

3. DATA ANALYSIS

We extracted energy spectra and light curves from the RXTE
data using scripts developed at the University of California, San

Diego, and the University of Tübingen that incorporate the stan-
dard software for RXTE data reduction (FTOOLS). We pro-
cessed the data using the most recent RXTE calibration files,
which were released on 2003 July 7, and performed extractions
using FTOOLS versions 5.3 and 5.3.1. The RXTE routines are
identical for these two versions of FTOOLS. We performed time
filtering for the 330 observations using data from times during
which the following criteria are satisfied: the RXTE pointing is
within 0N1 of the nominal pointing position, the nominal pointing
position is more than 10/ above the limb of the Earth, a South
Atlantic Anomaly (SAA) passage has not occurredwithin the pre-
vious 30 minutes, Proportional Counter Unit (PCU) 2 is turned
on, and the PCU2 electron ratio is less than 0.25.We chose PCU 2
because, in normalRXTE operation, this unit is programmed to have
a very high duty cycle to allow for the most precise observation-
to-observation comparisons. Our filtering led to zero exposure
time for only 12 out of 330 observations (3.6%), leaving us with
318 observations for further study. As shown in Table 1, we typ-
ically obtained 1–3 ks of exposure time per observation, but
exposure times vary greatly, from 96 s up to 11 ks. For all 318
observations, the mean exposure time is 1.8 ks.

We extracted the following information for each observation:
the 3–20 keV PCU 2 count rate, the 3–9 keV PCU 2 count rate,
the 9–20 keV PCU 2 count rate, the 20–100 keV HEXTE-A
count rate, the 3–200 keV PCA+HEXTE energy spectrum, and
the 3–20 keV PCA light curve with 16 s time bins. We took the
PCA information from the standard 2 data, which includes 129
channel energy spectra taken with 16 s time resolution. We used
the sky-VLEmodel to estimate and subtract off the background.

Fig. 2.—A 20–40 keV image (significance map) using the IBIS instrument on INTEGRAL taken on UT 2003 February 1.2–5.3. The small circles mark detected
sources, and the position of the undetected transient IGR J16358!4726 is marked with a square. The large circles ( labeled nominal, offset 1, and offset 2) show the three
pointing positions used during the RXTE campaign. The circles have a 2/ diameter, corresponding to the FWZI collimator response. We used different RXTE pointing
positions in an attempt to minimize contamination of 4U 1630!47 by nearby sources. [See the electronic edition of the Journal for a color version of this figure.]
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For HEXTE, we used event list data, and we used the normal
HEXTE rocking mode to estimate and subtract off the back-
ground. As described below in x 7, we also selected five ob-
servations for more detailed study, and for these, we used the
higher time resolution PCA data to produce power spectra. For
four of the observations, we used a PCA mode with 64 energy
channels and 2!13 s (¼ 122 &s) time resolution. In the fifth case,
we combined the data from two PCA modes: a mode with 2!7 s
(7.8 ms) time resolution, covering the lower energy portion of
the spectrum; and a second mode with higher time resolution,
containing an event list for the higher energy photons. We used
data from all the active PCUs when producing the power spectra.

INTEGRAL hard X-ray images from the observation de-
scribed above show that 4U 1630!47 lies in a region of the
Galaxy that has a high density of hard X-ray sources, includ-
ing a source, IGR J16320!4751, that is 0N58 from 4U 1630!
47. The 20–40 keV IBIS (Imager On-board the INTEGRAL
Satellite) image, produced using the Off-line Scientific Analysis
(OSAversion 4.2) software (Goldwurm et al. 2003), is shown in
Figure 2. When we realized that there is another hard X-ray
source within the RXTE FOV for the nominal 4U 1630!47
pointing position, we requested a change in the pointing posi-
tion to avoid IGR J16320!4751. From MJD 52,691 to 52,722,
we used the pointing position labeled offset 1 in Figure 2. How-
ever, the presence of IGR J16393–4643 (Combi et al. 2004) and
a third X-ray transient, IGR J16358–4726 (Patel et al. 2004),
prompted another change in pointing position to offset 2, and
we used this pointing position fromMJD 52,722 to 52,781. The
PCA and HEXTE collimators have a triangular response with
an FWHM FOVof 1/ and a full-width at zero-intensity (FWZI)
FOV of 2/. Where necessary in the work described below, we
corrected for the collimator responsewhen producing light curves
or response matrices for spectral analysis.

4. FLUX AND HARDNESS EVOLUTION DURING
THE OUTBURST

Figure 1a shows the RXTE All-Sky Monitor (ASM) 1.5–
12 keV light curve for 4U 1630!47 with the source in outburst
from 2002 September to the end of 2004. In addition to being
the longest outburst during the RXTE lifetime, at its peak its
ASMflux is+800mcrab (1 crab ¼ 74ASM counts s!1), which
is +50% brighter than any previous outburst observed by the
ASM. Below we divide the outburst into the various spectral
states the source entered, but in general the ASM light curve
shows two very bright and highly variable periods: the first oc-
curred for +120 days between MJD 52,530 and +52,650, and
the second occurred for+200 days in 2003 betweenMJD 52,750
and 52,950. The source was also bright for much of 2004, but it
did not become as bright as the previous two periods of very high
activity. Twice in 2003 and once in early 2004 the source flux
was low enough to be only marginally detected by the ASM. The
source became undetectable again in late 2004, and it appears
that the source has remained in quiescence into 2005.

Figure 1b shows the count rates measured in the 3–20 keV
band by the PCA during the pointed RXTE observations. For
the observations made at the offset pointing positions, the count
rates are corrected using the PCA collimator response. TheRXTE
monitoring program began soon after the source was detected by
the ASM. While the source flux was at the ASM sensitivity limit
at times, the PCA, with its better sensitivity, shows continuous
activity until 2004 November 16 (MJD 53,326). After this date
there was a 36 day gap in coverage, and we obtained four more
PCA measurements after this gap. For these observations, the
PCA rates are consistent with Galactic ridge emission and flux

from IGR J16320!4751,with little or no emission from4U1630!
47. They are not included in the spectral and timing analysis
in the next two sections ( leaving 314 observations). Figure 1c
shows the HEXTE-A 20–100 keV count rate, and Figure 1d
shows the source hardness, defined as the ratio of the 9–20 keV
PCA rate to the 3–9 keV PCA rate.

5. ENERGY SPECTRA

For the 314 observations, we used the XSPEC version 11.3.1t
software to perform $2-minimization spectral fits to the PCA+
HEXTE 3–200 keV energy spectra. For the PCA spectra, we
included systematic errors at a level of 0.6% for 3–8 keV and
at a level of 0.3% for 8–25 keV, and these numbers are de-
rived by fitting energy spectra of the Crab nebula as described
in Tomsick et al. (2001). For many of the observations, the stan-
dard two component model—disk-blackbody (Makishima et al.
1986) plus power law with interstellar absorption—provides
acceptable fits, but for 31 observations, we obtain $2

# > 2:0 for
63 degrees of freedom (dof ), and for the 314 observations, the
mean $2

# is 1.51. By examining the residuals for several of the
spectra with statistically poor fits, we found two main reasons
for the poor fits. First, in many cases, large residuals ( positive
and negative) are present around the iron K! complex. Second,
negative residuals are sometimes seen at high energies, above
50 keV, indicating the presence of a cutoff in the spectrum. The
presence of iron features and high-energy cutoffs is not sur-
prising, as they have been seen previously for 4U 1630!47 as
well as for other black hole sources (Tomsick & Kaaret 2000;
Zdziarski et al. 1996).
Thus, we refitted all the energy spectra after adding a narrow

iron K! emission line and a smeared iron edge (Ebisawa et al.
1994) in a similar manner to that described in Tomsick &Kaaret
(2000).We restricted the line energies to between 6.4 and 7.1 keV,
spanning the possible ironK! range for nonredshifted lines. Sim-
ilarly, we restricted the edge energy to between 7.1 and 9.3 keV.
Sample fits to several spectra show that the width of the smeared
edge is not well constrained inmost cases, andwe fixed the width
to 10 keV (Ebisawa et al. 1994; Tomsick & Kaaret 2000). We
also added a high-energy cutoff allowing the model to exponen-
tially turn over above an energy Ecut with an e-folding energy of
Efold. Finally, although the column density (NH) has been fixed to
values close to 1023 cm!2 in some previous studies (e.g., Tomsick
& Kaaret 2000), the results for this RXTE data set indicate sig-
nificant changes during the outburst. Thus, we have left NH as
a free parameter, except that we have restricted the column den-
sity to be greater than 6 ; 1022 cm!2, which is the lowest value
that has been measured for 4U 1630!47 by a soft X-ray instru-
ment (Parmar et al. 1997). This value may represent the inter-
stellar value along the line of sight.
These additions to the spectral model produce significant im-

provements in the quality of the fits. For the 314 spectra, the
mean $2

# is 1.15 for 57 dof, and only 13 have $
2
# > 2:0. We ex-

amined the spectral residuals as well as the 16 s light curves for
the cases in which the worst fits are obtained. In most of these
cases, the light curves show a high degree of variability, sug-
gesting that spectral variability during the observation degrades
the quality of the fits. However, in several cases, the level of var-
iability is not particularly high, and in four of these observations
significant positive residuals are present at high energies, above
+40 keV. Although it is possible that these residuals indicate
a high-energy excess from 4U 1630!47, the observations for
which the excess is present occurred at the nominal pointing po-
sition for 4U 1630!47, so that the RXTE FOV includes the per-
sistent hard X-ray source IGR J16320–4751 (see Fig. 2). Using
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INTEGRAL flux measurements and RXTE pointings at the
4U 1630!47 position during times when 4U 1630!47 was not
active, we demonstrate in Appendix A that the positive high-
energy residuals are very likely caused by IGR J16320!4751.
The four observations with positive high-energy residuals oc-
curred between MJD 52,560 and 52,596, and as the spectra for
these four observations are likely contaminated, we do not con-
sider them in the following analysis.

Figure 3 shows the PCA rates and spectral parameters versus
time. The spectral parameters shown include the temperature
of the disk-blackbody component (kTin), the normalization of
this component [Ndiskbb ¼ (Rin /d10)2 cos i, where Rin is the inner
radius of the accretion disk in kilometers, d10 is the source dis-
tance in units of 10 kpc, and i is the disk inclination], the power-
law photon index (!), and the ratio of the unabsorbed 2–20 keV
power-law flux to the total flux (PLR).When the entire outburst
is considered, the range of kTin values is 0.49–3.81 keV, while
the range is 0.63–4.13 for!. We use the spectral parameters and
the McClintock & Remillard (2003) state definitions to divide the

observations into different spectral states, and the classifications
are indicated in Figure 3. The steep power-law (SPL) observations
have ! > 2:4 and PLR > 0:5. Those in the thermal-dominant
(TD) state have PLR < 0:25. The source was only in the hard
state with 1:5 < ! < 2:1 and PLR > 0:80 for two observations
near MJD 53,069. The remainder of the observations do not
fit into any of the spectral states as defined by McClintock &
Remillard (2003), and we say that the source was in one or more
intermediate states ( ISs) during these observations. It should be
noted that we have divided the observations into spectral states
using only spectral and not timing information. While timing in-
formation is important to the study of spectral states and is part of
the full McClintock & Remillard (2003) definitions, our results
for a sample of the power spectra (see x 7) show that the timing
properties are in line with the McClintock & Remillard (2003)
criteria for the various states. If we had included timing informa-
tion in dividing up the spectral states, it is possible that some TD
observations with higher noise levels would be reclassified as IS
and that if some of the IS or TD observations have QPOs, they
might be reclassified as SPL. However, such reclassifications
would not change the results or conclusions of this work.

There are seven observations with distinctly different spectra.
For these observations, the power law is very hard, with values
of ! between 0.6 and 1.7, and it is sharply cut off, with e-folding
energies between 10 and 50 keV. While such a spectrum would
represent the discovery of a new black hole state, we strongly
suspect that these observations are contaminated by emission
from the hard X-ray transient IGR J16358!4726. Although
IGR J16358!4726 was not detected during our 2003 February
INTEGRAL observation (see Fig. 2), four of the observations
for which we see the very hard X-ray spectrum occurred during
the time period fromMJD 52,701 to 52,722, when the source was
known to be active (Revnivtsev 2003; Revnivtsev et al. 2003; Patel
et al. 2004). During this time period, we used the offset 1 point-
ing position, so the FOV included IGR J16358!4726 but not
IGR J16320!4751. In addition, the hard spectrum is not detected
for any of the observations for which we used the offset 2 point-
ing position, which does not include IGR J16358!4726 in the
FOV. In Appendix B, we include details about the hard spectra,
as they provide useful information on IGR J16358!4726. Other
than inAppendixB,we do not consider these observations further.

6. HIGH-AMPLITUDE VARIABILITY

An inspection of the 3–20 keV 16 s PCA light curves for all
314 observations indicates that in addition to the observation-
to-observation variability that is clearly seen in Figures 1 and 3,
many of the light curves show high-amplitude variability dur-
ing the observations. To quantify the level of variability, we cal-
culated the peak-to-peak amplitude for each observation, App,
defined simply as the maximum PCA count rate minus the min-
imum rate divided by the mean rate for the observation. The
errors on App depend on the uncertainties in the count rates for
the individual maximum and minimum 16 s time bins as well as
the error in the mean rate. For the 314 observations, the mean
value of App is 0.26 and the standard deviation is 0.20.While the
majority of the observations have some form of significant var-
iability, we focus on the observations with high-amplitude var-
iability, defined as the observations during which App minus the
2 " error onApp is greater than 0.3.With this definition, there are
72 observations with high-amplitude variability.

A more careful examination of the 72 light curves with high-
amplitude variability indicates that there are at least four types
of high-amplitude variability, and examples of the most com-
mon type are shown in Figure 4, while the other three types are

Fig. 3.—Evolution of the spectral properties of 4U 1630!47 during the
2002–2004 outburst. The 314 observations have been divided into spectral states
using the spectral parameters and the quantitative definitions of McClintock &
Remillard (2003). The symbols correspond to states as follows: triangles: steep
power-law; open diamonds: intermediate state; circles: thermal-dominant; squares:
hard. The crosses indicate observations that we believe are contaminated by the
nearby sources IGR J16320!4751 or IGR J16358!4726. (a) 3–20 keV PCA light
curve, and ‘‘fl’’ marks the examples of the flaring behavior shown in Fig. 4.
(b) and (c) Disk-blackbody parameters. (d ) Power-law photon index. (e) Power-
law ratio (see text for definition). In panels (b) through (e), an average-sized error
bar is shown, although it should be noted that there is some variation in the error-
bar size from observation-to-observation (see Table 2). [See the electronic edition
of the Journal for a color version of this figure.]
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shown in Figure 5. The light curves shown in Figure 4 can be in-
terpreted as a series of 10–100 s flares; however, in some of the
light curves the flares occur so often that it is difficult to distin-
guish the individual flares. We refer to this as ‘‘flaring’’ behav-
ior below, and we chose the examples to illustrate that flaring

occurs over a wide range of times during the outburst, as shown
in Figures 1 and 3.While all of the examples shown in Figure 4 are
from IS observations, flaring also sometimes occurs during ob-
servations classified as TD and SPL. Figure 4 also shows the 9–
20/3–9 keV hardness as a function of time. For the observations

Fig. 4.—PCA light curves and 9–20/3–9 keV hardnesses vs. time with 16 s time bins for four IS observations that exhibit the flaring behavior. The times and
Observation IDs for these observations are (a)MJD 52,539.094 and 70417-01-04-02, (b)MJD 52,780.746 and 70113-01-43-00, (c)MJD52,843.379 and 80117-01-13-02,
and (d ) MJD 53,201.305 and 90410-01-13-01. These are also marked on Figs. 1 and 3. Note that the observations for (a), (c), and (d ) were made in the nominal pointing
position, while the observation for (b) was made in one of the offset pointing positions.

TOMSICK ET AL.418 Vol. 630



shown in panels (a), (b), and (c), the hardness is tightly correlated
with the total 3–20 keV rate (i.e., these are hard flares). However,
this correlation is not seen for the panel (d ) observation.

Even more extreme variability, with App > 1:0, is seen in the
two light curves shown in Figures 5a and 5b. These light curves

exhibit deep dips that are clearly different from the other types
of variability observed. The dip shown in Figure 5a is very sim-
ilar to the dip observed from 4U 1630!47 during its 1996 out-
burst (Tomsick et al. 1998; Kuulkers et al. 1998). Spectral
analysis of the 1996 dip indicates that it is likely caused by

Fig. 5.—PCA light curves and 9–20/3–9 keV hardnesses vs. time with 16 s time bins showing three other types of high-amplitude variability. (a) and (b) Examples
in which absorption is likely the cause of the dips. (c) Example of short dips seen in three of the SPL observations. (d ) An unusually hard flare that is probably
from 4U 1630!47. The times and Observation IDs for these observations are (a) MJD 52,759.672 and 70113-01-36-00, (b) MJD 52,795.340 and 80117-01-03-00,
(c) MJD 52,832.188 and 80117-01-12-00, and (d ) MJD 53,087.832 and 90128-01-05-00. Note that the observations for (b), (c), and (d ) were made in the nominal
pointing position, while the observation for (a) was made in one of the offset pointing positions.
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absorption, perhaps from accretion disk material, but the fact that
the dip is not spectrally hard indicates partial covering of theX-ray
source (Tomsick et al. 1998; Kuulkers et al. 1998). Similarly, the
dip shown in Figure 5a shows, at most, only a moderate level of
hardening.

A third type of variability is illustrated in Figure 5c and can
be described as short, 10–20 s dips, and similar dips have been
reported during the 1998 outburst from 4U 1630!47 (Tomsick
& Kaaret 2000; Dieters et al. 2000). The hardness ratio indicates
that the spectrum becomes softer during the dips. During this out-
burst, we only see these short, soft dips during the three obser-
vations fromMJD 52,794.289, 52,795.340, and 52,801.445, and
a total of seven or eight short dips are seen in the 19 ks of expo-
sure time accumulated for these three observations, which are all
classified as SPL.
The final type of high-amplitude variability is shown in

Figure 5d and consists of a single, very hard flare that occurred
at the end of the observation performed on MJD 53,087.832, at
which time the source was in the TD state. The flare did not oc-
cur close to the time of any SAA passage, and we checked that
the PCA electron ratio was not high during the time of the flare,
indicating that the flare did not have any instrumental or envi-
ronmental cause. In addition, we checked for solar flares using
the X-ray data from the Solar X-Ray Imager (SXI) on the Geo-
stationary Operational Environmental Satellites (GOES-12), but
the Sun did not flare during the RXTE observation. Finally, we
extracted a 16 s HEXTE light curve, andwe see that HEXTE also
detected the hard flare. Thus, we conclude that origin of the flare
was an astronomical source in the RXTE FOV. It is likely that the
flare came from 4U 1630!47, but we cannot rule out the possi-
bility that it came from one of the other sources in the FOV, such
as IGR J16358–4726 or IGR J16320–4751.

7. EXAMPLES OF ENERGY AND POWER SPECTRA

We selected representative observations for more detailed
spectral and timing analysis. The selected observations include
one observation from each of the spectral states (SPL, TD, and
hard) and two observations from the IS state: one that exhibits
the flaring behavior described above and one that does not. The
energy spectra from these observations are shown in Figure 6,
and the parameters from the spectral fits are given in Table 2.
From the SPL state to the hard state, the spectra are ordered ac-
cording to decreasing kTin and 3–200 keV flux, as shown in
Table 2.While kTin is correlatedwith the flux, the disk-blackbody
normalization is anticorrelated with the flux. The changes for !
and PLR do not have a simple relationshipwith the total flux. The
PLR is the highest at the highest flux and the lowest flux, but the
thermal, disk-blackbody component contributes a higher fraction
of the flux at intermediate flux levels. Table 2 also provides the
measured values for the column density (NH). The values, with

Fig. 6.—Five example RXTE energy spectra fitted with the model described
in the text. In addition to the total model (solid line), the dotted line shows the
disk-blackbody component and the dashed line shows the power-law compo-
nent. From top to bottom, the spectra are ordered by decreasing 3–200 keV flux
and disk-blackbody temperature and illustrate examples of the following states
or behaviors: SPL, flaring, TD, IS, and hard. See Table 2 for details such as Ob-
servation IDs, observation times, and parameter values.

TABLE 2

Spectral Parameters

Observation

ID MJDa NH
b

kTin
c

( keV) Ndiskbb
d !e PLRf Fluxg

Spectral

Stateh

70417-01-09-00............ 52,636.852 11:03þ0:28
!0:21 3:22þ0:10

!0:05 4:2þ0:4
!0:8 2:71þ0:03

!0:02 0:835þ0:014
!0:009 3.90 ; 10!8 SPL

70113-01-43-00............ 52,780.746 9:76þ0:69
!0:36 1:58þ0:02

!0:03 230 ) 20 2:50þ0:22
!0:20 0:34þ0:10

!0:05 2.50 ; 10!8 Flaring

70417-01-06-00............ 52,558.188 9:67þ1:13
!0:17 1:39þ0:01

!0:02 278þ11
!20 3:10þ0:50

!0:10 0:21þ0:16
!0:04 1.16 ; 10!8 TD

70113-02-04-00............ 52,675.941 7:13þ1:07
!0:68 0:84þ0:05

!0:06 437þ308
!132 2:24þ0:06

!0:04 0.40 ) 0.01 2.35 ; 10!9 IS

80117-01-21-01............ 53,068.789 <8.9 0:50þ0:15
!0:05 1246þ4254

!846 1:92þ0:05
!0:06 0:80þ0:02

!0:14 1.75 ; 10!9 Hard

a Modified Julian Date.
b Hydrogen column density in units of 1022 cm!2. For all the parameters, 90% confidence errors are given.
c The inner disk temperature measured with the disk-blackbody (diskbb) model.
d The normalization for the disk-blackbody component; Ndiskbb ¼ (Rin/d10)

2 cos i, where Rin is the disk inner radius in units of km, d10 is the distance to the
source in units of 10 kpc, and i is the disk inclination.

e Power-law photon index.
f Ratio of the unabsorbed 2–20 keV flux in the power-law component to the total 2–20 keV flux.
g Unabsorbed 3–200 keV flux in ergs cm!2 s!1.
h SPL, TD, IS, and hard state label the spectral state of the observation. The observation labeled ‘‘flaring’’ is an IS observation that exhibits the flaring behavior.
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90% confidence error bars, indicate that the column density drops
significantly with flux.

The 0.005–64 Hz rms-normalized power spectra for the same
five observations are shown in Figure 7. In fitting the power spec-
tra, we considered various combinations of three different com-
ponents, which we also previously used to fit the 4U 1630!47
spectra from the 1998 outburst (Tomsick & Kaaret 2000): a
power-law function (PL); a band-limited noise component (BL),
which we modeled as a zero-centered Lorentzian; and a QPO,
which we modeled using a Lorentzian. For the SPL state, the

0.005–10 Hz continuum is well described by the PL model. In
addition, a QPO is present at 12:15 ) 0:15 Hz with a quality
factor of Q ¼ 4:4 ) 0:7 and a fractional rms of 1:30% ) 0:07%
(see Table 3). Above this QPO, the power drops much more
rapidly than the extrapolation of the PL. For the IS observa-
tion with flaring, nearly the entire 0.005–64 Hz range is well de-
scribed by the PL. There are no QPOs in this case, but there is
excess power below +0.02 Hz due to the flaring. The TD state
power spectrumhas approximately a power-law shape from0.005
to 10 Hz. There appears to be a narrow dip in the power at 10 Hz,
and the power drops off more rapidly than the extrapolation of
the power law above 20 Hz. In the IS state, there is evidence for
BL and PL components, although the statistics are rather poor for
this state due to a lower count rate and a lower rms noise level.
There is no evidence for the presence of QPOs in the IS state.
Finally, in the hard state, the continuum is well described by only
the BL component, and a QPO is present at 5:13 ) 0:01 Hz with
Q ¼ 21 ) 5 and a fractional rms level of 5:4% ) 0:3%. The
other hard state observation exhibited a very similar power spec-
trum but with the QPO at 4:03 ) 0:01 Hz.

The power spectra for the observations we previously iden-
tified as being in the TD, SPL, and hard states based on their
spectral properties are consistent with the typical power spec-
tra expected for these states as described by McClintock &
Remillard (2003). TD power spectra typically have 0.1–10 Hz
rms valuesP6% with weak or no QPOs and a power-law shape,
and these properties are consistent with our example TD power
spectrum. For SPL power spectra, the continuum often (but not
always) has a power-law shape, and low-frequency (1–15 Hz)
QPOs are usually present. Our example SPL power spectrum
exhibits similar properties. Based on the fact that the QPO in our
SPL example is relatively broad, it would be classified as type A
or B (depending on its phase lag properties) using the QPO clas-
sifications given in Remillard et al. (2002), and the combina-
tion of a power-law continuum and type A or B QPOs is typical
(Casella et al. 2004).

The power spectra for the two observations identified as
being in the hard state have relatively strong band-limited noise,
which is a characteristic of hard state power spectra. The 0.1–
10 Hz rms values for these two observations are 9:6% ) 0:4%
and 9:0% ) 0:6%, lying just below the 10%–30% range that is
typical for the hard state. While this could indicate that the
source was close to but not quite in the hard state, it is important
to note that these are the only two observations for which we
found strong band-limited noise. We produced power spectra
for the five IS observations closest in time to the two hard state
observations. We fitted them with a power-law model and ob-
tained reduced-$2 values between 0.4 and 2.1 for 17 dof. The

Fig. 7.—RXTE power spectra for each of the five observations shown in Fig. 6,
illustrating examples of the following states or behaviors: SPL, flaring, TD, IS, and
hard. The solid lines represent model fits, and the parameters for these models are
given in Table 3.

TABLE 3

Timing Parameters

Observation

ID

Spectral

Statea Modelb

Continuum rms

(0.1–10 Hz)

(%)

#QPO
(Hz) Qc

QPO rms

(%) App
d

70417-01-09-00........................ SPL PL+QPO 1.8 ) 0.2 12.15 ) 0.15 4.4 ) 0.7 1.30 ) 0.07 0.25 ) 0.01

70113-01-43-00........................ Flaring PL 6.1 ) 0.5 . . . . . . . . . 0.86 ) 0.03

70417-01-06-00........................ TD PL 5.8 ) 0.7 . . . . . . . . . 0.26 ) 0.01

70113-02-04-00........................ IS PL+BL 3.5 ) 1.3 . . . . . . . . . 0.31 ) 0.04

80117-01-21-01........................ Hard BL+QPO 9.6 ) 0.4 5.13 ) 0.01 21 ) 5 5.4 ) 0.3 0.20 ) 0.05

a SPL, TD, IS, and hard state label the spectral state of the observation. The observation labeled ‘‘flaring’’ is an IS observation that exhibits the flaring behavior.
b Components used in modeling the power spectra, where PL = power law, BL = band limited, and QPO = quasi-periodic oscillation.
c The quality factor of the QPO, defined as #QPO divided by the QPO’s FWHM.
d The peak-to-peak amplitude of the noise (see the text for a precise definition.)
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power-law fits give 0.1–10 Hz rms values between 1% and 4%,
indicating that the noise level is much lower for these observa-
tions than for the two observations identified as hard state ob-
servations. Thus, these two observations distinguish themselves
from the other observations on the basis of their spectral and
timing properties, which appears to indicate that the source did
briefly enter the hard state.

The properties of the QPOs seen for the two hard state power
spectra are also different from the QPO seen in the SPL. In ad-
dition to being at lower frequency, 4–5 Hz, the hard state QPOs
are much narrower, and theywould be classified as type CQPOs.
The combination of type C QPOs and band-limited noise is typ-
ical (Casella et al. 2004). It is also notable that the hard state
power spectra are very similar to those seen at the end of the 1998
outburst from 4U 1630!47 (Tomsick & Kaaret 2000). As the
source declined in 1998, the QPOwas first detected at 3.4 Hz and
then gradually dropped to 0.2 Hz. Thus, the 4–5 Hz QPO we see
in the 2002–2004 outburst likely indicates that a similar phe-
nomenon began to occur but was stopped, perhaps by an increase
in the mass accretion rate.

8. DISCUSSION

Good X-ray coverage of 4U 1630!47 during the 2002–2004
outburst has allowed us to study its source properties through-
out the outburst in detail, and here we discuss these properties in
the context of previous outbursts from 4U 1630!47, as well as
in the context of accreting black holes in general. The 2002–
2004 outburst is by far the longest and brightest that has oc-
curred during the RXTE era, and in x 8.1 we make comparisons
to historical outbursts. In our study, we have found several ex-
treme and unusual source properties, and in x 8.2 we discuss our
measurements of the soft component, including the extremely
high inner disk temperatures that occur for some of the steep
power-law state observations. In x 8.3 we extend the analysis
described above to constrain the nature of the high-amplitude
flaring. In x 8.4 we compare the X-ray and radio properties of
the 2002–2004 outburst to those of the 1998 outburst and dis-
cuss radio–X-ray connections. Finally, our study has provided
a test of the quantitative McClintock & Remillard (2003) state
definitions, and in x 8.5 we discuss some of the pros and cons of
these definitions.

8.1. Comparison of the 2002–2004 Outburst
to Previous Outbursts

Prior to the 2002–2004 outburst from 4U 1630!47, four out-
bursts from this source had been observed by the RXTE ASM
during the RXTE era (1996–present). The mean duration of
these four outbursts as measured by the RXTEASM is 140 days,
and the mean peak ASM count rate is 28 counts s!1 (0.38 crab).
From the ASM light curve (Fig. 1a), the duration of the 2002–
2004 outburst is 825 days, and the peakASM rate is 62 counts s!1

(0.84 crab), making it longer by a factor of nearly 6 and brighter
by a factor of 2.2 than the mean values for the first four outbursts.

While the current outburst is unusual compared to the 4U 1630!
47 outbursts of the past decade, it is not unprecedented in duration
or in brightness when compared to the entire group of outbursts
going back to 1969. Although there are many cases in which poor
X-ray coverage makes it difficult to tell whether outbursts were
extended or not, the clearest example of an extended outburst oc-
curred when the Ginga All-Sky Monitor detected the source for
2.4 years between 1988 October and 1991March (Kuulkers et al.
1997). TheGinga light curve shows that the1988–1991 outburst
had many similarities to the current outburst, including flares in
which the flux reached +0.6 crab, as well as multiple time peri-

ods of low flux during the outburst. For the 1988–1991 outburst,
the low-flux periods are separated by+220 days (Kuulkers et al.
1997). The ASM light curve for the 2002–2004 outburst has lo-
cal minima at MJD 52,685, 53,000, 53,075, and 53,250, indicat-
ing separations of 315, 75, and 175 days; thus, they are the same
order of magnitude as the 220 day separations, but they are clearly
different.
With a peak flux of 0.84 crab (1.5–12 keV), the 2002–2004

outburst is somewhat brighter than the 0.6 crab (1–20 keV) flares
detected during the 1988–1991 outburst. However, at a 3–6 keV
flux of 1.4 crab (Chen et al. 1997), the 1977 outburst, which
lasted for about 0.3 yr, was brighter than the current outburst. In
summary, while the 2002–2004 outburst is one of the longest
and brightest outbursts ever detected from 4U 1630!47, it is not
unprecedented in either category. On the other hand, no previous
outburst was both brighter and longer than the current outburst,
so it is very likely that the total mass accreted is higher for the
2002–2004 outburst than for any previous outburst.
The high level of recent activity from 4U 1630!47 strength-

ens the argument made by Chen et al. (1997) that the mass ac-
cretion rate from the binary companion (Ṁc) is unusually high
for this source. Furthermore, Chen et al. (1997) point out that
this implies a very long binary orbital period (Porb > 12 days) for
4U 1630!47 based on the calculations of van Paradijs (1996),
which show that for a given Porb, an X-ray binary will only be
transient if Ṁc is smaller than a critical value.

8.2. The Soft Component: Disk Temperatures and Luminosities

In BHC energy spectra the presence of a strong soft com-
ponent is a clear indication that we are seeing thermal emission
from an optically thick accretion disk. The basic physical prop-
erties that determine the shape of the soft component include
the mass accretion rate, the mass of the black hole, the inner ra-
dius of the disk, and the binary inclination. If we could assume
a standard Shakura & Sunyaev (1973) accretion disk, at least
some of these parameters might be directly measurable by mod-
eling the shape of the soft component; however, in practice,
other physical processes can be important and can complicate
the interpretation of any derived parameters.
For 4U 1630!47, we detect the soft component over a wide

range of luminosities and mass accretion rates. While we have
modeled the soft component using the disk-blackbody (diskbb)
model, the limitations of this model must be understood when
interpreting the parameters. For example, the shape of the soft
component can be drastically changed if the disk opacity is
dominated by electron scattering rather than free-free absorp-
tion (Shimura & Takahara 1995). It has been shown that this
effect can cause measurements of inner disk radii to be under-
estimated by a factor of 5 or more (Merloni et al. 2000). In addi-
tion, at highmass accretion rates, additional coolingmechanisms
may cause a change from the thin Shakura & Sunyaev (1973)
disk solution to a geometrically thicker ‘‘slim’’ disk (Abramowicz
et al. 1988). This can lead to significantly more material, and
thus emission, at small radii and can also produce a much flat-
ter radial temperature profile (T / R!p), with a change in p
from 0.75 to +0.5 (Watarai et al. 2000). As a final example
of the limitations of the diskbb model, it has been shown that
assumptions about the boundary conditions at the inner ra-
dius of the disk can be important. The nonzero torque boundary
condition assumed (basically for computational convenience)
in the diskbb model can lead to an overestimation of the inner
disk radius by a factor of more than 2 (Zimmerman et al. 2005).
Using observations of BHC systems XTE J1550!564,

GRO J1655!40, and LMCX-3 and observations from previous
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outbursts of 4U 1630!47, Kubota and coworkers show how ef-
fects of electron scattering and changes in the radial tempera-
ture profile can manifest themselves (Kubota&Makishima 2004;
Kubota et al. 2001; Abe et al. 2004). Following these studies, we
plot in Figure 8 the disk temperature (kTin) versus the bolometric
disk luminosity (Ldisk) as derived from the 4U 1630!47 diskbb
parameters. In deriving the luminosity, we assume a source dis-
tance of 10 kpc and a binary inclination of 60/, but these are
highly uncertain. In Figure 8, we plot a solid line representing the
slope of the Ldisk / T 4

in relationship that is expected for a stan-
dard Shakura & Sunyaev (1973) accretion disk with a constant
inner radius (Rin). A large number of mostly TD and IS points at
disk luminosities between 3 ;1037 and 3 ;1038 ergs s!1 lie close
to the line of constant Rin, and for these observations, we may be
seeing a standard disk with a relatively stable inner radius. How-
ever, many of the points also deviate from this line, and we iden-
tify three regions of deviation that likely have distinct explanations.
First, several IS and hard state observations at the lower lumi-
nosities (P1038 ergs s!1) show disk temperatures well below
values that would be consistent with the line of constant Rin.
These are cases for which the overall source luminosity and pre-
sumably also the mass accretion rate are low, and these are likely
cases in which the inner disk radius increases or at least in which
the inner part of the disk is radiatively inefficient.

A second region of deviation includes TD, IS, and some of the
SPL observations and occurs at the highest disk luminosities.
This flattening of the Ldisk-kTin relationship may be similar to
what has been seen for XTE J1550!564 at high Ldisk (Kubota &
Makishima 2004). For XTE J1550!564, Kubota & Makishima
(2004) showed that the relationship flattened to a slope close to
Ldisk / T2

in, which, based on the work of Watarai et al. (2000),
could be an indication of a transition to a slim disk. In 4U 1630!
47, it is clear from Figure 8 that the source leaves the solid line
above+2 ; 1038 ergs s!1, and it appears that it may begin to fol-
low the T 2

in relationship (Fig. 8, dotted line) for at least some
luminosity range. However, the source appears to deviate from
the T2

in relationship at the very highest values of Ldisk, and it is
possible that the source recovers the T 4

in relationship (Fig. 8,
dashed line). Although the exact evolution is not completely
clear, it is interesting that the observations at the highest values
of Ldisk that deviate from the solid line are also the observations
for which the high-amplitude flaring occurred (see Fig. 8b). For
transitions between the standard disk and the slim disk, theory
predicts a limit cycle with a region of instability in between the
two solutions. Thus, the flaring may be a consequence of the limit
cycle, and this is a possibility we explore further below.

A third region of deviation from the line of constant Rin is con-
tains mostly SPL observations for which kTin is extremely high,
including 15 observations with kTin between 2.7 and 3.8 keV.
Alongwith extremely high temperatures, the spectra exhibit very
low values of Ndiskbb, in the range of 1.2–12.3, implying values
ofRin that are unphysical. As an example, for a source distance of
10 kpc and a binary inclination of 60/ (as assumed above), this
range of normalizations indicates inner radii between 1.5 and
5.0 km; the former being an order of magnitude lower than the
gravitational radius of a 10M, black hole. Rather than extremely
small inner disk radii, these high temperatures and luminosities
are much more likely to be caused by spectral hardening due to
the dominance of electron scattering in the inner region of the ac-
cretion disk.

Although the explanation for the high SPL state values of
kTin is very likely electron scattering, it is notable that the ex-
tremely high temperatures are seen for such a large number of
observations. During its 1998 outburst, 4U 1630!47 entered

the SPL state, and fits to RXTE spectra gave kTin ¼ 1:6–1.7 keV
and Ndiskbb ¼ 46 (Tomsick & Kaaret 2000; McClintock &
Remillard 2003), which are considerably less extreme when
compared to the 2002–2004 values. Very high values of kTin
have been seen for other accreting BHCs, although they are not
common. For the 10 SPL spectra of accreting black holes stud-
ied by McClintock & Remillard (2003), only XTE J1550!564
and GRO J1655!40 have kTin > 2:0 keV. In 1998, the XTE
J1550!564 spectrum showed kTin ¼ 3:3 keVand Ndiskbb ¼ 7:8
(Sobczak et al. 2000; McClintock & Remillard 2003), which
are within the range of values we see for 4U 1630!47; how-
ever, for XTE J1550!564, this spectral shape was only seen
for a single RXTE observation, which occurred during a remark-
able 6 crab flare during which powerful superluminal jets were
ejected (Hannikainen et al. 2001). For GRO J1655!40, another
superluminal jet source, McClintock & Remillard (2003) give a
SPL example where the disk-blackbody temperature is 2.2 keV,
and this source showed temperatures of+2 keV for a few other
observations (Sobczak et al. 1999). However, for the other eight
McClintock & Remillard (2003) SPL systems, kTin is in the
range 0.5–1.7 keV. Although not discussed in McClintock &
Remillard (2003), very high disk-blackbody temperatures have
also been seen for GRS 1915+105. For six of the 1996–1997 ob-
servations made when the GRS 1915+105 luminosity was very
high, Muno et al. (1999) report values of kTin in the range 2.6–
4.8 keV. Based on the McClintock & Remillard (2003) definitions

Fig. 8.—For each RXTE observation, (a) and (b) show Ldisk , the bolometric
disk luminosity derived from the diskbb parameters assuming a distance of 10 kpc
and a binary inclination of 60/ vs. the inner disk temperature, kTin. The symbols
in (a) represent the different spectral states (triangles: SPL; open diamonds: IS;
circles: TD; squares: hard). Representative errors are shown in the bottom right-
hand corner of the plots. In (b), the observations with high-amplitude variability
are marked with diamonds. In (a) and (b), the solid and dashed lines are lines
of constant Rin (Ldisk / T 4

in), while the dotted line indicates a Ldisk / T 2
in rela-

tionship (see text for a discussion of the physical significance of these rela-
tionships). [See the electronic edition of the Journal for a color version of this
figure.]
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and the parameters reported in Muno et al. (1999), GRS 1915+105
was in the SPL state during these observations, but it should be
noted that the properties of GRS 1915+105 make it difficult to
classify its behaviors into the canonical spectral states (Reig et al.
2003).

Concerning 4U 1630!47, we can conclude that the ex-
tremely high disk-blackbody temperatures thatwemeasure during
the 2002–2004 outburst are rare and may be a new phenome-
non for this source. When compared to other BHC sources, the
4U 1630!47 temperatures are only matched by XTE J1550!564
and GRS 1915+105. For 4U 1630!47 and XTE J1550!564, the
high temperatures are onlymeasured during observations forwhich
the sources are at their very brightest, and for GRS 1915+105, the
high temperatures occur when the source is at or close to its bright-
est level (Muno et al. 1999; Done et al. 2004). It is possible that
these high temperatures are an indication of the highest accretion
rates that are possible from these systems. As described above,
the cause of these high temperatures may be electron scattering
in the inner disk. This causes the observed temperature, kTin, to
be higher than the effective temperature, kTeA, by a factor of f.
For the highest values of kTin that occur for 4U 1630!47 and
GRS 1915+105 (+4 keV), f would need to be +3 to obtain the
temperatures expected for a Shakura & Sunyaev (1973) disk
around a 10M, black hole. Although this is higher than the value
of f ¼ 1:7 theoretically expected for luminosities around 10% of
the Eddington luminosity (Shimura & Takahara 1995), these
authors also find that much higher values of f can occur for lu-
minosities approaching the Eddington limit.

8.3. Flaring Behavior

Flaring from accreting BHC systems is seen on a wide range
of timescales and may have various physical origins, including
(but not limited to) accretion of clumps of matter or magnetically
powered particle acceleration. While black hole variability is
common, the flaring we see for 4U 1630!47, with amplitudes
as high as App ¼ 1:0 on timescales of 10–100 s, is extreme. The
4U 1630!47 amplitudes are comparable to the wild variability

seen for GRS 1915+105 (e.g., Belloni et al. 2000); however, the
4U 1630!47 light curves do not show the distinctive repeat-
ing patterns seen for GRS 1915+105. Recently, high-amplitude
variability at relatively long timescales has been seen for the
black hole systems XTE J1859+226 (Casella et al. 2004) and
H1743!322 (Miller et al. 2004; Homan et al. 2005). Although
the flares in these systems are not as extreme as we see in
4U 1630!47, they may be related.
To determine if the flaring is unique to the 2002–2004 out-

burst from 4U 1630!47, we inspected the 16 s light curves for
the nearly 300 pointed RXTE observations made during the four
previous outbursts. Similar flaring only occurred for three of
the observations, and these observations were made during the
2000–2001 outburst over the time period 2000 November 16–
18. Figure 9 shows the 16 s light curve and hardness ratio versus
time for the November 18 observation, and it is notable that the
PCA count rates and hardness levels are similar to those seen
during the 2002–2004 flaring observations. For the November
18 observation, we extracted a PCA plus HEXTE energy spec-
trum and fitted the spectrum as described above for the 2002–
2004 observations. The spectral parameters are remarkably sim-
ilar to those seen for the 2002–2004 flaring observations. The
measured inner disk temperature is kTin ¼ 1:450þ0:007

!0:010 keV and
Ldisk ¼ 3:2 ;1038 ergs s!1, putting it in the same region as the
other flaring observations in Figure 8. Also, ! ¼ 2:59þ0:04

!0:02 and
PLR ¼ 0:43, so the observation would be classified as IS.
For the observations with light curves shown in Figure 4b

(70113-01-43-00) and Figure 4c (80117-01-13-02), we per-
formed spectral fits to study the spectral evolution as a function
of PCA count rate. In both cases, we divided the 16 s time-
resolution data into different PCA count rate ranges. We sepa-
rated the full range from minimum rate to maximum rate into
four subranges of equal size and produced four PCA spectra.
We did not use HEXTE for this analysis because the HEXTE
rocking would complicate the analysis. We fitted the four spec-
tra simultaneously, leaving the parameters for the iron features
free, but requiring that they be the same for all four spectra. We
did not include a high-energy cutoff, as a cutoff was not required
for either observation. Originally, for both observations we al-
lowed the column density to be different for the four spectra.
For 70113-01-43-00, when we forced NH to be the same for all
four spectra, the quality of the fit changed from$2/# ¼ 187:8/174
to 189:4/177. For 80117-01-13-02, the change was from $2/# ¼
208:8/174 to 209:7/177, indicating that the spectra are consistent
with a constant NH for both observations. Figure 10 shows the
evolution of the spectral parameters with count rate. For both
observations, clear trends are seen with kTin increasing and !
hardening with count rate. The results indicate that both the soft
and hard components are affected. In light of the above standard/
slim disk discussion above, perhaps the most important result is
the clear and strong increase in kTin. The temperature increase is
expected if the disk solution changes from a standard disk at low
count rates to a slim disk at high count rates. This, along with the
fact that the flaring may be a consequence of the zone of insta-
bility between the standard and slim disk solutions, make this
explanation attractive. However, from the spectral evidence alone
we cannot rule out that the disk temperature rises because of an
increase in the mass accretion rate.
Although the spectral analysis indicates that changes in the

accretion disk are important in producing the flaring, one might
also ask whether the flaring behavior could have any physical
connection to outflows or jets in the system. For example, in the
case of the BHCH1743!322, from which spectrally hard flares
were also recently detected, the flaring was accompanied by the

Fig. 9.—PCA light curve and 9–20/3–9 keV hardnesses vs. timewith 16 s time
bins, showing that flaring was also seen during one of the previous 4U 1630!
47 outbursts. These data come from an RXTE observation made on 2000
November 18 (MJD 51,866.9) during the 2000–2001 outburst (observation
ID 50120-01-04-00).
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presence of blue-shifted absorption lines detected in spectra
taken with theChandra X-Ray Observatory (Miller et al. 2004).
As these authors point out, the blue-shifting of the lines strongly
suggest the presence of an outflow. In addition, Miller et al.
(2004) find that the line strength varies during the +300 s var-
iations seen in H1743!322, and Homan et al. (2005) suggest
the possibility that if the outflow is energetic enough, it may be
able to produce hard emission via up scattering. For 4U 1630!
47, we do not have information about the presence of absorp-
tion lines, but as our spectral analysis indicates that the flaring is
connected to the accretion disk, a link between the flaring and
an outflow would represent an important disk /jet connection.

One might expect that an outflow energetic enough to lead to
strong flares would also lead to a high level of radio emission.
However, for H1743!322, the radio flux is actually lower dur-
ing Chandra observations when the absorption lines are de-
tected than when they are not detected (Miller et al. 2004). For
4U 1630!47, Hannikainen et al. (2002) observed the source in
the radio band on three occasions (2002 September 16, 19, and
24) when the source was exhibiting flaring, and they obtained
upper limits on the 3 and 6 cm radio flux of 95, 180, and 180 &Jy,
respectively, for the three dates. This does not preclude the pres-
ence of an outflow, but it does place limits on how strong any
outflow might be. We note that several other radio observations
of 4U 1630!47 occurred during various parts of the 2002–2004

outburst (including times of other flaring episodes and when the
sourcewas in the SPL state), but no radio detectionswere reported.

8.4. A Connection between X-Ray Properties
and Radio Jet Emission

The absence of radio emission during the 2002–2004 outburst
is also interesting when comparing the X-ray properties during
this outburst to those seen during the 1998 outburst, which is the
only time radio emission has been detected from 4U 1630!47.
In Figure 11, for both the 2002–2004 and 1998 outbursts, we
show the hardness, defined as the ratio of the 9–20 keV PCA
count rate to the 3–9 keV PCA count rate, versus the source
intensity (the 3–20 keV PCA count rate). For the 2002–2004
outburst, we divide the observations into the different spectral
states. All of the 1998 observations aremarkedwith open squares.
There are potentially important differences between the X-ray
properties for the two outbursts in light of the fact that radio jet
emission was only present for the 1998 outburst. Although both
outbursts have c-shaped hardness-intensity diagrams, as is rel-
atively typical for BHC systems (Fender et al. 2004; Homan &
Belloni 2005), the 1998 outburst is shifted in hardness, indicat-
ing that the spectrum was harder in 1998 than in 2002–2004.
Also, as marked in Figure 11, 4U 1630!47 traveled through
the hardness-intensity diagram in a counter-clockwise fashion
during its 1998 outburst, while in 2002–2004, the source of-
ten moved in the clockwise direction. A related fact is that
4U 1630!47 entered a hard and bright state at the beginning of
its 1998 outburst, whereas in 2002–2004 there is no evidence
that this occurred. Although it is likely that 4U 1630!47 did en-
ter a hard state during the 2002–2004 rise as this is the common
pattern inBHC systems, the combination of the ASMand pointed
RXTE observations (see Fig. 1) indicate that such a state would

Fig. 10.—Spectral parameters measured for two of the flaring observations
as a function of the PCA count rate divided by the peak PCA count rate. The
points connected with dashed lines and the points connected with solid lines are
for Observation IDs 70113-01-43-00 and 80117-01-13-02, respectively, and the
light curves for these observations are shown in Fig. 4. (a) and (b) show the disk-
blackbody parameters, while (c) and (d ) show the power-law parameters, in-
cluding the flux of the power-law component in units of ergs cm!2 s!1. For both
observations, the two clear trends are an increase in kTin and a hardening of
! with rate. [See the electronic edition of the Journal for a color version of this
figure.]

Fig. 11.—Hardness-intensity diagram showing the 3–20 keV PCA count
rates vs. the 9–20/3–9 keV hardness ratio for the RXTE observations from the
2002–2004 and 1998 outbursts. The 1998 outburst is the only time when radio
emission was detected from 4U 1630!47. The 2002–2004 observations are
marked using the same symbols as described in the captions of Figs. 6 and 8.
The 1998 observations are marked with open squares. The thick-lined arrow
with the filled arrowhead shows the counter-clockwise motion seen for the 1998
outburst. For the 2002–2004 outburst, the pattern of the motion is complicated
as shown by the thin-lined arrows with the open arrowheads. [See the electronic
edition of the Journal for a color version of this figure.]
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have had to last a very short time and be limited to a time period
when the source was dim.

These patterns are especially interesting in light of recent work
on connections between black hole X-ray states, a source’s po-
sition in the hardness-intensity diagram, and radio jet ejections
(Homan & Belloni 2005; Corbel et al. 2004; Fender et al. 2004;
Fender & Belloni 2004). A general pattern seen in a number of
BHC outbursts is that the systems will evolve from the hard state
to an intermediate state and then a radio ejection will occur dur-
ing the subsequent transition to the SPL state (Corbel et al. 2004).
Fender et al. (2004) use the hardness-intensity diagram to quan-
tify this effect, and it should be noted that they follow Homan &
Belloni (2005) by using somewhat different terminology, describ-
ing the transition from the IS to the SPL states as a transition from
the ‘‘hard intermediate’’ state to the ‘‘soft intermediate’’ state.
Fender et al. (2004) suggest that each BHC system has a thresh-
old hardness and that major jet ejections are only produced when
the source crosses this ‘‘jet line’’ from a high to a low hardness
level. If this is the case, Figure 11 suggests that the jet line for
4U 1630!47 may be around a hardness of 0.4. Our results for
4U 1630!47 provide evidence in favor of the jet line concept;
however, based on the behavior of 4U 1630!47, it is not entirely
clear if the presence of a radio jet in 1998 occurred because the
outburst was harder overall or if the source simply entering a
bright hard state led to the jet ejection.

8.5. Notes on Spectral States

Our analysis of this data also provides a test of the quan-
titative spectral state definitions of McClintock & Remillard
(2003). In someways, these definitions are quite successful. For
example, it is impressive that the only two observations with
spectral parameters meeting the hard state requirements are also
the only two we found with power spectra that include a strong
band-limited noise component. Also, looking at the hardness-
intensity diagram in Figure 11, these two observations lie at the
extreme end of the c-shaped pattern. However, in other areas,
the definitions appear to be less satisfactory. Althoughmost of the
observations labeled as SPL lie at the other end of the c-shaped
pattern in the hardness-intensity diagram, the SPL observations
have a extremely wide variety of properties. For example, for
about half of the SPL observations kTin lies in the 2.7–3.8 keV
range, while the other half have temperatures <1.8 keV. We
argue above that there are important physical differences between
these two groups. Also, it is notable that over half of the obser-
vations made during the 2002–2004 outburst are put in the IS,
meaning that a large fraction of the observations haveX-ray prop-
erties that do notmeet the requirements for any of theMcClintock
& Remillard (2003) states. Overall, while the McClintock &
Remillard (2003) criteria appear to be useful for classifying
the observations at the extremes of BHC behavior, it should be
recognized that they, by themselves, do not provide a complete
description of a BHC outburst due to significant variations in
properties within states and the large fraction of IS observations.

9. SUMMARY AND CONCLUSIONS

Outstanding RXTE coverage of 4U 1630!47 during its 2002–
2004 outburst has allowed us to study the detailed evolution of

its X-ray spectral and timing properties over a period of more
than 2 years. Historically, this outburst is among the longest and
brightest seen in 36 years of observing 4U 1630!47, and it is
very likely that it is the largest ever observed in terms of total
mass transfer.
The X-ray properties during this outburst were also extreme,

including 15 observations with very high disk-blackbody inner
disk temperatures between 2.7 and 3.8 keV. The inner disk radii
inferred from these fits are unphysically small, and it is likely
that the high temperatures and small radii are caused by electron
scattering. This explanation requires a spectral hardening factor
of f + 3, implying a source luminosity that is considerably
higher than 20% of the Eddington limit (Shimura & Takahara
1995), which is not unreasonable, as we measure 3–200 keV
luminosities of 5 ;1038 ergs s!1 (d/10 kpc)2.
At the highest disk luminosities, we detect a deviation from

the Ldisk / T 4
in relationship (line of constant Rin) seen at lower

luminosities as well as high-amplitude flaring. The deviation
may be a sign of a transition from a standard disk to a slim disk
as suggested by Kubota and coworkers. The flaring behavior of
4U 1630!47 may be consistent with this interpretation, as a
zone of instability is expected between the two disk solutions.
Also, our spectral analysis of flaring observations, showing that
kTin is correlated with PCA count rate is consistent with a
change from a standard disk to a slim disk.
Although sensitive radio observations occurred during the

2002–2004 outburst, no strong radio emission that would in-
dicate the presence of radio jets was detected. This is interesting
in light of the fact that the X-ray properties were very different
during the 1998 outburst when radio jet emission was detected.
Compared to the 2002–2004 outburst, the 1998 outburst hardness-
intensity diagram was shifted to a higher hardness level, and in
1998 the source entered into a bright and hard state, while it
did not in 2002–2004. These findings support the connections
between radio jets and spectral states found by Corbel et al.
(2004) and the jet line idea recently proposed by Fender et al.
(2004).
Finally, our analysis of a large number ofRXTE observations has

provided a good test of the quantitative McClintock & Remillard
(2003) spectral state definitions. While the hard state appears to be
well defined, the spectral and timing properties of the observations
selected as SPL are highly nonuniform. Also, it is notable that over
half of the observations are put in the IS because they do not meet
the requirements of any of the McClintock & Remillard (2003)
definitions. The results show that 4U 1630!47 exhibits many
properties not encompassed by the McClintock & Remillard
(2003) definitions that are likely to be physically important.

J. A. T. would like to thank Tomaso Belloni, Ken Ebisawa,
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ysis. J. A. T. acknowledges partial support from NASA grants
NAG5-12703 and NNG04GA49G.We thank the referee, Tomaso
Belloni, for a useful report that helped us to improve themanuscript.

APPENDIX A

As described in x 5 above, there are four RXTE observations for which we see strong positive residuals at high energies (k30 keV)
after fitting the PCA plus HEXTE spectra with our standard spectral model. These occur for observations made at the nominal
pointing position, and during these observations IGR J16320–4751 was in the FOV, 0N58 from 4U 1630!47 and the center of the
FOV. Due to the high level of activity from IGR J16320–4751, its known hard spectrum, and its known strong variability (see
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Foschini et al. 2004 and references therein), we suspect that this source may be producing much of the high-energy emission that we
see in the four observations with strong positive residuals. As a test, we compare the flux of the high-energy emission seen in one of
these observations (observation ID 70417-01-07-02 taken onMJD 52,539.094) to measurements of IGR J16320–4751 taken at other
times.

Our 2003 February INTEGRAL observation provides the cleanest measurement of the high-energy flux from IGR J16320–4751.
From the Foschini et al. (2004) analysis of the ISGRI spectrum, the peak 20–60 keV flux during this observation is 2 ;10!10 ergs cm!2

s!1, and the energy spectrum is consistent with a power law with ! between 2.6 and 3.1. In Figure 12, we plot the RXTE spectrum for
observation ID 70417-01-07-02 and the 20–60 keV flux measured by INTEGRAL +135 days later. We reduced the INTEGRAL flux
appropriately to account for theRXTE collimator response at the location of IGR J16320–4751. Although themeasured INTEGRAL flux
at the time of the INTEGRAL observation is a factor of +2–3 too low to explain the strong residuals, long-term variability at higher
levels than this has been reported from IGR J16320–4751 (Rodriguez et al. 2003), making it probable that the source gets bright enough
to explain the strong residuals at times.

Further evidence that IGR J16320–4751 is sometimes bright enough to explain the strong residuals comes fromRXTE observations
made of 4U 1630!47 between 1999 December 25 and 2000 January 14. These observations were made when 4U 1630!47 was in
quiescence in an effort to observe 4U 1630!47 as it turned on; however, it did not turn on during this sequence of 36 very short
(typically 500 s) observations. During this sequence of observations (Observation IDs 40112-01-01-00 to 40112-01-36-00) the PCA
count rate varied significantly between 8 and 26 counts s!1 PCU!1. Although some of the detected emission is probably Galactic ridge
emission, the high level of variability indicates that a compact source is producingmuch of the flux, and IGR J16320–4751 is the most
likely candidate. In Figure 12, we show the PCA spectrum from the observation with the highest count rate, which was made on 2000
January 11 (Observation ID 40112-01-31-00). We note that no collimator response correction is necessary because the pointing po-
sition is approximately the same for this observation and for 70417-01-07-02. Another technical note is that although we attempted to
also use HEXTE, with such short observations in a crowded field, this was not straightforward. Figure 12 indicates that the source was
very hard !+1:3, and the extension of this spectrum is more than bright enough to explain the high-energy residuals, even if the
spectrum breaks above 20 keV. In summary, this analysis provides strong evidence that IGR J16320!4751 is the cause of the high-
energy residuals.

APPENDIX B

In addition to the four observations discussed in Appendix A, there are seven other observations for which it is likely that the high-
energy emission is dominated by a source other than 4U 1630!47. The spectral parameters for these seven observations are shown
in Figure 3, and these are the extremely hard observations with ! in the 0.6–1.7 range. As discussed in x 5 above, four of the seven
observations (70113-01-20-00, 70113-01-21-00, 70113-01-25-00, and 70113-01-28-00) occurred during a time period when
IGR J16358–4726 was active according to reports from INTEGRAL, Chandra, and other RXTE observations (Revnivtsev 2003;
Revnivtsev et al. 2003; Patel et al. 2004). As was the case for IGR J16320–4751, INTEGRAL provides the cleanest measurement of the
high-energy flux due to its imaging capabilities, and Revnivtsev et al. (2003) report a 15–40 keV flux of 50 mcrab (+2 ; 10!9 ergs cm!1

s!1) and a 40–100 keV flux of 20mcrab (+3 ; 10!10 ergs cm!1 s!1) onMJD 52,727.4. Our observation 70113-01-25-00 occurred on the

Fig. 12.—Energy spectra and flux measurements demonstrating that it is likely that the high-energy excess seen for some of the RXTE observations comes from the
nearby source IGR J16320–4751. The spectrum (solid histogram) demonstrates the presence of a high-energy excess in theRXTE observation 70417-01-07-02. The thick,
solid point (20–60 keV) represents the IGR J16320–4751 flux measured by INTEGRAL in 2003 February. The PCA spectrum (dotted histogram) comes from an RXTE
observation pointed at 4U 1630!47 during a time in early 2000 (observation ID 40112-01-31-00) when 4U 1630!47 was in quiescence. [See the electronic edition of the
Journal for a color version of this figure.]
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same day (MJD 52,727.633), and after correcting the RXTE collimator response for the position of IGR J16358–4726, which is 0N61
from the center of the offset 1 FOV, we measure 15–40 and 40–100 keV fluxes of 7:5 ; 10!10 and 2:5 ;10!10 ergs cm!1 s!1, re-
spectively. The 15–40 keV flux is a factor of 2.7 lower than the INTEGRALmeasurement, and the 40–100 keV is nearly the same in the
two cases. Although the 15–40 keV flux measured by RXTE is somewhat low, the difference is consistent with a report by Revnivtsev
et al. (2003) that the flux varies by a factor of+2 on a timescale of hours. More importantly, the flux comparison confirms our suspicion
that the 4U 1630!47 spectrum is contaminated by the flux from IGR J16358–4726 at high energies.

Although it is clear that we are seeing emission from IGR J16358–4726 in four of the seven observationswith low values of!, it is less
clear whether the high-energy emission for the other three observations (80420-01-15-00 made on MJD 53,002.863; 80117-01-24-00
made onMJD 53,076.664; 90410-01-01-01made onMJD 53,114.410) is also dominated by IGR J16358–4726, because no INTEGRAL
detections of IGR J16358–4726 were reported and also because IGR J16320–4751 was in the RXTE FOV for these three observations.
In Figure 13,we compare the PCAplusHEXTE spectrum from90410-01-01-01 to that of 70113-01-25-00, wherewe know the emission
is from IGR J16358–4726, and the spectra are remarkably similar. After correcting for theRXTE collimator response, the 15–40 and 40–
100 keV fluxes for 90410-01-01-01 are about a factor of 1.8 higher than for 70113-01-25-00. Even though this may be considered an
argument in favor of the emission being from IGR J16358–4726, IGR J16320–4751 is also known to produce very hard (! < 1:0)
spectra at times (Tomsick et al. 2003).
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Ebisawa, K., et al. 1994, PASJ, 46, 375
Fender, R. P. 2001, MNRAS, 322, 31
Fender, R., & Belloni, T. 2004, ARA&A, 42, 317
Fender, R. P., Belloni, T. M., & Gallo, E. 2004, MNRAS, 355, 1105
Foschini, L., Tomsick, J., Rodriguez, J., Walter, R., Goldwurm, A., Corbel, S.,
& Kaaret, P. 2004, in The INTEGRAL Universe, ed. V. Schoenfelder, G.
Lichti, & C. Winkler (ESA SP-552; Noordwijk: ESA), 247

Garcia, M. R., McClintock, J. E., Narayan, R., Callanan, P., Barret, D., &
Murray, S. S. 2001, ApJ, 553, L47

Goldwurm, A., et al. 2003, A&A, 411, L223
Hannikainen, D., Campbell-Wilson, D., Hunstead, R., McIntyre, V., Lovell, J.,
Reynolds, J., Tzioumis, T., & Wu, K. 2001, Ap&SS, 276, 45

Hannikainen, D., Sault, B., Kuulkers, E., Wu, K., Jones, P., & Hunstead, R.
2002, Astron. Telegram, 108

Hjellming, R. M., et al. 1999, ApJ, 514, 383
Homan, J., & Belloni, T. 2005, in From X-ray Binaries to Quasars: Black Hole
Accretion on All Mass Scales, ed. T. J. Maccarone, R. P. Fender, & L. C. Ho
(Dordrecht: Kluwer), in press (astro-ph/0412597)

Homan, J., Miller, J. M., Wijnands, R., van der Klis, M., Belloni, T., Steeghs,
D., & Lewin, W. H. G. 2005, ApJ, 623, 383

Homan, J., & Wijnands, R. 2002, Astron. Telegram, 109
Homan, J., Wijnands, R., van der Klis, M., Belloni, T., van Paradijs, J., Klein-
Wolt, M., Fender, R., & Méndez, M. 2001, ApJS, 132, 377

Kubota, A., & Makishima, K. 2004, ApJ, 601, 428
Kubota, A., Makishima, K., & Ebisawa, K. 2001, ApJ, 560, L147
Kuulkers, E., Parmar, A. N., Kitamoto, S., Cominsky, L. R., & Sood, R. K.
1997, MNRAS, 291, 81

Kuulkers, E., Wijnands, R., Belloni, T., Mendez, M., van der Klis, M., & van
Paradijs, J. 1998, ApJ, 494, 753

Makishima, K., Maejima, Y., Mitsuda, K., Bradt, H. V., Remillard, R. A.,
Tuohy, I. R., Hoshi, R., & Nakagawa, M. 1986, ApJ, 308, 635

Fig. 13.—RXTE spectra demonstrating the high-energy contribution from other sources. The soft component comes from 4U 1630!47, but the emission above
+15 keV is dominated by another source. The RXTE spectrum (thin histogram) from observation ID 70113-01-25-00 was taken on the same day as an INTEGRAL
observation of the region, and we argue in the text that it is very likely that the high-energy flux comes from IGR J16358!4726. The RXTE spectrum (thick histogram)
comes from much later (observation ID 90410-01-01-01 taken on MJD 53,114.410), but the two spectra are very similar, suggesting that they may be from the same
source. [See the electronic edition of the Journal for a color version of this figure.]

TOMSICK ET AL.428 Vol. 630



McClintock, J., & Remillard, R. 2003, in Compact Stellar X-Ray Sources, ed.
W. H. G. Lewin & M. van der Klis (Cambridge: Cambridge Univ. Press),
preprint (astro-ph /0306213)

Merloni, A., Fabian, A. C., & Ross, R. R. 2000, MNRAS, 313, 193
Miller, J. M., et al. 2004, ApJ, submitted (astro-ph /0406272)
Muno, M. P., Morgan, E. H., & Remillard, R. A. 1999, ApJ, 527, 321
Oosterbroek, T., Parmar, A. N., Kuulkers, E., Belloni, T., van der Klis, M.,
Frontera, F., & Santangelo, A. 1998, A&A, 340, 431

Parmar, A. N., Williams, O. R., Kuulkers, E., Angelini, L., & White, N. E.
1997, A&A, 319, 855

Patel, S. K., et al. 2004, ApJ, 602, L45
Reig, P., Belloni, T., & van der Klis, M. 2003, A&A, 412, 229
Remillard, R. A., Sobczak, G. J., Muno, M. P., & McClintock, J. E. 2002, ApJ,
564, 962

Revnivtsev, M. G. 2003, Astron. Lett., 29, 644
Revnivtsev, M., Tuerler, M., Del Santo, M., Westergaard, N. J., Gehrels, N., &
Winkler, C. 2003, IAU Circ., 8097, 2

Rodriguez, J., Tomsick, J. A., Foschini, L., Walter, R., Goldwurm, A., Corbel,
S., & Kaaret, P. 2003, A&A, 407, L41

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Shimura, T., & Takahara, F. 1995, ApJ, 445, 780
Sobczak, G. J., McClintock, J. E., Remillard, R. A., Cui, W., Levine, A. M.,
Morgan, E. H., Orosz, J. A., & Bailyn, C. D. 2000, ApJ, 531, 537

Sobczak, G. J., McClintock, J. E., Remillard, R. A., Levine, A. M., Morgan,
E. H., Bailyn, C. D., & Orosz, J. A. 1999, ApJ, 517, L121

Tomsick, J. A. 2003, Astron. Telegram, 161
———. 2004a, Astron. Telegram, 247
———. 2004b, in AIP Conf. Proc. 714, X-Ray Timing 2003: Rossi and Be-
yond, ed. P. Kaaret, F. K. Lamb, & J. H. Swank (Melville: AIP), 71

Tomsick, J. A., Corbel, S., & Kaaret, P. 2001, ApJ, 563, 229
Tomsick, J. A., & Kaaret, P. 2000, ApJ, 537, 448
Tomsick, J. A., Lapshov, I., & Kaaret, P. 1998, ApJ, 494, 747
Tomsick, J. A., Lingenfelter, R., Corbel, S., Goldwurm, A., & Kaaret, P. 2004a,
Astron. Telegram, 224

———. 2004b, in Proc. 5th INTEGRAL Workshop, ed. V. Schoenfelder,
G. Lichti, & C. Winkler (ESA SP-552; Noordwijk: ESA), 413

Tomsick, J. A., Lingenfelter, R., Walter, R., Rodriguez, J., Goldwurm, A.,
Corbel, S., & Kaaret, P. 2003, IAU Circ., 8076, 1

Trudolyubov, S. P., Borozdin, K. N., & Priedhorsky, W. C. 2001, MNRAS,
322, 309

van Paradijs, J. 1996, ApJ, 464, L139
Watarai, K., Fukue, J., Takeuchi, M., & Mineshige, S. 2000, PASJ, 52, 133
Wijnands, R., Remillard, R., & Miller, J. M. 2002, Astron. Telegram, 106
Winkler, C., et al. 2003, A&A, 411, L1
Zdziarski, A. A., Gierlinski, M., Gondek, D., & Magdziarz, P. 1996, A&AS,
120, 553

Zimmerman, E. R., Narayan, R., McClintock, J. E., & Miller, J. M. 2005, ApJ,
618, 832

X-RAY OBSERVATIONS OF 4U 1630!47 429No. 1, 2005









XTE J1550-564 Western jet

Eastern Jet XTE J1550-564

Axis of VLBI jet

Axis of VLBI jet

2000 June 1

2002 January 29

Western jet

Eastern jetA

B



  
 

 

N
E

2 arcsec

2000 June 9

Eastern X-Ray Jet XTE J1550-564 Western X-Ray Jet

  
 

 

N
E

2 arcsec

2002 June 19

Eastern X-Ray Jet XTE J1550-564 Western X-Ray Jet

  
 

 

N
E

2 arcsec

2002 March 11

Eastern X-Ray Jet XTE J1550-564 Western X-Ray Jet

  
 

 

N
E

2 arcsec

2000 September 11

Eastern X-Ray Jet XTE J1550-564 Western X-Ray Jet

  
 

 

N
E

2 arcsec

2000 August 21

Eastern X-Ray Jet XTE J1550-564 Western X-Ray Jet



Radio 
(ATCA)

Optical

(Chandra)
X-ray

(VLT)



(J2000)
   Dec 5’’ ~  0.1 pc

RA (J2000)

A’

B’

4800 MHz

20
03

 Ja
n 

23
20

03
 M

ar
ch

 1
0

B
A





  
 

 

E a st e rn Je t H 1743-322 W est e rn  Je t

2004 F e b ru a ry 12

  
 

 

2004 M a rc h 24

  
 

 

N

E

2 a rcse c

2004 M a rc h 27







-200 -100 0 100 200
Displacement along jet axis (arcsec)

0

10

20

30

40

50

Co
un

ts
/b

in



lobe

collimated jet

bremsstrahlung
            gas

bow shock front

synchrotron 























X-RAY JET EMISSION FROM THE BLACK HOLE X-RAY BINARY XTE J1550!564
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ABSTRACT

We have discovered an X-ray jet due to material ejected from the black hole X-ray transient XTE
J1550!564. The discovery was first reported in 2002 by Corbel and coworkers, and here we present an
analysis of the three Chandra observations made between 2000 June and September. For these observations,
a source is present that moves in an eastward direction away from the point source associated with the
compact object. The separation between the new source and the compact object changes from 21>3 in June to
23>4 in September, implying a proper motion of 21:2) 7:2 mas day!1, a projected separation of 0.31–0.85
pc, and an apparent jet velocity between 0:34) 0:12 and 0:93) 0:32 times the speed of light for a source
distance range of d ¼ 2:8 7:6 kpc. These observations represent the first time that an X-ray jet proper-motion
measurement has been obtained for any accretion-powered Galactic or extragalactic source. While this work
deals with the jet to the east of the compact object, the western jet has also been detected in the X-ray and
radio bands. The most likely scenario is that the eastern jet is the approaching jet and that the jet material was
ejected from the black hole in 1998. Along with a 1998 VLBI proper-motion measurement, the Chandra
proper motion indicates that the eastern jet decelerated between 1998 and 2000. There is evidence that the
eastern jet is extended by )200–300 in the direction of the proper motion. The upper limit on the source
extension in the perpendicular direction is )1>5, which corresponds to a jet opening angle of less than 7=5.
The X-ray jet energy spectrum is well but not uniquely described by a power law with an energy index of
! ¼ !0:8) 0:4 (S# / #!) and interstellar absorption. The eastern jet was also detected in the radio band
during an observation made within 7.4 days of the June Chandra observation. The overall radio flux level is
consistent with an extrapolation of the X-ray power law with ! ¼ !0:6. The 0.3–8 keV X-ray jet luminosity
is in the range ð3 24Þ 1 1032 ergs s!1 for the June observation using the distance range above but is a factor of
+2–3 lower for the later observations. We cannot definitively determine the X-ray emission mechanism, but a
synchrotron origin is viable andmay provide the simplest explanation for the observations.
Subject headings: acceleration of particles — accretion, accretion disks — black hole physics —

stars: individual (XTE J1550!564) — stars: winds, outflows — X-rays: stars

1. INTRODUCTION

Outflows are observed in active galactic nuclei (AGNs)
and for some Galactic compact objects containing relativis-
tic particles that are accelerated away from the compact
objects in collimated jets. At least three types of radio jets
are observed in Galactic X-ray binaries. In 1992, double-
sided radio lobes were detected for two accreting black hole
candidates: GRS 1758!258 (Rodrı́guez, Mirabel, & Marti
1992) and 1E 1740.7!2942 (Mirabel et al. 1992). For these

sources, the compact object/radio lobe separations are 1–3
pc, and the lobes are stationary. Because of observational
and likely physical similarities to AGNs, the name micro-
quasar was given to these sources. The number of X-ray
binaries in the group of microquasars was greatly increased
with the discovery of relativistic radio jets on much smaller
size scales (0.02–0.06 pc). The two best known systems are
GRS 1915+105 (Mirabel & Rodrı́guez 1994) and GRO
J1655!40 (Tingay et al. 1995; Hjellming & Rupen 1995).
For both of these systems, apparently superluminal jet
velocities are observed, and the actual jet velocities inferred
are greater than 0.9c. Although not as relevant for this work,
the third type of radio jet is often called a ‘‘ compact jet ’’
and has been detected for a relatively large number of X-ray
binaries. Despite their small size (+10!4 pc), compact jets
have been resolved for GRS 1915+105 (Dhawan, Mirabel,
& Rodrı́guez 2000) and Cyg X-1 (Stirling et al. 2001).

The jets are usually detected at radio wavelengths, but, in
AGNs, optical and X-ray jets are also frequently seen. With
the exception of the large-scale (+40 pc) diffuse X-ray emis-
sion detected from the X-ray binary SS 433 with the Einstein
Observatory (Seward et al. 1980), X-ray jets were not seen
for Galactic systems prior to the launch of the Chandra
X-Ray Observatory (Weisskopf et al. 2002) in 1999. With a
large improvement in angular resolution over previous mis-
sions, Chandra detected arcsecond (+0.025 pc) X-ray jets in
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SS 433 (Marshall, Canizares, & Schulz 2002), but similar
jets have not previously been reported for other accretion-
powered Galactic sources.

XTE J1550!564 was first detected by the Rossi X-Ray
Timing Explorer (RXTE) All-Sky Monitor (ASM) in 1998
September (Smith 1998). It was identified as a probable
black hole system based on its X-ray spectral and timing
properties, and optical observations of the source in quies-
cence indicate a compact object mass near 10 M,, confirm-
ing that the system contains a black hole (Orosz et al. 2002).
Soon after the discovery of the source, a jet ejection with an
apparent separation velocity greater than 2cwas observed in
the radio band using very long baseline interferometry
(VLBI), establishing that the source is a microquasar
(Hannikainen et al. 2001). The VLBI observations followed
a very bright radio and X-ray flare that was likely related to
the ejection event (Sobczak et al. 1999; Wu et al. 2002). XTE
J1550!564 has shown a high degree of X-ray activity over
the last few years, having amajor outburst in 2000 (Tomsick,
Corbel, & Kaaret 2001a and references therein) and mini-
outbursts in 2001 and 2002 (Tomsick et al. 2001b; Swank,
Smith, & Markwardt 2002). Bright radio and X-ray flares
like the 1998 flare have not been observed during these out-
bursts, but unresolved radio emission was detected, indicat-
ing the presence of a compact jet (Corbel et al. 2001).

During the 2002 X-ray outburst, radio observations of
XTE J1550!564 were made with the Australia Telescope
Compact Array (ATCA). The detection of a variable radio
source 2200 west of XTE J1550!564 (Corbel, Fender, &
Tzioumis 2002a) prompted us to examine Chandra observa-
tions of the source that were made in 2000. As reported by
Corbel et al. (2002b), we discovered an X-ray source that is
at approximately the same angular distance from XTE
J1550!564 as the variable radio source and is to the east. In
this paper we present an analysis of the Chandra observa-
tions. The three sources (XTE J1550!564, the western radio
source, and the eastern X-ray source) are aligned with each
other and with the VLBI radio jets that were detected in
1998. The alignment strongly suggests that the X-ray and
radio sources are jets from XTE J1550!564. The jet size
scale that we infer is in between those of the previously
detected radio jets, providing an important connection
between these two types of jets.

2. OBSERVATIONS

Seven XTE J1550!564 Chandra observations occurred in
May and June during the 2000 outburst from this source,
and two observations were made near the end of the out-
burst on 2000 August 21 and September 11. These observa-
tions were described in previous work where results for the
XTE J1550!564 point source were presented (Tomsick et
al. 2001a; Miller et al. 2001). Modes with two-dimensional

imaging were used for the observations made on June 9,
August 21, and September 11 (henceforth observations 1, 2,
and 3), and here we focus on these observations. The rest of
the May and June observations were grating observations
made in ‘‘ continuous clocking mode,’’ providing only one-
dimensional imaging. In addition, a filter was used to block
the zeroth order as a result of the high XTE J1550!564 flux
level. Thus, with the exception of the June 9 observation,
the May and June observations are not suitable for our
search for extended emission from the source.

Table 1 provides information about observations 1, 2,
and 3, including the observation time, the exposure time,
and the instrument configuration. All three observations
were made using the Advanced CCD Imaging Spectrometer
(ACIS). In each case, XTE J1550!564 was placed on one of
the back-illuminated ACIS chips (S3), providing the best
low-energy response. Observation 1 differs from the other
two observations in that the High Energy Transmission
Grating (HETG) was inserted. Although grating observa-
tions provide two-dimensional imaging, the sensitivity is
reduced. In addition, observation 1 includes data taken with
two different ACIS CCD configurations with longer (1.1 s)
and shorter (0.3 s) individual frame exposure times (‘‘ alter-
nating exposure mode ’’). We carried out our analysis using
the data from all exposures with a total exposure time of
4957 s. We made background light curves for all three
observations and found that, for observation 2, there are
brief time segments where excess background is observed.
Removing these causes a drop in the exposure time from
5099 to 4985 s. Periods of high background are not seen for
the other observations. For observation 3, we used data
from the entire 4572 s exposure time.

While a detailed analysis of the XTE J1550!564 energy
spectrum is presented for observations 2 and 3 in Tomsick
et al. (2001a), similar results for observation 1 have not been
reported. Thus, we extracted the ACIS grating spectrum for
observation 1. We fitted 0.8–8 keVMedium Energy Grating
(MEG) and 2–10 keV High Energy Grating (HEG) energy
spectra with a model consisting of a power law with inter-
stellar absorption. A reasonably good (but not formally
acceptable) fit is obtained ($2=# ¼ 94=71) with a column
density of NH ¼ ð8:4) 0:8Þ 1 1021 cm!2, which is con-
sistent with the Galactic value in the direction of XTE
J1550!564, and a power-law photon index of
! ¼ 1:58) 0:08 (90% confidence errors). The fit is not
significantly improved by the addition of a soft ‘‘ disk
blackbody ’’ component (Makishima et al. 1986), and no
obvious emission or absorption lines are present in the
residuals. The 0.3–8 keV source flux for observation 1 is
9:31 10!11 ergs cm!2 s!1. For observations 2 and 3, we
obtain 0.3–8 keV source fluxes of 1:21 10!13 and
2:41 10!13 ergs cm!2 s!1, respectively, using the spectral
parameters from Tomsick et al. (2001a).

TABLE 1

XTE J1550!564 Chandra Observations

Observation
MJDa

(days) UTDate
Exposure Time

(s)
Instrument

Configuration

1................................ 51704.538 2000 Jun 9 4957 ACIS-S/HETG
2................................ 51777.405 2000 Aug 21 4985 ACIS-S
3................................ 51798.245 2000 Sep 11 4572 ACIS-S

a Modified JulianDate (JD!2,400,000.5) at exposure midpoint.
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This paper also includes a reanalysis of a 5 hr radio band
observation made with ATCA on 2000 June 1, which is
close in time toChandra observation 1. The ATCA observa-
tion was carried out in the high spatial resolution 6B array
configuration, and flux measurements were obtained at cen-
tral frequencies of 1384, 2496, 4800, and 8640 MHz with a
total bandwidth of 128MHz.More details can be found in a
previous publication where these observations were used
(Corbel et al. 2001).

3. RESULTS

We searched for X-ray sources in the 0.3–8 keV images
for all three Chandra observations using the wavdetect pro-
gram (Freeman et al. 2002) in Version 2.2 of the Chandra
Interactive Analysis of Observations (CIAO) software
package. We only included photons with energies up to 8
keV as the ACIS effective area drops off rapidly above this
energy. We used data from the ACIS chip containing XTE
J1550!564 (ACIS-S3). For observation 1, we restricted the
search to a square region of dimension 1<5 centered on XTE
J1550!564 to avoid regions that include the dispersed
spectrum, while we searched over the entire S3 chip for
observations 2 and 3.

For observation 1, only one other source besides XTE
J1550!564 is detected at a significance level of 4.8 ". The
source is +2100 east of XTE J1550!564, while the new radio
transient is +2200 west of XTE J1550!564. For observation
2, there are seven sources detected at greater than 3 " signifi-
cance, excluding XTE J1550!564. Although none of the

sources have positions consistent with that of the new radio
transient (see Kaaret et al. 2002 for flux limits), the most sig-
nificantly detected source (at 8.3 ") is located +2300 east of
XTE J1550!564. For observation 3, there are two sources
detected at greater than 3 " significance, excluding XTE
J1550!564. Similarly to observation 2, the most signifi-
cantly detected source (at 9.1 ") is located+2300 east of XTE
J1550!564, but we do not detect a source at the position of
the new radio transient.

Figure 1 shows the portion of the 0.3–8 keV raw (i.e.,
unsmoothed) images for the three observations containing
XTE J1550!564 and the source to the east of XTE
J1550!564 that is detected in all three observations. For
observation 3, the position of the eastern source is
R:A: ¼ 15h51m01 947, decl: ¼ !56/28036>7 (equinox
J2000.0). We calculated this position using the XTE
J1550!564 radio position, which is known to 0>3 (Corbel et
al. 2001), and the separations between XTE J1550!564 and
the X-ray jet in the Chandra images. The separation mea-
surement is good to about 0>5 (see x 3.2), indicating an error
of less than 0>8 on the X-ray jet position. While we do not
detect an X-ray source in these observations coincident with
the western radio source, it is notable that the three sources
(XTE J1550!564, the western radio source, and the eastern
X-ray source) are aligned (see Corbel et al. 2002b for a clear
illustration of the alignment). In addition, it is remarkable
that they are aligned with the radio jets that were resolved
during the bright 1998 X-ray outburst from XTE
J1550!564 (Hannikainen et al. 2001). This provides
evidence for a connection between the radio jets, the eastern

June 9

Aug 21

Sept 11

X-Ray Jet XTE J1550-564

E
N

2 arcsec

Fig. 1.—Three Chandra 0.3–8 keV images showing XTE J1550!564 and an X-ray jet. The observations were made in 2000 on June 9, August 21, and
September 11, and exposure times of 4957, 4985, and 4572 s were obtained, respectively. The gray scale is logarithmic based on the number of counts detected
per pixel. To provide a scale where XTE J1550!564 and the X-ray jet are both visible, we set a saturation level of 12 counts.We used the same scale in all three
images, but it should be noted that the levels for June 9 are not directly comparable to those for the other two observations since a grating was inserted for the
June 9 observation. The pixel size is 0>4921 0>492.
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X-ray source, and the western radio source, and the results
presented below support this interpretation. Henceforth, we
refer to the eastern X-ray source as the X-ray jet.

3.1. ProperMotion of the X-Ray Jet

We determined the separation between XTE J1550!564
and the X-ray jet for each observation. While an inspection
of the images indicates that we obtain reasonable X-ray jet
positions with wavdetect, we used a second measurement
technique to obtain an estimate of the systematic error. For
each observation, we determined the positions for XTE
J1550!564 and the X-ray jet by calculating the source cent-
roid using the 0.3–8 keV events from a 161 16 pixel
(7>91 7>9) region centered on the wavdetect position. An
inspection of the images (see Fig. 1) indicates that this
region contains all or nearly all of the events that are likely
related to the source along with a small number of back-
ground events. We estimate that the number of background
events in the 161 16 pixel regions is 4.0, 1.2, and 0.7 for
observations 1, 2, and 3, respectively. Our technique for esti-
mating the background surface brightness is described in
x 3.3. Compared to the wavdetect positions, the recalculated
XTE J1550!564 positions change by less than 0>1, and the
X-ray jet positions change by less than 0>5. For observa-
tions 1 and 2, the recalculated source separations are 0>45
and 0>27 larger, respectively, and for observation 3, the
recalculated source separation is 0>38 smaller. Based on
these changes, we estimate that the error on the source
separation is approximately 0>5 and is dominated by
systematics.

The angular separations between XTE J1550!564 and
the X-ray jet are given in Table 2 and are plotted versus time
in Figure 2. The separations show that the X-ray jet is mov-
ing away from XTE J1550!564, and the data are well
described by a linear increase in the separation. The linear
fit shown in the figure corresponds to a proper motion of
21:2) 7:2 mas day!1, and an extrapolation of the linear fit
predicts zero separation on MJD 50; 699) 278. MJD
50,699 corresponds to 1997 September 8, which is nearly a
year before the first reported X-ray and radio activity for
XTE J1550!564 in 1998 September. We obtained the
RXTE/ASM light curve for the full RXTEmission to check
for X-ray activity between early 1996 and 1998 September.
XTE J1550!564 was not detected during this time with a 3
" upper limit of 11 10!9 ergs cm!2 s!1 for daily 1.5–12 keV
flux measurements. The largest gap in ASM coverage dur-
ing this time was 14 days, which is much shorter than the

duration of a typical outburst. Thus, it is most likely that
the material responsible for the X-ray jet was ejected during
the large 1998 September radio and X-ray flare (Wu et al.
2002). We note that the errors on the linear fit parameters
are dominated by the systematic errors on the individual
separations and thus do not correspond to 68% confidence
statistical errors.

3.2. SourceMorphology

We produced the contour plots shown in Figure 3 for the
three observations after convolving the raw images (from
Fig. 1) with a two-dimensional Gaussian with a width (") of
2 pixels in both directions. In addition to illustrating that
the X-ray jet moves away from XTE J1550!564 over time,
the contour plots for observations 2 and 3 suggest that the
X-ray jet is elongated in the direction of the proper motion
(roughly east to west).

To study the jet morphology for observations 2 and 3, we
produced source profiles showing the number of counts as a
function of position along and perpendicular to the jet axis.

TABLE 2

X-Ray Jet Results

Observation
Ratea

(counts s!1)
Separationb

(arcsec) Cc Fluxd

1................................ 3.01 10!3 21.3) 0.5 1:7þ0:7
!1:0 (20) 6)1 10!14

2................................ 5.01 10!3 22.7) 0.5 1.8) 0.6 (6.1) 1.3)1 10!14

3................................ 6.91 10!3 23.4) 0.5 1.9) 0.8 (8.2) 1.5)1 10!14

a 0.3–8 keV count rate after background subtraction.
b Separation between the XTE J1550!564 point source and the X-ray jet.
c Power-law photon index (with 90% confidence errors) obtained with the column density

fixed to the Galactic value ofNH ¼ 91 1021 cm!2.
d Absorbed 0.3–8 keV X-ray flux in ergs cm!2 s!1 obtained from a simultaneous power-

law fit to all three observations. We fixedNH to the Galactic value and found a photon index
of ! ¼ 1:8) 0:4.
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Fig. 2.—Angular separation between XTE J1550!564 and the X-ray jet
for the June 9, August 21, and September 11 Chandra observations. The
dashed line shows a linear fit corresponding to a proper motion of
21:2) 7:2 mas day!1, and an extrapolation of the linear fit predicts zero
separation onMJD 50; 699) 278.
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We determined the jet axis using the source positions
obtained above. For observations 2 and 3, the jet position
angles are 93=9) 1=3 and 93=7) 1=3, respectively. Here we
use a value of 93=8, which is consistent with the position
angle of 93=9) 0=8 derived for the VLBI radio jets (D.
Hannikainen 2002, private communication). In producing
the source profiles, we used the source counts from a
161 16 pixel (7>91 7>9) region centered on the jet position
and oriented so that the resampled pixels run along and per-
pendicular to the jet axis. We then binned the counts in 1
pixel strips in both directions. Each strip is expected to con-
tain 0.07 and 0.05 background counts for observations 2
and 3, respectively, and we neglected this low background
level for this analysis. We repeated the analysis for XTE
J1550!564 to provide a comparison to the jet profiles. Fig-
ures 4 and 5 show the results for observations 2 and 3,
respectively. In each case, panels (a) and (b) are the profiles
along and perpendicular to the jet axis, respectively. The
solid lines with Poisson error bars are the jet profiles, and
the dotted lines are the XTE J1550!564 profiles after
renormalizing so that the peak bin has the same number of
counts for the jet and XTE J1550!564.

We performed Kolmogorov-Smirnov (K-S) tests (Press et
al. 1992) on the unbinned counts to obtain a formal compari-
son of the profiles. Using the K-S statistic, we calculated the
probability that the X-ray jet profiles along and perpendicu-
lar to the jet axis are taken from the same parent distribution
as the XTE J1550!564 profiles (i.e., the probability that the
X-ray jet is not extended in a direction). In addition, we com-
pared the X-ray jet profiles to the profiles for the source PG
1634+706 (observation ID 1269), which is used to calibrate
the ACIS point-spread function (PSF). The results shown in

Table 3 indicate that it is unlikely that the X-ray jet profile
for observation 3 is the same as the XTE J1550!564 and PG
1634+706 profiles along the jet axis with probabilities of
1.8% and 0.2% for the respective comparison sources. The

N
E

2 arcsec

Sept 11

Aug 21

June 9

X-Ray Jet XTE J1550-564

Fig. 3.—Contour plots produced by convolving the 0.3–8 keV images shown in Fig. 1 with a two-dimensional Gaussian with a width (") of 2 pixels in both
directions. The same contour levels are used for all three images. The vertical dashed lines clearly demonstrate the X-ray jet motion relative to XTE
J1550!564. In addition, the August 21 and September 11 images suggest that the X-ray jet is elongated in the direction of the proper motion.
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Fig. 4.—Spatial profiles showing the number of counts as a function of
position (a) along the jet axis and (b) perpendicular to the jet axis for the
observation 2 X-ray jet. In both panels, the solid lines with Poisson error
bars are the jet profiles and the dotted lines are the XTE J1550!564 profiles
after renormalizing to facilitate comparison to the X-ray jet profiles.
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extension along the jet axis is not significant for observation
2 with probabilities of 21% and 6.3% for XTE J1550!564
and PG 1634+706, respectively. In the direction perpendicu-
lar to the jet axis, the probabilities that the X-ray jet profiles
are the same as the comparison source profiles are in the
range 21%–71%. Thus, there is no evidence that the X-ray jet
is extended in this direction.

In summary, the K-S tests show that it is likely (at least
for observation 3) that the X-ray jet is extended along the jet
axis. From Figures 4a and 5a, we estimate that the jets are
extended by )200–300 along the jet axis but by less than )1>5
in the perpendicular direction. At an angular separation of
2300 from XTE J1550!564, the upper limit of )1>5 corre-
sponds to a jet opening angle of less than 7=5.

3.3. X-Ray Jet Energy Spectrum and Flux

We extracted energy spectra for each observation. For
observations 2 and 3, we used a circular source extraction
region with a radius of 400, and we extracted background

spectra from an annulus with an inner radius of 500 and an
outer radius of 1800. The source and background regions
were both centered on the X-ray jet. For observation 1, the
background count rate near the X-ray jet is several times
higher than the rates for the other observations. It is likely
that this is partly due to the XTE J1550!564 dust-scattering
halo, but measurements of the observation 1 background
rate far from XTE J1550!564 show count rates that are still
about a factor of 2 higher than the other observations, indi-
cating that the intrinsic observation 1 background rate is
somewhat higher. Thus, we used a smaller circular source
extraction region with a radius of 2>5 for observation 1
to minimize contamination. In addition, as the XTE
J1550!564 X-ray halo contributes to the background near
the X-ray jet, we estimated the background level using the
counts in an annulus centered on XTE J1550!564 with an
inner radius of 18>8 and an outer radius of 23>8 ()2>5 from
the angular separation between XTE J1550!564 and the
X-ray jet). We removed the parts of the annulus containing
the X-ray jet and the readout strip. In the 0.3–8 keV energy
band, 17, 26, and 32 counts were collected in the source
regions for observations 1, 2, and 3, respectively. In the
same energy band, we estimate background levels of 1.3,
1.0, and 0.6 counts in the source extraction regions for
observations 1, 2, and 3, respectively. We used the CIAO
routine psextract to extract the spectra and create response
matrices.

Although the low numbers of source counts do not pro-
vide high-quality spectra, we fitted the spectra in an attempt
to distinguish between models. As the same instrumental
configuration was used for observations 2 and 3, we com-
bined the data from these two observations to improve the
statistics. For these initial fits, we rebinned the spectrum
after combining the data from the two observations and fit-
ted the spectra using $2 minimization. We used a power-law
model, appropriate for nonthermal emission, and also a
thermal bremsstrahlung model (‘‘ bremss ’’ in XSPEC
v11.1) and included interstellar absorption. These two mod-
els provide fits of nearly identical quality, and in both cases
the reduced $2 value is 0.9 for 7 degrees of freedom. The
parameter constraints are poor with both models giving a
column density (NH) range of approximately ð2 14Þ 1 1021

cm!2 (90% confidence, D$2 ¼ 2:7). With NH left as a free
parameter, the range of possible values for the power-law
photon index is ! ¼ 0:6 2:5, and the bremsstrahlung tem-
perature is only constrained to be greater than 2.8 keV. The
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Fig. 5.—Spatial profiles showing the number of counts as a function of
position (a) along the jet axis and (b) perpendicular to the jet axis for the
observation 3 X-ray jet. The line designations are the same as for Fig. 4.

TABLE 3

K-S Test Results for Comparing One-dimensional Profiles

Probability

Observation Comparison Sourcea Along Jet Axisb Perpendicular to Jet Axisc

2.......................... XTE J1550!564 0.208 0.465
2.......................... PG 1634+706 0.063 0.207
3.......................... XTE J1550!564 0.018 0.707
3.......................... PG 1634+706 0.0024 0.378

a The X-ray jet profiles along the jet axis and perpendicular to the jet axis are compared to
the one-dimensional profiles for the comparison sources.

b K-S test probability that the X-ray jet profile along the jet axis is the same as the comparison
profile.

c K-S test probability that the X-ray jet profile perpendicular to the jet axis is the same as the
comparison profile.
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column density range quoted above is consistent with the
Galactic value in the direction of XTE J1550!564
(NH ¼ 91 1021 cm!2); thus, we fixed NH to this value for
the fits described below. Detecting iron line emission would
provide evidence that the X-ray emission has a thermal ori-
gin. No clear excess is observed in the X-ray jet spectrum at
iron line energies, but the upper limit on the equivalent
width of such a line is high (several keV).

We fitted the 0.3–8 keV spectra for each observation sepa-
rately with a power-law model and interstellar absorption
with the column density fixed to the Galactic value. Rather
than $2 minimization, we used the Cash statistic (Cash
1979), which does not require that the data be rebinned in
energy. This is desirable since rebinning data necessarily
removes spectral information. We did not perform back-
ground subtraction as the background levels are low enough
to neglect. As shown in Table 2, we obtain 1:7þ0:7

!1:0, 1:8) 0:6,
and 1:9) 0:6 (with 90% confidence errors) for the power-
law photon index (C) for observations 1, 2, and 3, respec-
tively. We conclude that there is no evidence for spectral
variability. Thus, we refitted the three spectra simultane-
ously and obtained a value of ! ¼ 1:8) 0:4 (energy index
! ¼ !0:8) 0:4, S# / #!). Although we take this as our best
estimate of the power-law photon index, we note that it was
obtained withNH fixed to the Galactic value and that uncer-
tainties in NH represent a possible source of systematic
error.

We used the simultaneous power-law fit to the three
spectra to obtain measurements of the X-ray jet flux. We
obtain 0.3–8 keV absorbed fluxes of ð20) 6Þ 1 10!14,
ð6:1) 1:3Þ 1 10!14, and ð8:2) 1:5Þ 1 10!14 ergs cm!2 s!1

for observations 1, 2, and 3, respectively, indicating that the
flux dropped by a factor of+2–3 between the June observa-
tion and the August and September observations. The
quoted errors are based on the numbers of source and back-
ground counts and Poisson statistics, and the observation 1
flux is corrected for the reduction of sensitivity due to inser-
tion of the grating. A source of systematic error (not
included in the quoted errors) comes from the fact that a
smaller source extraction region was used for observation 1.
For observations 2 and 3, 15% and 19% of the counts within
the source regions lie outside a radius of 2>5 (the observa-
tion 1 extraction radius), indicating that the observation 1
flux could be higher than the quoted value by 15%–20%.
Even if this source of systematic error is considered, the data
are not strongly inconsistent with a smooth exponential or
power-law decay (see also Kaaret et al. 2002). Based on the
XTE J1550!564 source distance (d ¼ 2:8 7:6 kpc; Orosz et
al. 2002), the intrinsic 0.3–8 keV X-ray jet luminosity for
observation 1 is in the range ð3 24Þ 1 1032 ergs s!1.

We reanalyzed the 2000 June 1 ATCA radio band obser-
vations and found a radio source coincident with the eastern
jet. We measured flux levels of 3:0) 0:3, 1:58) 0:25,
1:30) 0:10, and 0:38) 0:13 mJy at frequencies of 1384,
2496, 4800, and 8640 MHz, respectively. We fitted the radio
spectrum with a power-law model and obtained an energy
index of ! ¼ !0:82) 0:15 and a flux density of 1:1) 0:1
mJy at 5000 MHz (90% confidence errors in both cases).
The power-law fit is not formally acceptable with a reduced
$2 near 5 for 2 degrees of freedom, but the overall radio
spectrum is consistent with being an optically thin synchro-
tron spectrum in the sense that ! < 0.

Figure 6 shows the four radio flux measurements along
with the power-law fits to the Chandra energy spectra.

We obtained the power-law fits to the Chandra data by
fixing the power-law index to various values and fitting
for the normalization. The normalization appropriate for
observation 1 is used as it occurred closest in time to the
radio observations. The power-law fits shown in the fig-
ure include the 90% confidence lower and upper limits on
! (!0.4 and !1.2), the best-fit value from the Chandra
data (!0.8), and the value that is most consistent with
the radio data (!0.6). The ‘‘ pivot point ’’ for the power-
law fits occurs at 2.9 keV, and the flux density is 17 nJy
at that point. The overall radio flux level is consistent
with an extrapolation of the X-ray spectrum with
! ¼ !0:6, and it is possible that the radio and X-ray
emissions are part of the same spectral component, which
would provide evidence for a synchrotron X-ray emission
mechanism. We note that ! ¼ !0:6 lies slightly outside
the error region for ! found from fitting the radio spec-
trum alone. Although the X-ray and radio observations
were not strictly simultaneous, observation 1 and the
radio observation were only separated by 7.4 days, and it
is unlikely that the flux levels could change significantly
over this time.

We also fitted the X-ray spectra for the three Chandra
observations simultaneously using the thermal brems-
strahlung model. We used the Cash statistic and fixed the
column density to 91 1021 cm!2. The 90% confidence
lower limit on the bremsstrahlung temperature is 3.8
keV, and the only other free parameter in the fit is the
normalization, which is related to physical parameters
according to N ¼ 2:41 10!16d!2

R
neni dV cm!5 (Rybicki

& Lightman 1979; Arnaud 1996), where d is the source
distance and ne and ni are, respectively, the electron and
ion number densities within the volume V. From the
simultaneous fit, N ¼ ð4 10Þ 1 10!5 cm!5 (90% confi-
dence) for observation 1.
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Fig. 6.—Energy spectrum showing the power-law fits to the Chandra
data (all four lines) for different assumed values of ! and the radio flux
measurements made on 2000 June 1 with ATCA.We use the normalization
appropriate for observation 1 for the power-law fits as it occurred within
7.4 days of the radio observation. The solid lines correspond to ! ¼ !0:4
and !1.2 (90% confidence lower and upper limits from the Chandra
fits). The dashed and dotted lines correspond to ! ¼ !0:8 and !0.6,
respectively.
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4. DISCUSSION

These results demonstrate that the eastern X-ray source
detected in the 2000 Chandra observations is, in fact, X-ray
jet emission from XTE J1550!564. In addition to the align-
ment between the XTE J1550!564 point source, the western
radio source, and the eastern X-ray source and the fact that
these sources are aligned with the 1998 radio jets (Corbel et
al. 2002b), the Chandra images indicate motion of the east-
ern X-ray source away from XTE J1550!564 along the jet
axis, and there is evidence that the eastern X-ray source is
elongated in the direction of this motion. This is only the
second Galactic X-ray binary, after SS 433 (Seward et al.
1980; Marshall et al. 2002), where X-ray jet emission has
been resolved, and these observations represent the first
time that an X-ray jet proper-motion measurement has been
obtained for any accretion-powered Galactic or extra-
galactic source.

4.1. Jet Kinematics

Our proper-motion measurement of 21:2) 7:2mas day!1

for the eastern X-ray jet and the source distance range of
2.8–7.6 kpc, determined from optical observations of XTE
J1550!564 in X-ray quiescence (Orosz et al. 2002), indicate
an apparent jet velocity (%app ¼ vapp=c) between 0:34) 0:12
and 0:93) 0:32. To make progress in estimating the actual
jet velocity (%), it is necessary to determine what constraints
we can place on the source geometry. As jet emission is
detected on both sides of XTE J1550!564, we adopt the
usual picture of a bipolar outflow with one approaching jet
and one receding jet. Although perfect symmetry between
the two jets is not critical to the discussion we present here,
we note that the fact that one of the jets was detected first in
X-rays and the other was detected first in the radio band
should not be taken as evidence for a lack of symmetry. In
fact, another Chandra observation made in 2002 March
indicates that there is X-ray emission coincident with the
western jet (Kaaret et al. 2002).

The main evidence that the eastern jet is the approaching
jet is that the X-ray and radio observations made in 2000
and 2002 indicate that the mean proper motion relative to
XTE J1550!564 is greater for the eastern jet. We determine
the mean proper motions assuming that the material for
both jets was ejected during the large 1998 September radio
and X-ray flare (Wu et al. 2002; Sobczak et al. 1999). Corbel
et al. (2002b) present arguments for this interpretation. In
addition, as mentioned above, an extrapolation of the linear
fit to the X-ray jet/XTE J1550!564 separations predicts
zero separation prior to 1998 September. Since the first
detected activity from XTE J1550!564 occurred in 1998
September, it is very unlikely that the ejection time was ear-
lier. We assume an ejection time of MJD 51,078, which cor-
responds to the peak of the 1998 September radio flare (Wu
et al. 2002) and is 2 days before the resolved radio jets were
detected (Hannikainen et al. 2001). For the western jet, the
separation between the jet and XTE J1550!564 was 22>43
on MJD 52,307 (Corbel et al. 2002b), implying a mean
proper motion of 18.3 mas day!1. Based on the linear fit to
the three X-ray jet measurements, the X-ray jet reached
22>43 onMJD 51,759, which implies a mean proper motion
of 32.9 mas day!1. The larger mean proper motion for the
eastern jet indicates that it is the approaching jet.

Although there is strong evidence that the eastern jet is
the approaching jet, the actual jet velocity (%) depends on

the exact angle the jet axis makes with the line of sight (h),
which cannot be determined from the jet observations pre-
sented in this work. Here we derive a lower limit on the
value of % during 2000 June–September when the X-ray jet
proper-motion measurement was made. The lower limit is
independent of h but depends on the distance range given
above. In general, for an approaching jet, the minimum
value of % occurs when *min ¼ tan!1ð1=%appÞ. Using the
minimum apparent velocity for the X-ray jet
(%app ¼ 0:34) 0:12) and the equation % ¼ %app=
ðsin *min þ %app cos *minÞ, which relates the apparent velocity
to the actual velocity for an approaching jet, we obtain a
minimum value for % of 0:32) 0:10 for *min ¼ 71/. Thus,
we conclude that the X-ray jet is moving at a velocity of at
least 22% of the speed of light.

4.2. X-Ray EmissionMechanism

For the X-ray jets in AGNs, three emission mechanisms
are commonly considered: thermal bremsstrahlung, syn-
chrotron, and inverse Compton (Harris & Krawczynski
2002). For most AGN jets, observations rule out thermal
bremsstrahlung. When high-quality X-ray jet spectra have
been obtained for AGNs (e.g., Marshall et al. 2001), ther-
mal emission lines have not been detected. Further, the very
large amount of hot gas necessary to explain the emission
via thermal bremsstrahlung is inconsistent with radio polar-
ization measurements (Harris &Krawczynski 2002). In fact,
the detection of radio polarization indicates that the syn-
chrotron mechanism is operating in the radio band. In some
cases, the broadband (radio to X-ray) energy spectra can be
fitted with a single power law or a power law with one break
(Marshall et al. 2001; Hardcastle, Birkinshaw, & Worrall
2001; Hardcastle et al. 2002), supporting a model where the
broadband jet spectrum is dominated by synchrotron emis-
sion. However, inverse Compton emission in the form of
synchrotron self-Compton (SSC) is known to dominate the
X-ray emission for some AGN jets (Harris & Krawczynski
2002).

Other than XTE J1550!564, the only X-ray binary where
X-ray jet spectra have been obtained is the well-known sys-
tem SS 433 that resides in the radio nebula W50. The large-
scale SS 433 X-ray jets extend up to 1/ from the X-ray
binary, and the energy spectrum of the jet shows significant
spatial variation. On scales of arcseconds and smaller, the
jets exhibit X-ray emission lines, indicating that thermal
bremsstrahlung contributes to the X-ray emission (Marshall
et al. 2002; Migliari, Fender, &Méndez 2002). However, on
larger angular scales (150–450), emission lines are not
detected with ASCA in the X-ray band (Yamauchi, Kawai,
& Aoki 1994), and RXTE observations indicate that the
spectrum extends to 100 keV (Safi-Harb & Petre 1999), indi-
cating a nonthermal mechanism.

To study the implications of the various emission mecha-
nisms for the XTE J1550!564 jets, it is necessary to estimate
the volume of the emitting region. We assume that the shape
of the emitting region is a section of a cone with its vertex at
the compact object. The base of the conical section is at a
distance of d tan!b from the compact object, where !b is
equal to the angular source separation given in Table 2 plus
2>5. The value of 2>5 comes from our estimate of the source
extension obtained in x 3.2. Although there is some uncer-
tainty associated with the size of the extension for the east-
ern jet, we obtained a Chandra image of the western jet with
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much better statistics and measured a similar extension
(Kaaret et al. 2002). The top of the conical section is at a dis-
tance of d tan!t from the compact object, where !t is equal
to the angular source separation minus 2>5. As the opening
angle of the cone is not well constrained, we consider values
for the full opening angle of 7=5 (our upper limit for the east-
ern jet obtained in x 3.2) and also 1/. The latter may be more
realistic, as the upper limit on the opening angle for the
western jet is 2/ (Kaaret et al. 2002). In addition, we consid-
ered the distance range of d ¼ 2:8 7:6 kpc in determining
the volume. A caveat is that the volume could be somewhat
larger if h (the angle between the jet axis and the line of
sight) is small; however, the fact that the VLBI jets were
two-sided and similar in brightness (Hannikainen et al.
2001) makes this unlikely. We obtain a minimum volume of
3:81 1049 cm3 for a distance of 2.8 kpc and an opening
angle of 1/ and a maximum volume of 4:31 1052 cm3 for
d ¼ 7:6 kpc and an opening angle of 7=5.

The volume estimates allow for a calculation of the mass
implied by the thermal bremsstrahlung fits to the energy
spectrum (see x 3.3) for observation 1. Assuming that the
plasma consists of electrons and protons (i.e., ne ¼ ni) and
that ne is constant over the emitting volume gives
ne ¼ ð6:51 107Þd N=Vð Þ1=2 cm!3. We obtain a minimum
mass of 41 1028 g for d ¼ 2:8 kpc, V ¼ 3:81 1049 cm3, and
N ¼ 41 10!5 cm!5 and a maximum mass of 51 1030 g for
d ¼ 7:6 kpc, V ¼ 4:31 1052 cm3, and N ¼ 11 10!4 cm!5.
It is difficult to devise a scenario in which the jet could con-
tain such large masses. Even at the lower end of the mass
range, it would take the black hole more than 1000 yr to
accumulate this much mass through accretion at a rate of
1018 g s!1, corresponding to the accretion rate for a luminos-
ity of 1038 ergs s!1 and an accretion efficiency of 10%. It
would also be difficult for the jet to start out with much less
mass and then to entrain most of its mass from the inter-
stellar medium (ISM) gradually as it moves away from the
compact object because momentum conservation would
lead to rapid deceleration of the jet. However, we probably
cannot rule out a scenario in which the jet suddenly collides
with a large amount of material that is far from the compact
object such as material that is left from previous ejections.
Thermal bremsstrahlung may still be a possible X-ray
emission mechanism if the jet has sufficient kinetic energy
associated with its bulk motion to heat such material to
X-ray temperatures.

Here we assume that the X-ray and radio spectra can be
described by a single power law with an index of ! ¼ !0:6
as shown in Figure 6 to study the implications of a synchro-
tron X-ray emission mechanism. A lower limit on the
strength of the magnetic field in the jet, Beq, comes from the
assumption of equipartition between the magnetic and
electron energy densities (Burbidge 1956). We derive the
equipartition magnetic field using

Beq ¼ 19C12L

V

! "2=7

ð1Þ

(Pacholczyk 1970), where L is the integrated luminosity and
C12 is an expression, given in Pacholczyk (1970), that
depends on the lower and upper frequency limits and the
spectral index (!). For both parameters, we used the fre-
quency range from 1:3841 109 to 1:91 1018 Hz and
! ¼ !0:6. We calculated L using a flux density of 17 nJy at
71 1017 Hz (appropriate for observation 1) and the range

of distances and volumes derived in the previous para-
graphs. Considering these distance and volume ranges, the
lowest value of Beq we obtain is 134 lG for d ¼ 7:6 kpc and
V ¼ 4:31 1052 cm3, and the highest value of Beq we obtain
is 566 lG for d ¼ 2:8 kpc and V ¼ 3:81 1049 cm3. These
values for Beq are somewhat higher than the values found
from radio observations of other Galactic objects (e.g.,
Rodrı́guez et al. 1992). This is at least in part due to the fact
that the equipartition energy is higher because the spectrum
for the XTE J1550!564 jet extends to the X-ray band.

While it is important to keep in mind that the value for
Beq assumes equipartition, we can use our result to obtain
estimates of other physical jet quantities such as the Lorentz
factor (+) and lifetime (ts) of the X-ray–emitting electrons,
the number of electrons in the jet, and the total mass of
material in the jet. From +ð#Þ + ð#=#LÞ1=2 (Begelman,
Blandford, & Rees 1984), where #L is the Larmor frequency,
we obtain values of + at 1 keV between 1:21 107 and
2:51 107, and we obtain synchrotron lifetimes of 6–60 yr at
1 keV using ts ¼ 81 108B!2

eq +!1 s (Begelman et al. 1984),
which is longer than the lifetime of the XTE J1550!564
X-ray jet. We note that if the flux decay by a factor of 2–3
that we observe over a period of about 4 months during the
Chandra observations is due to synchrotron losses, this
would imply a significantly shorter lifetime and probably a
magnetic field strength above the equipartition value. Fol-
lowing Fender et al. (1999), the number of electrons in the
jet can be calculated from the parameters of the energy spec-
trum (! and luminosity) and Beq, and we obtain a range of
values from 41 1044 to 11 1046 electrons. Assuming one
proton per electron gives values between 71 1020 and
21 1022 g for the mass of material in the jet. For a mass
accretion rate of 1018 g s!1, this amount of material could be
accumulated in 700 and 21 104 s for the twomasses, respec-
tively. These times fit with the likely ejection time as the
large X-ray and radio flare occurred 2 days before the jets
were resolved using VLBI.

Although we have shown that a synchrotron mechanism
is viable for the X-ray jet emission from XTE J1550!564,
we cannot immediately rule out inverse Compton or SSC.
However, we can determine howmuch emission these mech-
anisms are likely to contribute by comparing the photon
energy density to the magnetic energy density. We calculate
the magnetic energy density assuming that only the radio
emission has a synchrotron origin, and we use the parame-
ters from the power-law fits to the radio emission
(! ¼ !0:82 and a flux density of 1.1 mJy at 5000 MHz)
described in x 3.3. Using the same distance and volume
ranges as above, we obtainBeq ¼ 82 344 lGand amagnetic
energy density (B2

eq=8') range of ð3 50Þ 1 10!10 ergs cm!3.
We determine the photon energy density (u) due to the
source itself using u ¼ 3LR=4cV (Wilson, Young, &
Shopbell 2000), where R is the linear size of the source, and
we use the approximation R ¼ ð3V=4'Þ1=3. It should be
noted that u is distance independent, and the main uncer-
tainty in its determination is the opening angle of the cone
that is used to estimate V. For opening angles of 1/ and 7=5,
respectively, u is 61 10!12 and 41 10!13 ergs cm!3. As these
values are considerably less than the magnetic energy den-
sity, SSC should not be important. Inverse Compton from
the interstellar radiation field (ISRF) and the cosmic micro-
wave background (CMB) are also possibilities. However,
the maximum ISRF photon energy density in the Galaxy is
21 10!11 ergs cm!3 (Strong, Moskalenko, & Reimer 2000),
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and the CMB photon energy density is 31 10!13 ergs cm!3,
which are both considerably less than the magnetic energy
density.

4.3. Jet Deceleration

The mean proper motion for the eastern jet between its
ejection in 1998 September and the Chandra detections in
2000 of 32.9 mas day!1 derived above is greater than the
proper motion of 21:2) 7:2 mas day!1 that we measure
during 2000 June–September, indicating a reduction in the
jet velocity. The 1998 September VLBI observations of the
radio jets provide information consistent with a higher ini-
tial ejection velocity. Hannikainen et al. (2001) find that the
separation between the two radio jets increases at a rate of
115 mas day!1. Thus, with no additional information, we
conclude that the initial proper motion for the eastern,
approaching jet is at least 57.5 mas day!1, indicating that
the apparent jet velocity decreased by a factor of at least
2:7) 0:9. This also implies a drop in the actual jet velocity;
however, the size of this drop depends on the distance to the
source (d ) and the angle between the jet axis and the line of
sight (h), and these quantities are not well constrained.

Although the jet does decelerate, the fact that we detect a
proper motion for the X-ray jet is in contrast to the appa-
rently stationary radio lobes that are seen in GRS 1758!258
(Rodrı́guez et al. 1992) and 1E 1740.7!2942 (Mirabel et al.
1992). However, the projected separation between XTE
J1550!564 and the X-ray jet (0.31–0.85 pc for d ¼ 2:8 7:6
kpc) is a reasonable fraction of the compact object/radio
lobe separations in the other two sources (2.5 pc in GRS
1758!258 and 1.1 pc in 1E 1740.7!2942, assuming d ¼ 8:5
kpc in both cases). Thus, the XTE J1550!564 X-ray jet may
represent an intermediate stage in the evolution of the jet as
the bulk motion velocity decreases from relativistic veloc-
ities to zero velocity.

Observations of AGNs suggest that their initially relativ-
istic jets also decelerate as they move away from the core of
the galaxy (Bridle et al. 1994). A model has been developed
to explain jet deceleration where material in the ISM or
intergalactic medium (IGM) is entrained into the jet (Bick-
nell 1994; Bowman, Leahy, & Komissarov 1996). As a con-
sequence of momentum conservation, mass entrainment
leads to deceleration of the jet. It is not clear if the XTE
J1550!564 jet is entraining material, but even if it is not,
elastic collisions between the jet and the ISM material will
cause the jet to decelerate. The level of mass entrainment
depends on how the jet pressure compares to the ISM gas
pressure. The equipartition jet pressure (peq ¼ B2

eq=4') for
the XTE J1550!564 X-ray jet is between 10!9 and a few
times 10!8 ergs cm!3 for the range of Beq values derived
above (134–566 lG assuming that the X-rays have a syn-
chrotron origin). These values for peq are considerably
larger than the values typically measured for the ISM, which
are between 10!13 and 10!12 ergs cm!3 (Jenkins & Tripp
2001), and this may suggest that elastic collisions are more
important than entrainment in causing the jet to decelerate.
A related question is whether we are observing the motion
of the bulk flow of material in the jet or the motion of a
shock front. Although the latter is a possibility, further
deceleration of the eastern X-ray jet is reported in Kaaret et
al. (2002), indicating that a mechanism would be necessary
to explain the deceleration of the shock.

It is also possible to derive the total internal energy for
the X-ray–emitting electrons under the equipartition
assumption. For the range of source distances and jet
opening angles used above, we obtain energies between
51 1041 (for d ¼ 2:8 kpc and an opening angle of 1/)
and 31 1043 ergs (for d ¼ 7:6 kpc and an opening angle
of 7=5). With the deceleration of the jet, it is interesting
to consider whether the change in the bulk motion
kinetic energy can account for the internal energy of the
electrons. From the Chandra proper-motion measurement
in 2000, the VLBI proper-motion lower limit in 1998,
and the total mass of protons in the jet of 71 1020 g
derived above for an assumed distance of 2.8 kpc and an
assumed opening angle of 1/, we obtain a lower limit on
the change in bulk motion kinetic energy (DKE) of
21 1041 ergs for * ¼ 43/. For larger values of h, which
are probably more likely for XTE J1550!564, the lower
limit on DKE increases gradually to 91 1041 ergs, which
is nearly a factor of 2 larger than the internal electron
energy. Although the internal electron energy estimates
increase significantly with source distance and opening
angle, for d > 3 kpc, there are nonzero values for h that
give initial jet velocities of c, leading to arbitrarily large
values for DKE. We conclude that, for certain values of
h, the bulk motion kinetic energy is sufficient to power
the observed X-ray emission for most, if not all, of the
allowed distance range. However, it is important to note
that this calculation assumes that the total mass of pro-
tons in the jet is constant. A significant level of entrain-
ment from the ISM would invalidate this assumption.

4.4. Observations of Quiescent Black Hole Transients

The discovery of X-ray jets from XTE J1550!564 has
implications for X-ray observations of black hole transients
at low flux levels or in quiescence using observatories with-
out sufficient angular resolution to separate the black hole
flux from the jet flux. For example, if XTE J1550!564 was
observed with ASCA or BeppoSAX during the times of our
Chandra observations 2 and 3, the X-ray jet flux would sig-
nificantly contaminate the black hole flux, but the X-ray jet
would not be resolved as a result of the 10–30 angular resolu-
tion provided by these satellites. For XTE J1550!564, the
measured X-ray jet fluxes are between 61 10!14 and
201 10!14 ergs cm!2 s!1 (0.3–8 keV), which is considerably
brighter than five of the six black hole systems observed by
Chandra in quiescence (Garcia et al. 2001). For the 1996
March ASCA observation of the microquasar GRO
J1655!40 (Asai et al. 1998), it is conceivable that an X-ray
jet was responsible for at least part of the detected flux. The
ASCA observation was made about 1.5 yr after the discov-
ery of powerful radio jets from this source (Tingay et al.
1995; Hjellming & Rupen 1995). In addition, although it
was thought that GRO J1655!40 was in quiescence during
theASCA observation, the source flux was an order of mag-
nitude lower during an observation made by Chandra in
2000 (Garcia et al. 2001). Finally, we note that if X-ray jet
fluxes in other sources are similar to the level we observe for
XTE J1550!564, they will not significantly contaminate the
nonimaging measurements made by RXTE as the quality of
the Proportional Counter Array background subtraction
limits observations to sources brighter than a few times
10!12 ergs cm!2 s!1 (3–20 keV).
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5. SUMMARY AND CONCLUSIONS

In this paper we present an analysis of Chandra observa-
tions and an ATCA radio observation of XTE J1550!564
made in 2000 where an X-ray jet is detected to the east of the
black hole in the X-ray and radio bands. The discovery of
the jet was first reported by Corbel et al. (2002b). The jet
axis is aligned with the relativistic bipolar radio jets detected
with VLBI in 1998 (Hannikainen et al. 2001). We argue that
the material for the 2000 jet was likely ejected during the
large X-ray and radio flare that occurred in 1998 (Wu et al.
2002) and that we detect the eastern jet (but not the western
jet) during the 2000 observations because the eastern jet is
the approaching jet. Although we do not detect a western jet
for the 2000 observations, it is detected in the radio band
(Corbel et al. 2002a) and X-ray (Kaaret et al. 2002) during
observations made in 2002. In fact, this paper is a result of a
reanalysis of the 2000 Chandra data that was prompted by
the radio detection of the western jet.

A main result of this work is the measurement of the
proper motion of the X-ray jet using threeChandra observa-
tions made between 2000 June and September. The X-ray
jet moves away from XTE J1550!564 with a proper motion
of 21:2) 7:2 mas day!1, and these observations represent
the first time that an X-ray jet proper-motion measurement
has been obtained for any accretion-powered Galactic or
extragalactic source. Comparing this value to the lower limit
on the proper motion of the eastern jet from the 1998 VLBI
observations of 57.5 mas day!1 indicates that the jet has
decelerated since its initial ejection. Assuming that the
source distance is in the range d ¼ 2:8 7:6 kpc, the apparent
jet velocity (%app) is between 0:34) 0:12 and 0:93) 0:32,
and we obtain a lower limit on the actual X-ray jet velocity
in 2000 of % ¼ 0:32) 0:10 that is independent of the angle
between the jet axis and the line of sight (h). There is evi-
dence that the eastern jet is extended by )200–300 in the
direction of the proper motion. The upper limit on the
source extension in the perpendicular direction is )1>5,
which corresponds to a jet opening angle of less than 7=5.

We consider thermal bremsstrahlung, synchrotron, SSC,
and inverse Compton mechanisms to explain the X-ray jet
emission from XTE J1550!564. Assuming equipartition
between the magnetic and electron energy densities, we
derive a range of jet magnetic field strengths (Beq) between
134 and 566 lG, depending on the source distance and jet
opening angles between 1/ and 7=5. From Beq, the range of
Lorentz factors (+) for the electrons responsible for the 1
keV X-rays is ð1:2 2:7Þ 1 107, and the range of synchrotron
lifetimes (at 1 keV) is 6–60 yr. The mass of material required
by a synchrotron mechanism could be accumulated in the

likely jet ejection time of less than 2 days, while the mass
required by a thermal bremsstrahlung mechanism is about 8
orders of magnitude higher, requiring mass from a very
large number of ejection events. A comparison between the
magnetic energy density in the jet and estimates for the pho-
ton density suggests that synchrotron emission should dom-
inate over SSC and inverse Compton mechanisms. We
conclude that a synchrotron mechanism is viable and
appears to provide the simplest explanation for the observa-
tions. The synchrotron hypothesis can be tested via con-
straints on the optical or IR flux from the jet or by obtaining
better constraints on X-ray emission line strengths.

With a projected separation of 0.31–0.85 pc between
XTE J1550!564 and the jet in 2000, the XTE J1550!564 jet
is intermediate in size to the 0.02–0.06 pc relativistic radio
jets that have been detected in several sources (e.g., GRS
1915+105 and GRO J1655!40) and the stationary 1–3 pc
radio lobes that have been seen in GRS 1758!258 and 1E
1740.7!2942. Further, the fact that the XTE J1550!564 jets
decelerated between 1998 and 2000 provides an additional
connection between the two types of jets that have been
observed previously. It is likely that the deceleration occurs
when the jet collides with the ISM. However, the jet pressure
we derive from equipartition suggests that the pressure is
too high to entrain material and that elastic collisions of the
jet with ISM material may be a better way to model the jet
evolution. More work is necessary to understand the details
of the deceleration. Finally, studying the evolution of the
XTE J1550!564 jet underscores the fact that jets in Galactic
X-ray binaries can provide useful information about jets in
AGNs. In XTE J1550!564, the timescale for material to
travel the length of the jet is several years, while this process
takes tens of thousands of years for a typical AGN.
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X-RAY EMISSION FROM THE JETS OF XTE J1550!564
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ABSTRACT

We report on X-ray observations of the large-scale jets recently discovered in the radio and detected in
X-rays from the black hole candidate X-ray transient and microquasar XTE J1550!564. On 2002 March 11,
X-ray emission was detected 2300 to the west of the black hole candidate and was extended along the jet axis
with an FWHM of 1>2 and a full width at 10% of maximum intensity of 500. The morphology of the X-ray
emission matched well to that of the radio emission at the same epoch. The jet moved by 0>52) 0>13 between
2002 March 11 and June 19. The apparent speed during that interval was 5:2) 1:3 mas day!1. This is signifi-
cantly less than the average apparent speed of 18:1) 0:4 mas day!1 from 1998 to 2002, assuming that the jet
was ejected in 1998 September, and indicates that the jet has decelerated. The X-ray spectrum is adequately
described by a power law with a photon index near 1.8 subject to interstellar absorption. The unabsorbed
X-ray flux was 3:41 10!13 ergs cm!2 s!1 in the 0.3–8 keV band in 2002 March and decreased to 2:91 10!13

ergs cm!2 s!1 in June. We also detect X-rays from the eastern jet in 2002 March and show that it has
decelerated and dimmed since the previous detections in 2000.
Subject headings: black hole physics — stars: individual (XTE J1550!564) — stars: winds, outflows —

X-rays: binaries

1. INTRODUCTION

Jets are a ubiquitous facet of accretion in systems ranging
from young stellar objects, to Galactic X-ray binaries, to
active galactic nuclei (AGNs). Many important questions
regarding jet formation and propagation remain un-
answered, and new data will likely be required to resolve
them. Observations of systems within the Galaxy hold the
great advantage that their evolution is rapid. Processes
requiring millions of years in AGNs can unfold in a few
years for stellar mass scale systems, so that the dynamics
can be studied directly.

Corbel, Fender, & Tzioumis (2002a) and Corbel et al.
(2002b) recently discovered a large-scale, relativistic radio
and X-ray–emitting jet from the X-ray transient XTE
J1550!564. The source is a Galactic black hole candidate,
and the mass of the compact object is constrained to be 8–12
M, (Orosz et al. 2002). A superluminal jet ejection event
had been previously observed from this source in the radio
in 1998 September (Hannikainen et al. 2001) during a very
bright X-ray outburst (Sobczak et al. 1999). Detection of
the large-scale radio jet to the west of XTE J1550!564 led

to a reanalysis of archival Chandra data and discovery of an
X-ray jet to the east of XTE J1550!564 (Corbel et al.
2002b; Tomsick et al. 2002). This X-ray jet exhibits proper
motion directly away from XTE J1550!564. Based on the
angular separations and the measured proper motion, the
most likely epoch of origin of these large-scale jets is near
the major X-ray outburst that peaked on 1998 September 20
(Sobczak et al. 1999), and we adopt this date as the origin of
the currently observed jets (Corbel et al. 2002b).

Discovery of the large-scale radio jet also led to new
observations of XTE J1550!564 made with the Chandra
X-Ray Observatory (Weisskopf et al. 2002), which are
described here. The subarcsecond resolution of Chandra
delivered by the High-Resolution Mirror Assembly (van
Speybroeck et al. 1997) has allowed us to detect and resolve
X-ray emission from the western jet. In addition, we have
again detected the eastern jet. In the following, x 2 presents
the new observation and source detections, x 3 contains our
results on the spectrum, morphology, motion, and variabil-
ity of the eastern jet, x 4 describes our new data on the west-
ern jet, and x 5 includes a few comments on the implications
of these results.

2. OBSERVATIONS AND SOURCE DETECTION

XTE J1550!564 was observed on 2002 March 11 and
June 19 with the Chandra X-Ray Observatory (Weisskopf
et al. 2002) using the Advanced CCD Imaging Spectrom-
eter spectroscopy array (ACIS-S; Bautz et al. 1998) using
Director’s Discretionary Time in response to a Target of
Opportunity request based on the discovery of the west-
ern radio jet (Corbel et al. 2002a) and a follow-up
request made after discovery of X-ray emission from the
western jet. For the March observation (observation ID
[ObsID] 3448), a total of 26,118 s of useful exposure were
obtained with the ACIS-S operated in a 1/4 subarray
mode with only the S3 chip read out to minimize pileup
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for XTE J1550!564, which was in the decay phase of a
recent X-ray outburst and expected to be relatively bright
during the observation. The roll angle of 68/ placed the
short axis of the field of view in the subarray mode
nearly along the jet axis, but the useful field of view
along that axis, +12000, was still adequate to image both
jets. For the June observation (ObsID 3672), a total
exposure of 18,025 s was obtained with the ACIS-S oper-
ated in the full array mode with six ACIS chips read out.

The data were subjected to the standard data processing
(ASCDS v6.6.0 using CALDB v2.12), and then customary
event processing and filtering procedures, from the Chandra
Interactive Analysis of Observations (CIAO) software
package v2.2.1, were applied to produce a level 2 event list.
Light curves including all valid events on the S3 chip were
constructed to search for times of high background. In both
observations, the count rate appears uniform with no
obvious flares.

Images of the region around XTE J1550!564 extended
12000 along the jet axis and 6000 perpendicular to the jet
axis were constructed using photons in the energy band
0.3–7 keV. We searched for sources using wavdetect
(Freeman et al. 2002), the wavelet-based source detection
routine in CIAO. Four sources were detected at signifi-
cances greater than 4 ". One source is coincident with
XTE J1550!564, and two others lie along the jet axis.
The western jet was detected in both March and June,
while the eastern jet was detected only in March. The
fourth source, at R:A: ¼ 15h50m53 905, decl: ¼
!56/29002>0 (J2000.0), does not lie along the jet axis and
is identified with a relatively nearby K/M dwarf present
in optical images of the field. A portion of the March
image along the jet axis and containing XTE J1550!564
and its two jets is shown in Figure 1.

We adjusted the astrometry of each image so that the
position of the source coincident with XTE J1550!564
matches the accurately measured radio position. A shift of

0>76 was required for the March observation and a shift of
0>22 for June. Both shifts are within the absolute astrome-
tric accuracy of Chandra. The statistical error on the source
positions is less than 0>22 (1 ") in all cases and less than 0>1
for XTE J1550!564. However, care must be taken in com-
paring positions of the jet sources due to their finite extent
as discussed below.

We defined source regions using ellipses with radii 4 times
the radius of 50% encircled energy calculated from the
observed photons for each source by wavdetect. The diame-
ter of the ellipse for XTE J1550!564 is 3>9, which is consis-
tent with that expected for an on-axis point source (8 times
the +0>5 half-power radius for ACIS-I). We extracted
counts for each source region and a corresponding back-
ground region. The exposure was calculated for a mono-
chromatic beam of 1.5 keV. The exposure over the regions
including XTE J1550!564 and the western jet is uniform to
within 2%. The region including the eastern jet lies over a
CCD node boundary, and the exposure is up to 15% lower.
We translated the count rates to photon fluxes using the
exposure, then to energy fluxes in the 0.3–7 keV band
assuming a power-law spectrum with a photon index of 1.8
and a column density equal to the total Galactic column in
the direction of XTE J1550!564, which we take to be
NH ¼ 9:01 1021 cm!2 based on radio measurements of the
H i column density (Dickey & Lockman 1990) along the line
of sight. This NH value is consistent with the one measured
by high-resolution X-ray spectroscopy of XTE J1550!564
by Miller et al. (2002). The properties of the three sources
along the jet axis are listed in Table 1.

Below, we also include results from archival Chandra
data. Observations with two-dimensional imaging are avail-
able for 2000 June 9, August 21, and September 11. These
data and the analysis of the eastern jet are described in
Tomsick et al. (2002). Each observation is brief with an
exposure of nomore than 5200 s. The 2000 June observation
had a grating in place, while the others did not.

Fig. 1.—X-ray image of XTE J1550!564 for the 0.3–7 keV band taken on 2002 March 11. The color of each pixel represents the number of X-ray counts:
black ¼ 0 counts, blue ¼ 1, green ¼ 2, yellow ¼ 3 4, red ¼ 5 20, white ¼ 21 330. The green ellipses are source regions and indicate detection of the western
and eastern jets in addition to XTE J1550!564 itself. The red line is the axis of the superluminal jet emission at a position angle of !86=1 (D. Hannikainen
2002, private communication). The arrows indicating north and east are 200 long.
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3. WESTERN JET

3.1. Spectrum

We extracted a spectrum for the western jet from the
March observation using CIAO tools and applied the recent
correction for the low-energy quantum efficiency degrada-
tion of the ACIS. We fitted the spectrum using XSPEC (see
Fig. 2). The spectrum is adequately fitted with a power-law
model with absorption by material with solar abundances.
With the equivalent hydrogen absorption column density
fixed to NH ¼ 9:01 1021 cm!2, the best-fit photon index is
! ¼ 1:77 and the allowed range at 90% confidence is 1.61–
1.93 (D$2 ¼ 2:7 for one parameter). The absorbed flux is
ð1:9) 0:1Þ 1 10!13 ergs cm!2 s!1 in the 0.3–8 keV band,
and unabsorbed flux would then be 3:41 10!13 ergs cm!2

s!1 in the same band.

Allowing the absorption column density to vary leads to
an allowed range of NH ¼ ð7:9 14:7Þ 1 1021 cm!2 at 90%
confidence (D$2 ¼ 4:6 for two parameters) and a corre-
sponding range of 1.58–2.37 for the photon index. The best-
fit values are NH ¼ 10:91 1021 cm!2 and ! ¼ 2:00. The
allowed NH range includes the Galactic H i value. We can-
not exclude extra absorption using the X-ray data.

For the June observation, the spectrum is, again,
adequately fitted with a power-law model with absorption.
With NH ¼ 9:01 1021 cm!2, the best-fit photon index is
! ¼ 1:77 and the allowed range at 90% confidence is 1.52–
2.02. The spectrum in June appears consistent with that
measured inMarch. The absorbed flux is ð1:6) 0:1Þ 110!13

ergs cm!2 s!1 in the 0.3–8 keV band, and the unabsorbed
flux is 2:91 10!13 ergs cm!2 s!1 in the same band.

Since there is no evidence of spectral variability, we fitted
the two data sets simultaneously to obtain better constraints
on the fit parameters. With NH ¼ 9:01 1021 cm!2, the best-
fit photon index is ! ¼ 1:77 and the allowed range at 90%
confidence is 1.64–1.90. Allowing the absorption column
density to vary leads to NH ¼ ð9:9þ2:9

!2:2Þ 1 1021 cm!2 and
! ¼ 1:87) 0:31 at 90% confidence (D$2 ¼ 4:6 for two
parameters).

In addition to the nonthermal power-law model, we also
fitted the combined data with the MEKAL model, which is
appropriate for thermal emission from hot diffuse gas. With
NH fixed to the Galactic value, an adequate fit was obtained
with kT ¼ 5:6þ2:2

!1:1 keV. A simple thermal bremsstrahlung
model gives a similar temperature range, kT ¼ 6:1þ2:5

!1:5 keV.
No prominent line emission is observed. However, the limits
on the equivalent width are not strongly constraining (vary-
ing from 100 eV to 1.3 keV at 90% confidence [D$2 ¼ 2:7]
for a narrow line with energy in the range 3–7 keV).

3.2. Morphology andMotion

The X-ray counterpart of the western jet appears
extended. Figure 3 shows the X-ray images from both
Chandra observations with radio contours obtained from
observations made on 2002 January 29 using the Australian
Telescope Compact Array (ATCA; Corbel et al. 2002b)
superimposed on the 2002 March 11 Chandra data. The
ATCA image of the compact source XTE J1550!564
appears extended along a northwest-southeast axis as a
result of partial synthesis caused by the limited parallactic

TABLE 1

X-Ray Sources near XTE J1550!564

Date
(1)

R.A.
(2)

Decl.
(3)

S/N
(4)

Counts
(5)

Flux
(6)

Comments
(7)

March.............. 15 50 58.66 !56 28 35.2 334.3 1163.4 4.64 XTE J1550!564
June ................. 15 50 58.66 !56 28 35.2 26.3 54.5 0.31
March.............. 15 50 55.97 !56 28 33.6 122.5 409.1 1.64 Western jet
June ................. 15 50 55.90 !56 28 33.6 87.4 238.2 1.36
March.............. 15 51 02.16 !56 28 37.7 4.9 18.4 0.08 Eastern jet
June ................. . . . . . . . . . . . . . . . Not detected

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds. Col. (1): Date of observation. Cols. (2) and (3): Position of the
source in J2000.0 coordinates. Col. (4): Significance of the source detection as calculated by wavdetect.
Col. (5): Net counts in the 0.3–7 keV band. Col. (6): Observed (absorbed) source flux in units of 10!13

ergs cm!2 s!1 in the 0.3–7 keV band calculated assuming a power-law spectrum with photon index of
1.8 and Galactic absorption. Col. (7): Comments on the sources. There are two rows for each source:
one for theMarch observation and one for the June observation.

Fig. 2.—X-ray spectrum of emission from the western jet in the March
observation. The curve is the best-fit power-law model with absorption
fixed to the Galactic value.
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angle coverage with the linear ATCA array. However, in
addition to the extent caused by partial synthesis, there is a
true, physical extent to the western radio jet. The peak of
the jet emission is toward the west (away from XTE
J1550!564), and there is lower intensity emission extending
to the east, back toward XTE J1550!564. The morphology
of the X-ray source closely matches that of the radio source.

We define the jet axis using the positions of the X-ray
sources corresponding to XTE J1550!564 and the western
jet, as reported in Table 1. The resulting position angle is
!85=9) 1=3, in good agreement with the position angle of
!86=1) 0=8 reported for the superluminal jets (D.
Hannikainen 2002, private communication) and with the
position angle of!85=8) 1=0 reported for the radio western
jet (Corbel et al. 2002b). To determine if the jet tails lie along
the jet axis, we calculated the average azimuthal angle for
events between 200 and 600 from the western jet position and
within )40/ in azimuth of a vector pointing back to XTE
J1550!564. The average azimuthal angle is 2=2) 1=9 for
the March data and 7=4) 3=2 for the June data. The tail of
the western jet appears aligned with the jet axis in theMarch
data but may be slightly skewed to the south in the June

data. However, the skew is only marginally statistically sig-
nificant and may be affected by uncertainty in the true posi-
tion of the jet peak, discussed below.

To study the morphology and motion of the X-ray
jet, we decomposed the image along axes parallel and
perpendicular to the jet axis (as defined above). We cal-
culated the displacement of each X-ray event parallel
and perpendicular to this axis. Figure 4 shows the pro-
file of X-ray counts along the jet axis from the two
observations. All photons with energies in the range
0.3–7 keV and within 200 of the jet axis in the perpendic-
ular direction are included. In the March data, both jets
are clearly present. In the June data, there is no strong
source at the location of the eastern jet, but there may
be some diffuse emission above the background level.
The western jet appears to have moved away from XTE
J1550!564.

For the March observation, the peak of the X-ray emis-
sion of the western jet is displaced by 0>6 (along the jet axis
and away fromXTE J1550!564) from the position reported
in Table 1, which is the centroid over the region containing
50% of the encircled energy (Freeman et al. 2002). Hence,

Fig. 3.—X-ray images of XTE J1550!564 (on the left) and the western jet (on the right). The top panel is from the 2002March 11 observation, and the bot-
tom panel is from the 2002 June 19 observation. The X-ray data are for the 0.3–7 keV band, and the color scale and orientation are the same as in Fig. 1. The
top panel has radio contours (dark blue curves) from an observation on 2002 January 29 superimposed. The contour levels are 0.2, 0.4, 0.8, and 1.6 mJy.
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caution is warranted when comparing the jet position to
positions found in other observations.

To measure the relative position of the western jet in the
March and June observations, we used a Kolmogorov-
Smirnov (K-S) test to permit comparison of unbinned posi-
tion data. We used the position along the jet axis for each
event calculated above. We added an offset, in the range
from !100 to +100, to the June event positions and then com-
pared the offset positions with the March event positions
within)800 of the western jet peak. The best match occurred
for an offset of 0>52. Given this offset, the K-S test gives a
61% probability that the two samples are drawn from the
same parent distribution. To evaluate the uncertainty in the
offset, we integrated the K-S test probability distribution as
a function of offset and found the offsets corresponding to
5% and 95% of the full integral (i.e., the 90% confidence
interval). These are 0>39 and 0>60. The hypothesis that the
two distributions are the same with zero offset is rejected
at the level of 51 10!13. The western jet moved by
0>52) 0>13 between theMarch and June observations.

The morphology of the western jet does not appear to
have changed, even though it moved. Figure 5 shows the
western jet profiles along the jet axis from the March and
June observations, with the June data shifted by 0>52 and
scaled so that the peaks match. As noted above, a K-S test is
consistent with the two profiles being the same.

The figure also shows the data for XTE J1550!564 itself
from the March observation, rescaled and displaced to
match the peak at the western jet. From its time variability,
we know that the X-ray emission from XTE J1550!564
must arise from what is effectively a point source for the
angular resolution of Chandra. Hence, we use XTE
J1550!564 as a calibration of the point-spread function for
the observation to determine the spatial extent of the emis-
sion from the western jet. This procedure accounts for any
aspect jitter during the observation and also for any source
extent induced by scattering of the X-rays in the interstellar
medium (ISM) between us and the source. The spectrum of
XTE J1550!564 during theMarch observation is quite sim-
ilar to that found for the western jet, so effects due to the
energy dependence of the Chandra point-spread function
should be negligible. Both sources are sufficiently close to
the aim point so that the degradation of the Chandra point-
spread function off-axis should also be negligible.

Comparison of the rescaled profile of XTE J1550!564
with the profile of the X-ray emission from the western jet in
the March observation shows that the western jet is
extended. The leading edge of the X-ray source (the edge
away from XTE J1550!564) is approximately consistent
with the profile of a point source. The trailing edge is clearly
extended. The FWHM of the source is 1>2, and the full
width at 10% of maximum intensity is 500.

Fig. 4.—Distribution of X-ray counts along the jet axis. The black line is for theMarch observation, and the red line is for the June observation. The bin size
is 0>5.
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Figure 6 shows the distribution of X-ray counts perpen-
dicular to the displacement axis for the western jet and XTE
J1550!564 in theMarch data.We used X-rays with energies
in the range 0.3–7 keV and with displacements along the jet
axis of up to )500 from the respective source position as
reported in Table 1. A K-S test shows that the two distribu-
tions are inconsistent at the 97% confidence level (2.2 ").
The western jet may be slightly extended perpendicular to
the jet axis, but the evidence is weak. Deconvolving, assum-
ing that the physical width adds in quadrature with the
instrumental width, we place an upper limit of 0>8 (FWHM)
on the extent of the X-ray western jet perpendicular to the
jet axis. The perpendicular distribution of the western jet
found from the June data is consistent with that in the
March data. The X-ray western jet is clearly much more
extended along the jet axis than perpendicular to it.

3.3. Variability

To investigate the variability of the X-ray western jet, we
examined archival Chandra data on XTE J1550!564 from
2000 June, August, and September. Using a large region
extending)400 perpendicular to the jet axis and covering the
full extent of the western jet beginning 1100 from XTE
J1550!564 and extending 200 beyond its position in 2002, we
find no evidence for X-ray emission from the western jet in

any of the archival observations with upper limits (2 ") on
the ACIS counting rate, which are fractions of 0.10–0.16 of
the counting rate in our 2002 March data. Combining the
2000 August and September observations, in which the
ACIS was not partially blocked by a grating, we find 6
counts in a total exposure of 9557 s. Given a mean of 6, the
90% confidence upper bound from a Poisson distribution is
9 counts, leading to a 90% confidence upper bound on the
count rate from the western jet of 0.00094 counts s!1. This is
6% of the rate in the 2002 March observation, correspond-
ing to an upper bound on the absorbed flux (assuming iden-
tical spectral parameters) of 1:11 10!14 ergs cm!2 s!1 in the
0.3–8 keV band. This analysis assumes that none of the
counts are due to background. Performing a background
subtraction would reduce this limit.

During 2002, the flux decayed between March and June.
Using the two flux measurements to calculate the 1/e-fold-
ing time for an exponential decay, we find 327) 95 days.
However, two data points are insufficient to determine the
shape of light-curve decay.

4. EASTERN JET

The new Chandra observations add one additional detec-
tion to the results presented in Tomsick et al. (2002). The

Fig. 5.—Distribution of X-ray counts in the western jet along the jet axis. The black solid line is for theMarch observation, the red dashed line is for the June
observation, and the green dashed line is the profile of XTE J1550!564 fromMarch. The latter two profiles have been shifted and rescaled to match the peak
of the first. The bin size is 0>5.
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source contains far fewer counts than the western jet, and so
we concentrate on the position and flux of the source.

The proper motion of the eastern jet is shown in Figure 7.
The figure includes the three data points from Tomsick et al.

(2002) and our new data point for 2002 March 11. Tomsick
et al. (2002) showed that the apparent velocity of the eastern
jet in 2000 was lower than the minimum velocity allowed
during the superluminal ejection (Hannikainen et al. 2001),
thus indicating that the eastern jet has decelerated. The 2002
March point is inconsistent with an extrapolation of the
velocity measured from the 2000 data and indicates that this
deceleration has continued.

We fitted the proper motion data with a model in which
the jet has a deceleration proportional to its velocity relative
to the X-ray binary (which we assume to be roughly at rest
relative to the ISM). The velocity profile is then a decaying
exponential, and the observed position evolution is modi-
fied by light-travel delays. Our model has three fitted param-
eters: the initial jet speed divided by the speed of light %0, the
timescale (1/e-folding time) for the velocity decay ) , and the
jet angle relative to the line of sight h. The assumed source
distance affects the fitted parameters. For a source distance
of 4 kpc, we find an adequate fit (shown in Fig. 7) with
%0 ¼ 0:94, ) ¼ 1030 days, and * ¼ 62/. For source distances
larger than 5.1 kpc, the best-fit initial speed is larger than
the speed of light. However, we do not consider this a con-
straint on the distance as the model is rather ad hoc. For a
distance of 3 kpc, the best fit is %0 ¼ 0:82, ) ¼ 960 days, and
* ¼ 50/. Both of these fits are consistent with the lower
bound on the initial jet speed from the VLBI observations
(Hannikainen et al. 2001).

Figure 8 shows the time variation of the X-ray flux of the
eastern jet. The first three points are from Tomsick et al.
(2002). For consistency with that analysis, we found the
fluxes for the 2002 March data using a circular extraction
region of 400 radius centered on the wavdetect position and
with an annulus with an inner radius of 500 and an outer
radius of 1800 for background estimation. We used a power-
law model with photon index fixed to 1.8 and an absorption
column density fixed to 91 1021 cm!2 and corrected for the
degradation in the low-energy quantum efficiency of the
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ACIS. The absorbed flux in the 0.3–8 keV band was
ð1:1) 0:3Þ 1 10!14 ergs cm!2 s!1. For June, no source was
detected by wavdetect at the location of the western jet. We
extracted counts from a circular region 400 radius centered at
the position found inMarch. This region is sufficiently large
to include most of the diffuse emission apparent in Figure 4.
With spectral parameters fixed as above, the absorbed flux
in the 0.3–8 keV band is ð3) 2Þ 1 10!15 ergs cm!2 s!1. We
interpret this number as an upper limit on the jet flux in
June.

We fitted both an exponential decay and a power-law
decay to the flux data. The power-law decay provides a
slightly better fit, but both fits are acceptable. The index of
the power-law decay is 3:7) 0:7. The 1/e-folding time of
the exponential decay is 260) 50 days. The extrapolated
flux at the origin of the jet for the exponential decay would
be ð1:3) 0:5Þ 1 10!12 ergs cm!2 s!1 in the 0.3–8 keV band.
This is a small fraction of the X-ray fluxes measured during
the 1998 outburst. Hence, the available X-ray data are not
inconsistent with an exponential decline of flux since the
origin of the eastern X-ray jet.

5. DISCUSSION

The discovery of extended radio and X-ray emission from
XTE J1550!564 (Corbel et al. 2002b; Tomsick et al. 2002;
results reported here) represents the first detection of large-
scale relativistic jets from a Galactic black hole candidate in
both radio and X-rays. These large-scale jets appear to arise
from a relatively brief jet injection episode (Corbel et al.
2002b) and, therefore, offer a unique opportunity to study
the large-scale evolution of an impulsive jet event.

In the following, we assume that both jets were created in
a single injection episode in 1998 September. The assump-
tion is motivated by the detection of superluminal jets
(Hannikainen et al. 2001) following an extremely large
X-ray flare in 1998 September and the absence of any other
X-ray flare of similar magnitude in continual X-ray moni-
toring from 1996 to 2002 (Corbel et al. 2002b). The eastern
jet appears to be the approaching jet based on its larger cur-
rent separation from XTE J1550!564 (Corbel et al. 2002b).
The distance to XTE J1550!564 is constrained from optical
observations to be in the range 2.8–7.6 kpc with a favored
value of 5.3 kpc (Orosz et al. 2002).

We detected X-ray emission from the western jet on 2002
March 11 (MJD 52,344) at a separation of 2300 from the
black hole candidate, implying a projected physical separa-
tion of 0:59 pcðd=5:3 kpcÞ ¼ 1:81 1018 cmðd=5:3 kpcÞ and
a mean projected speed of 18:1) 0:4 mas day!1 or
0.55c(d/5.3 kpc). From the motion of the jet betweenMarch
11 and June 19, we calculate an average speed at that epoch
of 5:2) 1:3 mas day!1 or ð0:16) 0:04Þcðd=5:3 kpcÞ. This is
significantly less than the average speed from 1998 to 2002
and indicates that the jet has decelerated. Our detection of
motion in the western jet argues against it having reached a
termination. The jet appears to have a relativistic bulk
velocity.

The angular size of the X-ray emission perpendicular to
the jet axis in the western jet is quite small, less than 0>8
(FWHM), placing an upper bound on the jet half opening
angle of 1=0. The opening angle is small, similar to the half
opening angles of Fanaroff-Riley class II (FR II; Fanaroff&
Riley 1974) sources, which are less than 3/ (Muxlow &
Garrington 1991). The angular size of the western X-ray jet

perpendicular to the jet axis limits the expansion velocity to
less than 0.01c(d/5.3 kpc). At the same epoch, the eastern
jet has a projected physical separation of 0.75 pc(d/5.3 kpc).

For comparison with the properties of the western jet, we
review the properties of the eastern jet at the same angular
separation. From the linear fit in Tomsick et al. (2002), we
find that the eastern jet passed through a separation of 2300

on MJD 51; 785) 16. Fortuitously, this is consistent with
the times of the 2000 August 21 and September 11 Chandra
observations (the separations from both of those observa-
tions are consistent with 2300). As discussed in Tomsick et al.
(2002), the high proper motion of the eastern jet when at a
separation of 2300 argues strongly against it having reached a
termination at that point. The continued motion of the east-
ern jet to larger separations demonstrated here reinforces
this argument. At a separation of 2300, the apparent speed of
the eastern jet was 21:2) 7:2 mas day!1 and the absorbed
flux was ð7:2) 1:0Þ 1 10!14 ergs cm!2 s!1 in the 0.3–8 keV
band. The western (receding) jet flux at the same separation
was a factor of 2:6) 0:4 higher than the eastern (approach-
ing) jet flux.

The X-ray data provide measurements of the local appa-
rent speed at equal angular separations from the origin for
the approaching and receding jets. If the jets are symmetric,
in terms of their velocity profiles, then it would be possible
to use relativistic kinematics (Mirabel & Rodrı́guez 1999) to
constrain the jet true speed %, inclination to the line of sight
h, and distance d. We find that % cos * ¼ 0:61) 0:13 and
d ¼ ð12:6) 4:4Þ tan * kpc under the assumption that the jet
propagation is symmetric. This would imply that the incli-
nation angle * 0 61/ and the jet speed % - 0:48 (allowing
for the uncertainty in % cos *).

However, the fact that the western (receding) jet is
brighter than the eastern (approaching) jet argues against
symmetric jet propagation. For symmetric jet propagation,
the ratio of observed flux densities measured at equal sepa-
rations from the core for a twin pair of optically thin iso-
tropically emitting jets is

Sa

Sr
¼ 1þ % cos *

1! % cos *

! "k!!

; ð1Þ

where Sa is the approaching flux density, Sr is the receding
flux density, % is the jet speed divided by the speed of light, h
is the jet inclination angle, ! is the spectral index of the emis-
sion defined so that S# / #!, and k is a parameter that is 2
for a continuous jet and 3 for discrete condensations
(Mirabel & Rodrı́guez 1999). If the exponent k ! ! > 0,
then the approaching jet must always be brighter than the
receding jet measured at the same angular separation from
the core. Given the photon index quoted above (allowing
the absorption to vary) and allowing a continuous jet, the
minimum allowed value for the exponent is 2.6, which is
well above zero. Hence, the observed brightness ratio
Sa=Sr ¼ 0:38) 0:05 is inconsistent with symmetric jet prop-
agation. However, because the X-ray jet detections occurred
well after the initial jet ejection, we cannot independently
constrain the jet ejection, which may have been symmetric.

Large intrinsic asymmetries have been observed in the
radio for the jets from the microquasar GRO J1655!40
(Hjellming & Rupen 1995). Which of the two jets was
brighter differed from day to day, while the kinematics of
the jet propagation appeared symmetric. Asymmetries of
similar magnitude could explain the ratio of X-ray fluxes
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from the jets of XTE J1550!564 if the jet inclination angle
is high. In this case, the X-ray emissivity of the western jet
would need to be low early on, to be consistent with the non-
detection in 2000, and then increase sharply at later times,
to be consistent with the flux measured in 2002. Such an
X-ray emissivity profile could be produced by, e.g., internal
shocks produced by a faster plasmon overtaking a slower
one. This would require reacceleration of particles in the jet
long after its initial ejection.

Alternatively, the emission from the jets could be pro-
duced by shocks arising from interactions of the jets with
the ISM. The jets appear to be moving with speeds much
greater than the sound speed of the ISM. In this case, the
supersonic motion of the jet should produce a shock wave.
The shock will be strongest at the head of the jet and weaken
around the sides of the jet (De Young 2002). This morphol-
ogy matches that observed for the eastern jet. In this case,
the asymmetry between the two jets may reflect nonuni-
formity in the ISM. If the western jet is propagating into a
denser medium, it would be brighter and would have decel-
erated more than the eastern jet. Interaction of a relativistic
plasmon with the ISM appears to consistently describe all of
the available data on the large-scale jets of XTE J1550!564.

Continued observation of the jets of XTE J1550!564
offers an exciting opportunity to study the dynamics of rela-
tivistic jets on timescales inaccessible for AGN jets. New,
deep observations of XTE J1550!564 will allow us to study
the deceleration and evolution of the morphology, flux, and
spectrum of the western jet. This may help determine
whether the observed jets are due to the internal interactions
of relativistic plasmons or to external interactions with the
ISM. A deep observation may also permit a new detection
of the eastern jet, which would further constrain its deceler-
ation and decay. Finally, continued monitoring may eventu-
ally show the termination of the jets.

We thank Harvey Tananbaum for granting the DDT
observations, Joy Nichols for exceptionally rapid process-
ing of the data, and the CXC team for successfully executing
the observation. P. K. thanks Heino Falcke, Dan Harris,
and David De Young for useful discussions and acknowl-
edges partial support from NASA grant NAG5-7405 and
Chandra grant G01-2034X. R. W. was supported by NASA
through Chandra Postdoctoral Fellowship grant PF9-10010
awarded by CXC, which is operated by SAO for NASA
under contract NAS8-39073.
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ABSTRACT

We report on the formation and evolution of two large-scale, synchrotron-emitting jets from the black hole
candidate H1743!322 following its reactivation in 2003. In 2003 November, after the end of its 2003 outburst, we
noticed, in observations with the Australia Telescope Compact Array, the presence of a new and variable radio source
about 4B6 to the east of H1743!322 that was later found to move away from H1743!322. In 2004 February, we
detected a radio source to the west of H1743!322, symmetrically placed relative to the eastern jet. In 2004, follow-up
X-ray observations with Chandra led to the discovery of X-ray emission associated with the two radio sources. This
likely indicates that we are witnessing the interaction of relativistic jets from H1743!322 with the interstellar
medium, causing in situ particle acceleration. The spectral energy distribution of the jets during the decay phase is
consistent with a classical synchrotron spectrum of a single electron distribution from radio up toX-rays, implying the
production of very high energy (>10 TeV) particles in those jets. We discuss the jet kinematics, highlighting the
presence of a significantly relativistic flow in H1743!322 almost a year after the ejection event.

Subject headinggs: accretion, accretion disks — black hole physics — ISM: jets and outflows —
radio continuum: stars — stars: individual (H1743!322, XTE J1550!564)

1. INTRODUCTION

Relativistic jets are now believed to be a common occurrence
in black hole X-ray binaries (e.g., Corbel 2004; Fender 2005).
The optically thin synchrotron spectra of the discrete ejection
events (the so-called superluminal jets) imply that the emission
becomes much fainter at higher frequencies. For that reason, such
events were only observed at radio frequencies. However, Sams
et al. (1996) reported the detection of extended infrared emis-
sion in GRS 1915+105 after a massive ejection event that could
be of synchrotron nature. The most extreme case has been the
detection of moving and decelerating X-ray (and radio) rela-
tivistic jets in the microquasar XTE J1550!564 a few years af-
ter the ejection event and on over large distances (Corbel et al.
2002; Tomsick et al. 2003a; Kaaret et al. 2003). The detection
of optically thin synchrotron X-ray emission from discrete ejec-
tion events implies in situ particle acceleration up to several
TeV. This acceleration may be caused by interaction of the jets
with the interstellar medium (ISM).

It now appears that relativistic jets emit throughout the entire
electromagnetic spectrum. But are the jets of XTE J1550!564
unique due to special physical conditions, or should we expect to
observe similar X-ray jets in other X-ray novae (XNe)? If jets
containing TeV particles are common among XNe, then there
may be interesting consequences. The high-energy particles could
produce a distinctive signature in the cosmic-ray flux (Heinz &
Sunyaev 2002) or produce neutrinos if the jets contain protons

(Distefano et al. 2002). Furthermore, the study of X-ray jets in
microquasars could add an additional bridge between the physics
of jets in microquasars and those from supermassive black holes.
Interestingly, a connection with gamma-ray bursts has also been
drawn byWang et al. (2003), who showed that the evolution of the
eastern X-ray jet of XTE J1550!564 was consistent with the
emission from adiabatically expanding ejecta heated by a reverse
shock following its interaction with the ISM. The sensitivity of
current X-ray missions (in particular,Chandra and XMM-Newton)
is sufficient to enable new discoveries in this emerging field and
therefore provides further clues regarding the physical nature
of these high-energy phenomena.
H1743!322 was discovered with Ariel 5 in 1977 August

(Kaluzienski & Holt 1977) and has been precisely localized by
HEAO-1 (Doxsey et al. 1977). It was originally proposed to be a
black hole candidate (BHC) byWhite&Marshall (1983). H1743!
322 has probably been active several times during the past de-
cades with activity observed in 1984 byEXOSAT (Reynolds et al.
1999) and in 1996 by TTM (Emelyanov et al. 2000). In 2003
March, INTEGRAL detected new activity from IGR J17464!
3213 (Revnivtsev et al. 2003) that was later found to correspond
to H1743!322. After its reactivation in 2003, a radio counterpart
was found with the Very Large Array (VLA) by Rupen et al.
(2003a), and a bright radio flare (likely associated with a massive
ejection event) was observed on 2003 April 8 (MJD 52,738) by
Rupen et al. (2003b). During outburst, H1743!322 went through
several X-ray states with properties typical of BHCs. Low-
and high-frequency quasi-periodic oscillations have been de-
tected in H1743!322 by RXTE (Homan et al. 2005; Remillard
et al. 2004). Chandra observations during the 2003 outburst
revealed the presence of narrow and variable absorption lines
in the X-ray spectrum of H1743!322, possibly related to an
ionized outflow (Miller et al. 2004). The 2003 active phase (as
observed by RXTE ASM) ended around late November of 2003,
but a new 4 month outburst started in 2004 July (Swank 2004)
with a later reactivation at radio frequencies (Rupen et al. 2004).
In this paper we present an analysis of Chandra X-ray and

Australia Telescope Compact Array (ATCA) radio observations
of H1743!322 from 2003 November through 2004 June that led
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to the discovery of large-scale radio jets on each side of the BHC
H1743!322.More importantly, we also report that the discovery
of X-ray emission is very reminiscent of the large-scale decel-
erating relativistic jets observed in XTE J1550!564 (Corbel
et al. 2002). In x 2 we describe the detection and localization of
the radio and X-ray sources. In x 3 we discuss the jet kinematics
and the nature of the jet emission mechanism.

2. OBSERVATIONS AND SOURCE DETECTION

2.1. Radio Observations

Following the transition of H1743!322 to the hard X-ray
state (Tomsick & Kalemci 2003) on 2003 October 20 (MJD
52,933), we initiated a series of radio observations with ATCA
starting on 2003November 12 (MJD 52,955). TheATCAsynthe-
sis telescope is located in Narrabri, New South Wales, Australia,
and consists of an east-west array with six 22 m antennas. A total
of seven radio observations were carried out with the ATCA,
mostly at 4800 and 8640 MHz, with occasional observations at
1384 and 2496 MHz (see Tables 1 and 2 for details). The am-
plitude and band-pass calibrator was PKS 1934!638, and the
antenna’s gain and phase calibration, as well as the polarization
leakage, were derived from regular observations of the nearby
(5N8 away) calibrator PMN 1729!373. The editing, calibration,
Fourier transformation, deconvolution, and image analysis
were performed using the MIRIAD software package (Sault &
Killeen 1998).

No radio emission is detected at the position of H1743!322 in
any of our ATCA observations. However, we note the presence

of a new radio source (Fig. 1) about 4B6 to the east of H1743!
322, immediately in the first ATCA observation. The following
observations indicate that the new source increased in flux (see
Tables 1 and 2 and Fig. 2). The position of the source also changed
over time, moving away from the BHC H1743!322. We discuss
the motion of the source in a later section, taking into account the
additional constraints from the Chandra observations.

The light curve of this source, combining all our ATCA ob-
servations (at 4800 and 8640 MHz), is presented in Figure 2.
This source was brightening from our first observations until the
end of 2003. The single detection on 2004 February 13 (MJD
53,049) at a much (almost a factor of 10) fainter level points to
a very fast decay. The maximum of radio emission was likely
in 2004 January. The rise of radio emission at 4800 MHz is
gradual, whereas there may be some variations during the rise at
8640 MHz. We fitted an exponential rise and a power-law rise to
the radio data (at both frequencies) and found that both fits are
equally acceptable. The timescales are consistent for both ra-
dio frequencies. The 1/e-folding time of the exponential rise is
49:4 ) 4:8 days at 4800MHz and 40:0 ) 6:8 days at 8640MHz.
The index of the power-law rise is 4:9 ) 0:5 at 4800 MHz and
6:0 ) 1:0 at 8640 MHz.

Due to the fast decay of radio emission, we cannot accurately
constrain its decay rate. However, we can give some limits that
clearly indicate that the decay is faster than the rise. Assuming a
maximum at the time when we detected the source at its bright-
est level (on 2003 December 20), and taking the 4800 MHz
detection during the decay, we deduced a 1/e-folding time of
the exponential decay of 27:9 ) 2:2 days or an index of the

TABLE 1

Radio Observations of H1743!322 and Associated Jets: Position and Angular Separation

Position

Date MJD Source R.A. Decl.

Angular Separation
(arcsec)

2003 Nov 12........... 52,955.86 Eastern jet 17 46 15.978 !32 14 01.08 4.63 ) 0.30

2003 Nov 30........... 52,973.72 Eastern jet 17 46 15.995 !32 14 00.15 4.91 ) 0.30

2003 Dec 9 ............. 52,983.45 Eastern jet 17 46 16.005 !32 14 00.83 4.98 ) 0.30

2003 Dec 20 ........... 52,994.49 Eastern jet 17 46 16.026 !32 14 00.67 5.25 ) 0.30

2004 Feb 13............ 53,049.40 Eastern jet 17 46 16.056 !32 14 00.40 5.65 ) 0.50

Western jet 17 46 15.274 !32 14 00.78 4.30 ) 1.00

2004 Apr 7.............. 53,103.22 No detection

2004 Jun 1 .............. 53,158.15 No detection

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds. MJD: Modified Julian date (observation midtime). The angular separation is based on the Chandra position of the
black hole H1743!322.

TABLE 2

Radio Observations of H1743!322 and Associated Jets: Flux Density and Spectral Index

Flux Density (mJy)

Date MJD Source 1384 MHz 2368 MHz 4800 MHz 8640 MHz Spectral Index

2003 Nov 12.............. 52,955.86 Eastern jet . . . . . . 1.10 ) 0.10 0.48 ) 0.11 !1.41 ) 0.42

2003 Nov 30.............. 52,973.72 Eastern jet . . . . . . 1.55 ) 0.09 0.87 ) 0.09 !0.98 ) 0.20

2003 Dec 9 ................ 52,983.45 Eastern jet . . . . . . 1.86 ) 0.09 0.84 ) 0.09 !1.35 ) 0.20

2003 Dec 20 .............. 52,994.49 Eastern jet . . . . . . 2.37 ) 0.06 1.34 ) 0.07 !0.97 ) 0.10

2004 Feb 13............... 53,049.40 Eastern jet 0.62 ) 0.15 0.41 ) 0.15 0.33 ) 0.05 <0.21 !0.49 ) 0.22

Western jet <0.45 <0.45 0.14 ) 0.05 <0.21 N/A

2004 Apr 7................. 53,103.22 Eastern jet . . . . . . <0.18 . . . N/A

2004 Jun 1 ................. 53,158.15 Eastern jet <0.45 <0.30 <0.12 . . . N/A

Notes.—MJD: Modified Julian date (observation midtime). Radio upper limits are given at the 3 " level. Fluxes for the western jet are only given for the day
of its unique ATCA detection; otherwise the upper limits can be deduced from the error bars (1 ") or upper limits on the flux densities of the eastern jet.
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power-law decay of 10:2 ) 0:8. We emphasize that these limits
(an upper limit on the 1/e-folding time and a lower limit on the
index of the power law) are quite conservative and that the true
decay during the early part of 2004 is likely faster than that
indicated by these numbers. The light curve at 8640 MHz is
consistent with that at 4800 MHz, but very few data points are
available.

We searched for linearly polarized radio emission when the east-
ern source was at its brightest level (i.e., on 2003 December 20).
Linear polarization at the level of 9:9% ) 2:9% with a mean
polarization angle of 51N9 ) 8N3 is detected at 4800 MHz. At
8640 MHz, we find an (3 ") upper limit of +21% on the polar-

ization. This limit is weak because the 8640MHz flux density is
weaker than at 4800 MHz.
In addition to the new source to the east of H1743!322, we

note that a radio source is detected to the west of H1743!322
(Fig. 3), almost symmetrically placed relative to the eastern
source, only on 2004 February 13 with a flux density of 0:14 )
0:05 mJy at 4800MHz. Despite its weak flux density, theChandra
data on the same day (Figs. 4 and 5) confirm the existence of an
X-ray source at this position and therefore strengthen the reality of
the western radio source.
As both of these radio sources appear to be moving away from

the BHC, we conclude that they are related to the H1743!322
system. The properties are very reminiscent of the large-scale
relativistic radio andX-ray jets of XTE J1550!564 (Corbel et al.
2002) after 2000. It is therefore likely that these evolving radio
sources represent the action of previously ejected plasma on the
ISM. As discussed below, the most likely ejection date is around
2003 April 8 when a major radio flare was observed by Rupen
et al. (2003b). We now refer to these sources as the eastern and
western jets, based on their location with respect to H1743!322.
We report in Tables 1 and 2 their positions (from radio observa-
tions) and angular separation from H1743!322, as well as their
flux densities. As H1743!322 is not detected at radio frequen-
cies, we used its Chandra position as defined in the next section.

2.2. X-Ray Observations

2.2.1. Source Detection

Following the detection of the eastern-moving radio source
and its strong similarities with the large-scale X-ray jets in XTE
J1550!564 (Corbel et al. 2002; Tomsick et al. 2003a; Kaaret
et al. 2003), we triggered our target of opportunity proposal for
theChandra X-RayObservatory (Weisskopf et al. 2002) to search
for an X-ray counterpart to the radio jets. The Chandra obser-
vations were significantly delayed relative to the trigger be-
cause H1743!322 passed near the Sun and was not observable.

Fig. 1.—ATCA radio map at 8.64 GHz of the field near the BHC H1743!
322 on 2003 December 20. Crosses (size of 100) indicate the location of
H1743!322 (center), the eastern and western jets, as observed during the first
Chandra observations 2 months later (on 2004 February 12). Contours are
plotted at !2, 2, 3, 4, 5, 7, 9, 11, 13, 15, 18, 21, 25, and 30 times the rms noise
level of 0.07 mJy beam!1. The synthesized beam (in the lower right corner) is
2:8 ; 1:4 arcsec2, with the major axis at a position angle of !10N9.

Fig. 2.—Radio light curve at 8.6 GHz (3 cm) and 4.8 GHz (6 cm) of the
eastern jet of H1743!322 as measured by ATCA. Upper limits are plotted at the
3 " level. The dotted lines illustrate the exponential fit to the rise and decay of
radio emission. The Chandra 0.3–8 keV unabsorbed flux (;106) of the eastern
jet is also plotted, and this indicates the dates of the X-ray observations. The
x-axis represents the time since the major radio flare as observed by the VLA
on 2003 April 8 (MJD 52,738) by Rupen et al. (2003b).

Fig. 3.—ATCA radio map at 4.8 GHz of the field near the BHC H1743!322
on 2004 February 13. Crosses indicate the location of H1743!322 (center), the
eastern and western jets. The weak source at the position of the western jet is
consistent with location the X-ray counterpart. Contours are plotted at!2, 2, 3,
4, and 5 times the rms noise level of 0.05 mJy beam!1. The synthesized beam (in
the lower right corner) is 4:8 ; 2:7 arcsec2, with the major axis at a position
angle of !3N0.
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As indicated previously, the eastern jet was already decaying
when the Chandra observations were performed (see Fig. 2 for
their scheduling relative to the radio light curve).

H1743!322 was observed withChandra on 2004 February 12
(MJD 53,048), March 24 (MJD 53,089), and March 27 (MJD
53,092) using the Advanced CCD Imaging Spectrometer spec-
troscopic array (ACIS-S; Bautz et al. 1998). In all observations,
the target was placed on one of the back-illuminated ACIS chips
(S3) with the ACIS-S operated in imaging mode. For the first
observation, only the S3 chip was read out and a 1/2 subarray
mode was used to limit pileup. For the latter two observations,
the source was known to be a lower flux state, and the full ACIS-S
imaging mode array was used.

We produced 0.3–8 keV ACIS images using the ‘‘level 2’’
event lists from the standard data processing (ASCDS ver. 7.2.1)
using the Chandra Interactive Analysis of Observations (CIAO)
software package version 3.0.2 andCalibrationDataBase (CALDB)
version 2.26. We constructed light curves with all valid events
on the S3 chips to search for time of high background. Only weak
background flares were found (and removed) for the February
observation; otherwise, the count rate appears uniform. The to-
tal useful exposure obtained was 17,796 s on February 12 (ob-
servation 1), 28,363 s onMarch 24 (observation 2), and 40,037 s
on March 27 (observation 3).

We searched for X-ray sources in each 0.3–8 keV image using
wavdetect (Freeman et al. 2002), the wavelet-based source de-
tection routine in CIAO. For all three Chandra observations, an

X-ray source is found at the location of H1743!322, the eastern
jet, and western jet (Figs. 4 and 5). All three sources appear
aligned and therefore provide further evidence for a connection
with H1743!322.

We check the Chandra wavdetect position of each source by
calculating the source’s centroid using the 0.3–8 keV events
from a 4 ; 4 pixel (200 ; 200) region centered on its wavdetect
positions. This region contains all events likely related to the
source, along with a small number of background events. The
recalculated positions of H1743!322, the eastern and western
jets, are in good agreement with the wavdetect positions; the
differences were less than 0B10. The position angle of the eastern
jet relative to H1743!322 is 89N0 ) 1N5, while the position
angle of the western jet is !91N7 ) 1N8.

2.2.2. Source Localization

To obtain the best constraint on the position of each de-
tected source (especially H1743!322, which is not detected
in our radio images), we registered the Chandra images with
an infrared image from the Two-Micron All-Sky Survey
(2MASS) following the procedure described by Tomsick et al.
(2003b). We use the two longest Chandra observations (2 and
3) and inspected each observation separately. We restricted
our search for X-ray and infrared sources within a 40 radius

Fig. 4.—X-ray images of H1743!322 for the 0.3–8 keV band taken on 2004
February 12, March 24, and March 27. The gray scale represents the number of
X-ray counts per pixel with a maximal of 6, 5, and 13 counts on 2004 February
12, March 24, andMarch 27, respectively. H1743!322 is located at the center of
the image, whereas the eastern jet is on the left and the western jet is on the right.

Fig. 5.—Filled contour plots produced by convolving the 0.3–8 keV images
shown in Fig. 4 with a two-dimensional Gaussian with a width of 2 pixels in
both directions. The vertical lines indicate the position of the X-ray sources in
each observation. Each count image has been normalized by its integration time.
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circle centered on the position of H1743!322 as reported by
wavdetect.

We cross-correlated the Chandra source positions with the
2MASS sources in the field. We find that five Chandra sources
for observation 2 and nine for observation 3 have 2MASS
sources within the Chandra pointing uncertainty of 0B6. The
accuracy of the 2MASS source positions is 0B2 (90% confi-
dence). For these sources, the angular separation between the
2MASS and Chandra positions ranges from 0B07 to 0B22 for
observation 2 and from 0B06 to 0B46 for observation 3. Given
the surface density of 2MASS sources, there is a 0.11% prob-
ability that a match with the largest separation is spurious for
observation 2, and 0.50% for observation 3. We used the full set
of matches to register each X-ray image. The average 2MASS
toChandra differences are!0B01 ) 0B11 in R.A. and!0B05 )
0B10 in decl. for observation 2 and !0B19 ) 0B10 in R.A. and
!0B09 ) 0B08 in decl. for observation 3. We estimated the lo-
cation of H1743!322 as the average of the positions measured
in the two Chandra images after registration to the 2MASS
positions by performing the above indicated shifts. H1743!
322 is found to be located at R:A: ¼ 17h46m15:s613, decl: ¼
!32/1400B95, with a total uncertainty of 0B10 (including the
0B2 systematics due to the registration of 2MASS images and
the statistical uncertainties on theChandra wavdetect position).
The difference in position of the eastern and western jets, after
the registering process, between the two Chandra observations
(only separated by 2.5 days) was less than 0B10 (i.e., within the
total uncertainty). This precise Chandra position of H1743!
322 is consistent within uncertainties (a difference of 0B25) with
the recently refined VLA radio position (Rupen et al. 2004).

We used the position of H1743!322 to register Chandra
observation 1 on the 2MASS frame, for which shifts of!0B25 )
0B17 (in R.A.) and !0B32 ) 0B16 (in decl.) are needed. These
shifts are smaller than the Chandra absolute astrometric of 0B6
at 90% confidence. We report in Table 3 the location of H1743!
322, the western and eastern jets, as well as the angular separa-
tion between the jets and the BHC for all three Chandra ob-
servations. We note that the angular separation does not depend
on the image registration.

2.2.3. Flux and Energy Spectra

We extracted an energy spectrum in the 0.3–8 keV energy
range for the eastern and western jets in all three Chandra ob-

servations using CIAO version 3.0.2 tools, and we fitted these
spectra using XSPEC version 11.3.0. We used a circular source
extraction region with a radius of 2B3 and 1B2 and we extracted
background spectra from an annulus with an inner radius of 1300

and an outer radius of 2200 and 19B5 for the eastern and western
jets, respectively. These regions were centered on the jet positions
as given by wavdetect. Due to the low numbers of source counts
(at maximum of 24 counts), we used the W statistic for fitting
(Wachter et al. 1979; K. Arnaud 2005, in preparation) the un-
binned spectra; this is adapted from the Cash statistic (Cash
1979) and works with background-subtracted spectra and low
count rate.
These spectra are adequately fitted with a power-law model

including interstellar absorption. We fixed the equivalent hy-
drogen absorption column density, NH, to the constant value
measured in Chandra observations of H1743!322 during its
2003 outburst (Miller et al. 2004), i.e., 2:3 ; 1022 cm!2. For the
eastern jet, the best-fit photon index is 1:67 ) 0:90, 1:78 )
1:10, and 2:03 ) 0:90 for Chandra observations 1, 2, and 3,
respectively. Refitting these three data sets simultaneously
(allowing the normalization to vary) led to a photon index of
1:83 ) 0:54 (with 90% confidence errors). We did the same for
the western jet, giving photon indexes of 2:5 ) 2:5, 2:2 ) 1:0,
and 1:6 ) 1:0 for Chandra observations 1, 2 and 3, respec-
tively, and a photon index of 1:9 ) 0:8 (with 90% confidence
errors) for the combined spectrum.
We fixed the power-law photon index (see x 3.2.2) to a value

of 1.6 to obtain measurements of the X-ray flux. This value is
extracted from the fit to the radio/X-ray spectral energy distri-
bution (SED). We measure 0.3–8 keV absorbed fluxes for the
eastern jet of (21:3 ) 4:9) ; 10!15, (10:0 ) 2:6) ; 10!15, and
(9:4 ) 2:3) ; 10!15 ergs s!1 cm!2 for observations 1, 2, and 3,
respectively. Concerning the western jet, the 0.3–8 keVabsorbed
fluxes are (3:0 ) 2:1) ; 10!15, (6:4 ) 2:6) ; 10!15, and (6:2 )
1:8) ; 10!15 ergs s!1 cm!2 for observations 1, 2, and 3, respec-
tively. The unabsorbed fluxes in the same band are 2.0 higher
than the absorbed values quoted above. The quoted errors are
based on the numbers of source and background counts and
Poisson statistics.
Figure 6 shows the time variation of the 0.3–8 keVunabsorbed

flux of the eastern and western jets. The X-ray emission of the
eastern jet is decaying, whereas the emission from the western jet
is consistent with a slightly rising source (or even constant). We

TABLE 3

Chandra Observations of H1743!322

Position

Observation
Number Date 2004 MJD

Exposure Time
(s) Source R.A. Decl.

Uncertainty

(arcsec)

Angular Separation
(arcsec)

1.......................... 02–12 53,048.0 17,796 H1743!322 17 46 15.613 !32 14 0.95 0.10 N/A

Eastern jet 17 46 16.094 !32 14 0.92 0.19 6.10 ) 0.20

Western jet 17 46 15.263 !32 14 1.44 0.24 4.47 ) 0.30

2.......................... 03–24 53,088.9 28,363 H1743!322 See obs. 1 N/A

Eastern jet 17 46 16.142 !32 14 0.76 0.17 6.72 ) 0.20

Western jet 17 46 15.243 !32 14 1.05 0.16 4.70 ) 0.20

3.......................... 03–27 53,091.5 40,037 H1743!322 See obs. 1 N/A

Eastern jet 17 46 16.135 !32 14 0.83 0.11 6.63 ) 0.20

Western jet 17 46 15.243 !32 14 1.09 0.15 4.70 ) 0.20

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. MJD: Modified Julian date
(exposure midtime). The angular separation between the jets and H1743!322 is based on the Chandra position of the BHC H1743!322 as estimated in
observations 2 and 3 during the 2MASS/Chandra registration process. The uncertainties on the position include systematics due to the registration process and the
statistical uncertainties on the wavdetect position. However, the angular separation does not depend on the image registration.
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fitted an exponential or a power-law decay to the eastern jet, and
we found that both fits are equally acceptable. The 1/e-folding
time of the exponential decay is 53:5 ) 19:6 days, whereas the
index of the power-law decay is 6:2 ) 2:3. The constraints are
rather weak for the western jet; the 1/e-folding time of the ex-
ponential rise is 58:2 ) 46:3 days, and the index of the power-
law rise is 5:7 ) 4:5.

We note that the western jet was likely detected at 4.8 GHz
during the firstChandra observation (Fig. 3), but unfortunately no
radio observation was possible during the time of the second and
third Chandra observations. However, we did perform an ATCA
observation about 2 weeks after the third Chandra observations
but failed to detect radio emission from the western jet (with
similar sensitivity to its detection in February; see Table 2). This
indicates that the peak of emission from the western jet was likely
sometime between 2004 February and the beginning of April, i.e.,
roughly 2 or 3 months after the peak of emission from the eastern
jet. At this peak, the X-ray (0.3–8 keV band) luminosity (for a
distance of 8 kpc) of the eastern jet was of the order of more than
3 ; 1032 ergs s!1, i.e., a level consistent with the X-ray emission
of some BHCs while in their quiescent state (e.g., Garcia et al.
2001). Therefore, if the production of X-ray jets is more common
than previously thought as we suggest here, some of the reported
measurements of the quiescent X-ray emission of BHC may be
contaminated by jet emission, particularly for observations made
using instruments with worse angular resolution than Chandra.

2.2.4. Source Morphology

The western jet of XTE J1550!564 was clearly extended,
with a leading peak and a trailing tail extended up to 500 toward
the black hole (Kaaret et al. 2003). To study the morphology of
the X-ray jets in H1743!322, we decomposed the images along
axes parallel and perpendicular to the jet axis defined as a line
extending through the BHC and the jets. Following the proce-
dure described in Kaaret et al. (2003), we calculated the dis-
placement of each X-ray event parallel and perpendicular to this
axis. All photons with energies in the range 0.3–8 keV and
within 200 of the jet axis in the perpendicular direction are in-
cluded. For each observation, we compared the morphology of
the BHC H1743!322, assumed to be pointlike, to each of the
detected jets, except for observation 1 in which the western jet
had too few counts for a meaningful comparison.

We carried out themorphology comparison using aKolmogorov-
Smirnov (KS) test to permit comparison of unbinned position

data. We shifted the jet positions to match the BHC position
using the positions derived from wavdetect. We compared the
morphology for events lying with 200 along the jet axis of each
source position. We find no significant evidence for spatial ex-
tent along or perpendicular to the jet axis for any jet in any ob-
servation. We also combined the data from observations 2 and 3
(Fig. 7) and still did not find any significant evidence for spatial
extent of either jet. The KS-test probabilities that the black hole
and jet samples are drawn from the same parent distribution
range from 0.11 to 0.96. To place an upper bound on the size
of the western jet along the jet axis, we calculated the standard
deviation of the displacements of events along the jet axis from
the wavdetect position of the jet. We find a value of 0B61 )
0B04. This is inconsistent with the standard deviation calcu-
lated for the black hole candidate (0B48 ) 0B02) by only 2.7 ",
so again, there is no strong evidence for spatial extent and the
value should be taken as an upper limit on the jet size.

In order to increase the statistics for the comparison source, we
decided to compare the X-ray jet profiles to the profiles for the
source PG 1634+706 (Obs ID 1269), which is used to calibrate the
ACIS point-spread function. Again, the KS test does not indicate
significantly that the BHCH1743!322 or its associated X-ray jets
are extended along or perpendicular to the jet axis.

3. DISCUSSION

3.1. Proper Motion and Jet Kinematics

The positions of the eastern and western jets change between
the various radio and X-ray observations when the jets move
away from BHC H1743!322. In order to quantify this motion,
we have calculated the angular separation between H1743!322
and each jet. For all Chandra and ATCA observations, we used
the position of H1743!322 as determined in the previous section.
Figure 8 shows the angular separation between H1743! 322 and
each jet as a function of time. In this figure, the origin of time

Fig. 6.—X-ray flux of the eastern ( plus sign) and western (diamond ) jets vs.
the time after the bright radio flare on 2003 April 8. The curves represent the
exponential decay (eastern jet) and ‘‘rise’’ (western jet) described in the text.

Fig. 7.—Distribution of the X-ray counts along the jet axis combining
Chandra observations 2 and 3. The dashed line shows the profile of the eastern
jet, and the solid line shows H1743!322 rescaled to match the peak of emission
of the eastern jet. The bin size is 0B25.
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(day 0) is the day (2003 April 8 =MJD 52,738) in which a major
radio flare, and hence a massive plasma ejection, was observed
(Rupen et al. 2003b).

This figure clearly illustrates that the eastern jet is moving
away from H1743!322. The Chandra and ATCA positions of
the eastern jet are consistent with a linear increase of the angular
separation versus time, and a linear fit to the angular separation
implies a proper motion of 15:2 ) 1:8 mas day!1. The Chandra
locations are consistent with a continuation of the motion from
the ATCA observations. The data for the western jet are only
weakly inconsistent with a fixed position. A linear fit to the
angular separation for the western jet gives a proper motion of
6:7 ) 5:2 mas day!1.

Extrapolation of the linear fit for the eastern jet (for which
we have the best statistics) implies zero separation on MJD
52;652 ) 38 (i.e., around 2003 January 13). This date is well
before the initial detection of H1743!322 by INTEGRAL on
2003 March 21 (MJD 52,719; Revnivtsev et al. 2003). With the
RXTE ASM data, it is not possible to assess the X-ray activity
of H1743!322 around MJD 52,652. However, observations
of several black hole systems (Corbel et al. 2004; Fender et al.
2004) have revealed that the massive ejection events occurred
later during the outburst at a period consistent with the transition
from the intermediate state to the steep power-law state. Again,
the bright radio flare observed by Rupen et al. (2003b) on 2003
April 8 (MJD 52,737) is consistent with this interpretation, as
illustrated, for example, by the hardness evolution of the X-ray
spectra (Capitanio et al. 2005).

For the rest of this paper, we therefore consider the time origin
of the jets as the day of the bright radio flare (day 0 in Fig. 8).
With the linear fit to the motion of the eastern jet, we predict an
angular separation of 1B29 ) 0B55 at the time of the first bright
radio flare. If the velocity of the eastern jet were constant, we
should have obtained a zero separation on this day. While the
deviation from zero is not highly significant (2.4 " or 98%
confidence level), this could imply that the jets were intrinsically
more relativistic at the time of ejection and decelerated gradually
later on. This would be another similarity with the X-ray jets
of XTE J1550!564 (Corbel et al. 2002). More frequent radio
and/or X-ray observations would have been necessary to better
constrain this motion.

The proper motion of the eastern jet appears higher than that
of the western jet. Also, the X-ray flux of the western jet con-
tinues to rise, and the eastern jet is decaying in both the radio
and X-rays. The western jet is not detected at radio frequency
during the 2004 April and June ATCA observations, despite a
sensitivity similar to the 2004 February observation (Table 2).
This could suggest that the rise of emission from the western
jet has stopped and that the peak of its emission occurred some
time between 2004 February and April, i.e., a few months after
the peak observed for the eastern jet. This probably indicates
that the eastern jet is approaching and the western jet is receding.

3.1.1. Case of Ballistic Jets

As there is no strong indication of a decelerating jet in
H1743!322, we first consider the kinematics of the jets under
the assumption of an intrinsically symmetric ballistic ejection
(see, e.g., Fender et al. 1999 for the formalism). From the first
detection of the jets (ATCA on MJD 52,956 for the eastern jet
and Chandra on MJD 53,092 for the western jet), we estimate
their average proper motions between ejection on 2003 April
8 and their first detections. We deduced an average proper
motion of 21:2 ) 1:4 mas day!1 for the eastern jet and 13:3 )
0:6 mas day!1 for the western jet. From this we derive % cos * ¼
0:23 ) 0:05, with % ¼ v/c the true bulk velocity and * the angle
between the axis of the jet and the line of sight. This immediately
gives a maximum angle to the axis of the jets of *max 0 77/ ) 3/

and a minimum velocity of %min - 0:23 ) 0:05. We can also
infer a maximum distance to H1743!322 of 10:4 ) 2:9 kpc. To
date, the distance to H1743!322 is basically unknown; how-
ever, its location toward the Galactic bulge could possibly im-
ply a Galactic center location, which would be consistent with
the above upper limit. If we assume a source distance of 8 kpc
(distance to the Galactic center), we derive an intrinsic velocity
of the ejection of % ¼ 0:79 and an angle of * ¼ 73/ for the axis of
the jets. At this distance the apparent velocity of the eastern jet
(%app ¼ vapp/c) is 0.98, and for the western jet we deduce an ap-
parent velocity (%rec ¼ vrec /c) of 0.61. This clearly indicates the
presence of a significantly relativistic outflow in H1743!322.

3.1.2. Case of Decelerating Jets

If the jets have been gradually decelerated since the ejection
event, the average proper motions cannot be used to constrain
the jets kinematics. In that case, we can still study their prop-
erties using the 2004measurements of the propermotions (15:2 )
1:8 mas day!1 for the eastern jet and 6:7 ) 5:2 mas day!1 for the
western jet). We again assume a source distance of 8 kpc, keeping
in mind that this is a major source of uncertainty in the derived
parameters. At this distance the apparent velocity of the eastern jet
(%app ¼ vapp/c) is 0:71 ) 0:08, and for the western jet we deduce
an apparent velocity (%rec ¼ vrec/c) of 0:31 ) 0:24. The true bulk
velocity, % ¼ v/c, is defined as % ¼ %app/(%app cos *þ sin *), with
* equal to the angle between the axis of the jet and the line of
sight. This function has a minimum at *min ¼ tan!1(1/%app) ¼
54/ with our measured apparent velocity for the approaching jet
(again for a distance of 8 kpc). This translates into a minimum
true bulk velocity of%min ¼ 0:57 ) 0:05, still indicating the pres-
ence in 2004 of a significantly relativistic flow in H1743!322.

3.2. Flux Evolution and Emission Mechanism

3.2.1. Radio Emission: Spectra

We define the radio flux density S# / #! , with ! the radio
spectral index and # the frequency. We note a difference in the
properties of radio emission during the rise versus decay phase.

Fig. 8.—Angular separation between the BHC H1743!322 and each jet vs.
time since the bright radio flare observed on 2003 April 8. This plot is based on
ATCA ( plus signs) andChandra (diamonds) data. The western jet is the one that
is moving more slowly. The dotted lines represent the linear fit to the proper mo-
tion of the jets assuming no deceleration.
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The radio spectra are consistent with being optically thin (i.e.,
!0 0) all the time. We note that the spectra are very steep during
the rise (j! j - 1; see Table 2), while the single radio detection
during the decay is more typical of optically thin synchrotron
emission (! ¼ !0:49 ) 0:22). The detection of a significant
level of polarization (when the sensitivity allowed it) is consis-
tent with the radio emission being optically thin synchrotron
emission. The broadband spectra (see below) accurately constrain
the spectral index and are consistent with a classical synchro-
tron spectral index of !+!0:6. This index from the broad-
band SED on 2004 February 12–13 is significantly different
from the average radio spectral index during the rise, which
is ! ¼ !1:18 ) 0:13.

The difference of spectral indices during the rise is probably
not related to the emission being resolved out at high frequency
by the ATCA, as the four radio observations during the rise were
performed in various configurations of the telescope. In addition,
we note that both jets are not resolved byChandra, and therefore
they should appear as point sources to ATCA. Whereas the syn-
chrotron slope is almost a textbook example during the decay, the
spectral index during the rise is likely an intrinsic property of the
process that accelerates the emitting particles during the collision
of relativistic plasmawith the local medium. This can possibly be
explained as follows: The rising phase represents the propagation
of the jets through a dense medium associated with a mechanism
that accelerate particles to high energy, whereas the decaying
phase represents propagation through a less dense medium and
possibly without any further reacceleration of particles in the jets.
The emission properties during the decay phase would then be
governed by synchrotron and/or adiabatic losses of the relativistic
particles. The steep spectrum during the rise may eventually shed
light on the mechanism that accelerates particles to high energies.

3.2.2. Broadband Spectra and Emission Mechanism

The eastern and western jets are simultaneously detected at
radio and X-ray frequencies on 2004 February 12–13. Figure 9
shows the broadband SED of the eastern jet at this epoch. The
radio fluxes are from Table 2, and we convert the unabsorbed
0.3–8 keV flux to a flux density at a pivot X-ray energy defined
by allowing the X-ray photon index to vary (Fig. 9). A com-
bined fit of the radio and X-ray data results in a spectral index
of!0:64 ) 0:02, which is typical of synchrotron emission. The
same is true for the western jet, giving a radio/X-ray spectral
index of !0:70 ) 0:05 on 2004 February 12–13.

The detection of linear polarization (+10%) from the eastern
jets of H1743!322, as well as the spectral index, strongly favor
synchrotron emission as the physical origin of the radio emission
in the jets. The fact that the X-ray emission is consistent with an
extrapolation of the radio power law suggests that the synchro-
tron emission extends up to X-rays.

We can therefore derive the minimum energy associated with
the eastern jet on 2004 February 12–13 (the jet for which we
have the best constraints) under the assumption of equipartition
between the magnetic and electron energy densities (Longair
1994). We assume the case of ballistic ejection (x 3.1.1), corre-
sponding to an angle between the jet axis and the line of sight of
* ¼ 73/ and a bulk velocity % ¼ 0:79. We use a frequency range
of 1:4 ; 109 to 2 ; 1018 Hz with a spectral index of !0.6 and a
flux density of 2.4 nJy at the pivot energy (Fig. 9) of 2.7 keV.

The major uncertainty for this calculation is the estimate of the
volume of the emitting region. For that purpose, we use the same
method as in Tomsick et al. (2003a), by assuming that the emit-
ting region is a section of a cone with its vertex at the compact
object. An upper limit can be obtained using the Chandra con-

straint on the source size (FWHM 0 1B4) as calculated in x 2.2.4.
The opening angle of the cone is not well constrained, so we con-
sider the upper limit from the Chandra observations of 12/ and
also 1/, as in XTE J1550!564 (Kaaret et al. 2003), giving a vol-
ume of the emitting region of about 4 ; 1051 cm3 (for an opening
angle of 12/) or 3 ; 1049 cm3 (for 1/).

For this volume range, the corresponding minimum energy
required is about 1:6 ; 1042 to 1:4 ; 1043 ergs, and the associated
magnetic field for which the energy in relativistic particles equals
the magnetic energy is in the range 0.2–0.8 mG. The kinetic
energy of a pure electron/positron plasma is 1 9ð Þ ; 1042 ergs.
If there is one proton per electron, then the kinetic energy of
the electron/proton plasma is about 2 ; 1042 to 1:1 ; 1043 ergs.
The associated mass of this electron/proton plasma would be
of the order of 1 4ð Þ ; 1021 g. For a typical mass accretion rate
of 1018 g s!1, this amount of material could be accumulated in
1000–4000 s. As the mass outflow rate is likely much lower, an
accumulation time of the order of 1 day would be obtained if we
assume a few percent efficiency; this could be consistent with the
timescale of the initial radio flare.

The Lorentz factor of the X-ray synchrotron-emitting elec-
trons would then be of the order of (1 3) ; 107 (taking a pivot
energy of 2.7 keV and assuming equipartition), giving synchro-
tron lifetime cooling of the order of 2–50 yr, i.e., much longer
than the lifetime of the X-ray jets of H1743!322. It is interesting
to note (keeping in mind the limitation on the volume estimate)
that all the above-derived quantities are of the same order of
magnitude as those derived for XTE J1550!564 (Corbel et al.
2002; Tomsick et al. 2003a; Kaaret et al. 2003).

In the above, the X-ray emission seems consistent with an ex-
trapolation of the synchrotron radio spectrum. However, it is of
some interest to seewhether some other emissionmechanism, such
as inverse Compton or synchrotron self-Compton (SSC), could
also be viable at high energy. Assuming that only the radio emis-
sion is of synchrotron origin leads to an equipartition magnetic
field of 0.2–0.7 mG; from this we deduce a range for the magnetic
energy density of the order of 2 ; 10!9 to 2 ; 10!8 ergs cm!3.
The synchrotron photon energy density is then estimated, sim-
ilar to the case of XTE J1550!564 (Tomsick et al. 2003a),
to be of the order of 6 ; 10!17 to 2 ; 10!15 ergs cm!3. The
synchrotron photon density is well below the magnetic energy
density, implying that SSC is very likely not important at X-ray

Fig. 9.—SED of the eastern jet on 2004 February 13 as observed by ATCA
andChandra. The ‘‘bow tie’’ represents theChandra constraints on the flux and
spectral index of the X-ray emission. The spectral index error lines are at 90%
confidence level with the column density frozen to value measured for the black
hole H1743!322.
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frequencies.As argued in Tomsick et al. (2003a), inverseCompton
emission from the interstellar radiation field and the cosmic mi-
crowave background are unlikely because the associated energy
density is well below the magnetic energy density. All of these
considerations point to a coherent picture, which is that the X-ray
emission associated with the jets of H1743!322 is synchrotron
emission and therefore very high energy (>10 TeV) particles are
produced in those jets.

3.3. A Comparison with Other X-Ray Jets

With this discovery of transient X-ray jets in H1743!322, we
can now come to the idea that such events may be a common
occurrence associated with any X-ray binary in outburst. Indeed,
after the original discovery of X-ray jets in XTE J1550!564
(Corbel et al. 2002), a relativistic ejection in GX 339!4 has also
been observed to later develop into a large-scale jet, possibly
related to the interaction with the ISM (Gallo et al. 2004). How-
ever, the western large-scale jet of GX 339!4 has only been
observed at radio frequencies (E. Gallo 2005, private commu-
nication), possibly due its fast decay rate. Indeed, taking the ra-
dio flux density quoted in Gallo et al. (2004), we can estimate the
timescale associated with the two knots in the large-scale jets of
GX 339!4 assuming an exponential or a power-law decay. The
1/e-folding times of the exponential decays are 47:3 ) 8:3 and
57:0 ) 14:7 days, while the indices of the power-law decays are
5:9 ) 1:0 and 4:9 ) 1:0, respectively, for knot A and knot B.
These timescales are consistent with those of H1743!322 but
much faster than those of XTE J1550!564 (Kaaret et al. 2003).
The X-ray observation of GX 339!4 was 6 months after the
last detection of the western large-scale jet at radio frequencies
(Gallo et al. 2004), and any X-ray emission likely decayed away
before the observation.

It is unclear why the decay could be faster in some sources, but
this may be related to local ISM conditions. Also, as outlined by
Wang et al. (2003), the (already) fast decay of the X-ray emission
from the eastern X-ray jet in XTE J1550!564 was not consis-
tent with a forward shock propagating through the ISM. On the
contrary, if the emission was driven by a reverse shock follow-
ing the interaction of the ejecta with the ISM, then the rapidly
fading X-ray emission could be the synchrotron emission from
adiabatically expanding ejecta. With a ‘‘much’’ faster decay in
H1743!322 or even GX 339!4, it may also be possible that the
emission in these two cases is also related to a reverse shock
moving back into the ejecta. In that case, it would be interesting
to see whether a reverse shock model (as in Wang et al. 2003)
could also reproduce the flux and spectral evolution that we
observed during the rise of emission of the jets of H1743!322.
Also, the fast transition between the rising and fading phases
should also be explained.

In addition, we would like to mention the strong similarities
with the neutron star system Sco X-1, which shows the ballistic
motion of two radio lobes located on each side of the compact
star (Fomalont et al. 2001a, 2001b). However, the Sco X-1 lobes
are powered by a continuous and unseen ultrarelativistic beam of
energy (Fomalont et al. 2001a, 2001b), possibly related to the
fact that Sco X-1 is always close to the Eddington luminosity for
a neutron star. Similarly, as discussed before, the bright radio
flare in H1743!322 on 2003 April 8 took place around the tran-
sition to a steep power-law state, i.e., the state that is believed to

be close to the Eddington luminosity. Otherwise, H1743!322,
like most X-ray transients, is usually believed to be in a state of
low accretion rate (quiescence), and even if a large fraction of the
accretion energy could be carried out by an outflow (compact jet)
in this accretion regime (Fender 2005), the total amount of en-
ergy would still be much less than in the brighter X-ray state.
Therefore, as we do not have any indication for a continuous and
persistent powerful beam of energy in H1743!322, we believe
that the evolution of the large-scale jets in H1743!322 and
XTE J1550!564 is the result of one (or several in a short period)
impulsive ejection event(s) that later interact with the ISM.
As we have calculated above, many of the parameters (mag-

netic field, particle energy, etc.) derived for H1743!322 are
consistent with those obtained for XTE J1550!564, and there-
fore strengthen the similarities between these two sources. Here
we point to another similarity. When first detected, both jets in
H1743!322 were at the same angular distance (+400 ¼ 0:16 pc
for a distance of 8 kpc) from the black hole (however, we note
that the eastern jets may have been active some time before
our first ATCA observations); i.e., the plasma originally ejected
(probably around 2003 April 8) by the black hole has traveled
the same distance before brightening again, possibly due to the
collision with denser ISM. Similarly, in XTE J1550!564 the jets
were observed to brighten at the same angular distance (+2200 ¼
0:5 pc for a distance of 5.3 kpc) from the black hole. This could
indicate that these two black holes lie in a cavity or that the jets
propagate through an evacuated channel preexisting to the out-
burst (e.g., Heinz 2002) and that they ‘‘turn on’’ again when they
hit a denser ISM phase.
Whereas either the ejection or the ISM was not symmetric or

homogeneous in the case ofXTE J1550!564 (Kaaret et al. 2003),
the evolution of the radio emission of both jets may also suggest
a similar case in H1743!322. Indeed, on 2004 February 13, the
western jet was at an angular separation of 4B47 ) 0B30 and
with the kinematics of the jets as outlined previously, it should
have passed through the 4B63–5B25 region during the last two
radio observations. If the ejection were symmetric and the ISM
homogeneous, the western jet should have been brighter at ra-
dio frequencies in 2004 April–June than in February. The non-
detection of the western jet in the last two ATCA observation
may therefore suggest a hint of asymmetry in the ISM density
or in the ejection. However, a more detailed light curve would
have been necessary to confirm this.
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ABSTRACT

We report on new X-ray observations of the large-scale jets recently discovered in X-rays from the black hole
candidate 4U 1755!33. Our observations in 2004 show that the jets found in 2001 are still present in X-rays.
However, sensitive radio observations in 2004 failed to detect the jets. We suggest that synchrotron radiation is a
viable emissionmechanism for the jets and that thermal bremsstrahlung and inverse Compton emission are unlikely
on energetic grounds. In the synchrotron interpretation, the production of X-rays requires acceleration of electrons
up to+60 TeV, the jet power is+4 ; 1035 ergs s!1, and the radio nondetection requires a spectral index !>!0:65
(S# / #!), which is similar to the indexes found in lobes surrounding some other compact objects. We find an upper
limit on the flux of 4U 1755!33 in quiescence of 5 ; 10!16 ergs cm!2 s!1 in the 0.3–8 keV band.

Subject headinggs: black hole physics — stars: individual (4U 1755!33) — stars: winds, outflows —
X-rays: binaries

Online material: machine-readable tables

1. INTRODUCTION

Relativistic jets are often produced by accreting compact ob-
jects, including both stellar-mass X-ray binaries and active ga-
lactic nuclei. Jets appear to be important in the dynamics of the
overall accretion flow in such systems, and a substantial fraction
of the accretion energy of X-ray binariesmay be dissipated in jets.
Understanding the properties and production of jets is important
for our understanding of the energetics and dynamics of the ac-
cretion process. Further, the jets from X-ray binaries in the Milky
Way are a potentially significant source of energy input to the
Galactic ISM and, if hadronic, a likely source of cosmic rays
(Heinz & Sunyaev 2002) and a possible source of Galactic light-
element nucleosynthesis (Butt et al. 2003).

Recent XMM-Newton observations have led to the discovery
of a large-scale X-ray jet from the long-termX-ray transient and
black hole candidate 4U 1755!33 (Angelini & White 2003).
The X-ray source 4U 1755!33 was discovered withUhuru (Jones
1977) and was, therefore, active in 1970 and may have been ac-
tive earlier. It was later found to have an unusually soft spectrum
(White &Marshall 1984; White et al. 1984) and a hard X-ray tail
(Pan et al. 1995) suggesting a black hole candidate. The source
shows X-rays dips that indicate that the system has a high incli-
nation and an orbital period of 4.4 days (White et al. 1984;Mason
et al. 1985). The source was still active in 1993 (Church &
Balucinska-Church 1997) and then found in quiescence in 1996
(Roberts et al. 1996). The source was active for at least 23 years.

The distance to the source is poorly constrained. It is likely greater
than 4 kpc, because the optical counterpart (identified during out-
burst; McClintock et al. 1978) was not detected in quiescence
(Wachter & Smale 1998), but less than 9 kpc because of the low
level of visual extinction (Mason et al. 1985).
Angelini & White (2003) found a linear X-ray structure that

is roughly symmetric about the position of 4U 1755!33 ex-
tending about 30 to the northwest and 30 to the southeast of the
black hole candidate. There appear to be multiple knots in the
jets. For estimated distances of 4–9 kpc, the angular size cor-
responds to jet lengths of 3–8 pc. Therefore, the jet must have
taken at least 10–30 years to form. The source was active for at
least 23 years, which appears sufficient to have formed the jet.
Chandra observations do not show point sources along the jet
but do detect emission over the area of the jet (Park et al. 2005).
This indicates that the jet emission seen with XMM-Newton is
truly diffuse and not an alignment of point sources.
The primary questions concerning the jet are what is the X-ray

emission mechanism, how is the jet powered, and what is the to-
tal energy in the jet?We obtained new observations of 4U 1755!
33 using XMM-Newton and the Australia Telescope Compact
Array (ATCA) to attempt to measure a multiwavelength spec-
trum and observe the evolution of the jet. We describe the X-ray
observations and analysis in x 2 and the radio observations and
analysis in x 3, and we draw conclusions regarding the proper-
ties of the jet in x 4.

2. XMM-NEWTON OBSERVATIONS AND ANALYSIS

We observed 4U 1755!33 using XMM-Newton beginning on
2004 September 18 for 45.9 ks (ObsID 0203750101). We refer
to this observation as ‘‘B.’’ We also analyzed an archival obser-
vation obtained by Angelini &White (2003) beginning on 2001
March 8 with a duration of 19.4 ks (ObsID 0032940101). We
refer to this observation as ‘‘A.’’ Our observation was designed
to have the same pointing and instrument modes as the earlier
observation in order to facilitate comparison. The EPIC detectors
were operated in full frame mode so that a large field could be
imaged.
We reduced the data using the standard procedures described

in the XMM-Newton User’s Handbook and the XMM-Newton
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ABC Guide. We used SAS version 6.1.0. Calibration files were
obtained using the online version of cifbuild available at
XMM-Newton Science Operations Centre home page8 on 2005
January 11. There were no obvious background flares in ob-
servation A and only a few small flares of less than 15% of the
total count rate in observation B, so we decided not to filter the
events on count rate, as is often necessary to remove background
flares. In our analysis, we used only the EPIC MOS detectors
because there are sizable chip gaps in the PN in the region cov-
ered by the jet. We extracted single, double, and triple events
(PATTERN 0 12) for the MOS data and filtered according to
standard procedures to eliminate events in bad pixels or rows
or frames, in flickering pixels, identified as cosmic rays, outside
the pulse height thresholds, near the CCD boundary, or outside
the nominal field of view (specifically, we required FLAG equal
to #XMMEA_EM).

2.1. Point Sources

We created images in sky coordinates in the 0.3–10 keV band
and used edetect_chain to search for sources in the twoMOS
images for each observation. Our primary interest in source
detection is the alignment of the two images, so we considered

only sources with very high significance ( likelihood parameter
-50, equivalent to a single trial significance of 17 ") because
these sources give the most accurate positions. A list of high-
significance sources is presented in Table 1. Many sources of
lower significance are present in the images. The fluxes are for
the 0.3–10 keV band and calculated from the count rate in this
band assuming a power-law spectrum with a photon index of
1.5 and interstellar absorption with NH ¼ 3:1 ; 1021 cm!2 equal
to the hydrogen column density along the line of sight in the
Milky Way.

We searched for spatial coincidences between the source list
from observation B and the catalog of 2MASS point sources.
The astrometric accuracy of sources in the 2MASS catalog is
0B2. We considered only sources with J magnitudes brighter
than 12.5 to limit the source density. We find 1290 sources within
100 of 4U 1755!33 for a source density of 0.0011 arcsec!2.
There are four matches between X-ray and 2MASS sources
within 0B9 and one additional match with an offset of 1B1. Given
the source density quoted above, the probability of a chance
coincidence within 0B9 between a 2MASS source and a given
X-ray source is 0.3%. We conclude that the absolute astrometry
of the XMM-Newton image is good to within 1B0. We aligned
observation A to observation B by matching 11 sources de-
tected in both observations. The needed shift was 0B15 in right
ascension and 1B3 in declination. After the shift, the average mag-
nitude of offset in source positions between the two observations8 See http://xmm.vilspa.esa.es.

TABLE 1

XMM-Newton X-Ray Sources near 4U 1755!33

Source Number

R.A.

(J2000.0)

Decl.

(J2000.0)

Error a

(arcsec)

Flux Ab

(10!14 ergs cm!2 s!1)

Flux Bc

(10!14 ergs cm!2 s!1) Counterpartsd

1..................................... 17 59 00.86 !33 45 48.1 0.2 243.9 )10.0 171.9 ) 4.0 AW2003 1, 2MASS

2..................................... 17 57 58.88 !33 46 24.9 0.4 218.4 )12.1 45.1 ) 2.7 2MASS

3..................................... 17 59 21.83 !33 53 15.6 0.7 77.1 ) 7.1 14.9 ) 1.9 AW2003 3

4..................................... 17 58 26.89 !33 59 53.8 0.8 76.2 ) 9.7 . . . . . .
5..................................... 17 58 42.02 !33 41 48.8 0.3 29.3 ) 3.8 71.6 ) 2.9 1WGA J1758.6!3341

6..................................... 17 59 22.79 !33 50 25.2 0.7 63.8 ) 7.0 24.4 ) 2.3 1WGA J1759.3!3350, 2MASS

7..................................... 17 58 20.25 !33 42 51.8 0.6 63.4 ) 7.7 33.7 ) 2.2 . . .
8..................................... 17 58 49.48 !33 41 40.8 0.5 56.6 ) 5.7 42.7 ) 2.7 2MASS

9..................................... 17 58 36.67 !33 40 27.3 0.6 . . . 55.0 ) 5.7 . . .
10................................... 17 58 38.88 !33 57 00.3 0.4 . . . 49.0 ) 2.5 . . .
11................................... 17 58 21.03 !33 46 54.7 0.3 34.1 ) 4.3 41.8 ) 1.9 2MASS

12................................... 17 59 27.97 !33 49 10.3 1.5 37.0 ) 4.5 . . . . . .
13................................... 17 58 44.04 !33 46 13.0 0.5 29.2 ) 3.4 11.7 ) 1.2 . . .
14................................... 17 57 40.65 !33 45 53.9 0.6 . . . 25.4 ) 2.3 . . .
15................................... 17 58 59.19 !33 50 16.3 0.5 25.3 ) 3.2 20.4 ) 1.5 . . .
16................................... 17 58 44.16 !33 45 09.5 0.6 24.5 ) 3.2 12.2 ) 1.4 . . .
17................................... 17 59 03.24 !33 59 18.1 0.9 . . . 17.8 ) 2.2 . . .
18................................... 17 58 51.23 !33 49 13.8 0.7 . . . 17.1 ) 1.4 . . .
19................................... 17 58 25.56 !33 57 46.8 2.8 . . . 15.8 ) 1.7 . . .
20................................... 17 58 24.23 !33 52 58.8 0.5 . . . 14.8 ) 1.3 . . .
21................................... 17 58 49.58 !33 57 14.0 0.6 . . . 14.1 ) 1.6 2MASS

22................................... 17 58 12.44 !33 43 56.6 0.9 . . . 14.0 ) 1.7 . . .
23................................... 17 58 14.22 !33 49 08.7 0.8 . . . 11.7 ) 1.2 . . .
24................................... 17 58 43.37 !33 58 17.8 1.0 . . . 11.6 ) 1.5 . . .
25................................... 17 59 08.17 !33 46 47.7 0.7 . . . 9.5 ) 1.3 . . .
26................................... 17 58 46.92 !33 48 44.7 1.0 . . . 8.0 ) 1.1 . . .
27................................... 17 58 22.29 !33 47 43.7 1.0 . . . 7.9 ) 1.0 . . .

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Table 1 is also available in
machine-readable form in the electronic edition of the Astrophysical Journal.

a Statistical error on the source position. Note that this does not include errors in the overall astrometry.
b Source flux for observation A in the 0.3–10 keV band calculated assuming a power-law spectrum with photon index of 1.5 and corrected for the Galactic

absorption column density of 3:1 ; 1021 cm!2.
c The same for observation B.
d Indicates counterparts in Angelini & White (2003) (AW2003), the 2MASS catalog (2MASS), or the WGA catalog (WGA).

X-RAY JETS OF 4U 1755!33 411



is 1B4, which is about twice the typical statistical uncertainty in
the positions as calculated by the SAS routine emldetect. We
take 1B4 as an estimate of the typical uncertainty in the relative
XMM-Newton source positions between the two observations.
Adding in the uncertainty in the absolute astrometry, we esti-
mate the typical total uncertainty in the XMM-Newton source
positions as 1B7.

2.2. Jet Morphology

Images of the region around 4U 1755!33 are shown in
Figure 1. The images are for the 0.3–10 keV band. Each image
is the summed MOS1+MOS2 data in the 0.3–10 keV band and
has been smoothed with a Gaussian filter with " ¼ 800. The jet
extends to the northwest (up and to the right) and southeast
(down and to the left) from 4U 1755!33. The positions of point
sources reported in Table 1 are marked on the image. Note that
the image shown covers only a portion of the field of view, so
several sources listed in the Tables are not present on the image.

Figure 2 shows the profiles of counts along the jet axis. The
numbers of counts for observation Awere multiplied by a factor
of 2.51 to compensate for the shorter exposure time. Each profile
represents the counts in the 0.5–10 keV band integrated in bins
that extend 200 along the jet axis and have a full width of 4400

perpendicular to the jet axis (the width is the same as the rect-
angular region shown in Fig. 1). The profiles were smoothed
with a Gaussian with " ¼ 600.

The morphology of the jet appears similar in the two obser-
vations. There appears to be some correspondence between knots
found in the two observations, but extraction of knot motions
is ambiguous because the morphologies of the individual knots
have changed. With this caveat, we consider the morphology of
the jet close to 4U 1755!33. Assuming that the black hole can-
didate (BHC) is no longer feeding the jet, one might expect the

gap around the BHC to widen if the jets are moving away from
the BHC. The knot to the southwest closest to the BHC (at a
displacement of !3000 in Fig. 2) does appear to have shifted
away from the BHC by 1200 if we compare the peaks of the two
profiles in Figure 2. This corresponds to a speed of +0.2c for a
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Fig. 1.—XMM-Newton images of 4U 1755!33. The image on the left is observation A (2001March 8); on the right is observation B (2001 September 18). The green
cross indicates the position of 4U 1755!33. The green rectangle encloses the jet and has a size of 4400 ; 43000. On the left image, the green crosses mark the positions of
XMM-Newton point sources reported in Table 1. On the right image, the green crosses mark the positions of Chandra point sources reported in Table 3. The green arrow
indicates north and is 20 long. Radio contours are superimposed on the image on the right in magenta. The radio contours represent the flux density at 13 cm at levels of
0.3, 0.6, 1.2, and 2.4 mJy. Also, on the right image, the green circle indicates the extraction region used to find the spectrum of the jet bright spot described in the text.

Fig. 2.—Profile of counts along the jet. The black line is for observation A,
and the red line is for observation B. The counts for observation A were mul-
tiplied by a factor of 2.51 to compensate for the shorter observation time of that
observation. The dotted line marks the position of 4U 1755!33.
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distance of 4 kpc (+0.4c for 9 kpc). However, on the northeast
side of the jet, the closest knot appears to have remained sta-
tionary. We stress that any conclusions regarding physical motion
of the jets is ambiguous. In particular, it is unclear whether these
changes are really secular or merely random changes of flux
over time, perhaps associated with interactions of the jet with
the ISM.

2.3. Jet Spectrum and Evolution

We extracted spectra of the jet emission for each observation
using the rectangular regions shown in Figure 1. Background
spectra were extracted from a region with identical size and ori-
entation displaced to a source-free region to the southwest of

the jet. We used both MOS cameras for each observation and fit
the two MOS spectra simultaneously using XSPEC 11.3.1.

We found adequate fits to the spectra with a power law
subject to interstellar absorption and with a MEKAL thermal
plasma emission model with solar abundances, again, subject to
interstellar absorption (see Fig. 3). The fit results are presented
in Table 2. We performed fits both with the interstellar ab-
sorption hydrogen column density, NH, fixed to the value found
along the line of sight in H i maps (Dickey & Lockman 1990)
and also allowing NH to vary. We used the absorption model of
Wilms et al. (2000), which is tbabs in XSPEC. We calculated
the errors on the parameters using "$2 ¼ 2:71 corresponding
to 90% confidence for one free parameter of interest for the fits
with NH fixed, and "$2 ¼ 4:61 corresponding to 90% confi-
dence for two free parameters of interest for the fits with NH

allowed to vary. In the table, we report both the observed flux in
the 0.5–10 keV band and the flux corrected for the effects of
interstellar absorption.

Both the power law and the MEKAL thermal plasma model
provide adequate fits to the spectra. Allowing NH to be a free
parameter widens the allowed ranges of the fit parameters. The
preferred values forNH, when free, tend to be below the column
density along the line of sight toward the source but include the
line-of-sight density within the error interval.

No line emission is apparent. The upper bounds on line emis-
sion depend on the assumed line parameters. For line parame-
ters similar to those found for SS 433 (Watson et al. 1986), we
find 90% confidence upper bounds on the equivalent widths of
Fe K emission lines of 0.6–2 keV. These are in the range of the
equivalent width measured for the inner jets of SS 433 (Migliari
et al. 2002) and are not constraining.

We also fit a spectrum for a region enclosing a bright spot
toward the southeast end of the jet for observation B. The re-
gion is shown in Figure 1 and has a radius of 2800. This radius
was selected to allow comparison with the radio beam, discussed
below. The region was located to maximize the X-ray flux within
that radius. We find an adequate fit with an absorbed power-law
model with the absorption column density fixed to NH ¼ 3:1 ;
1021 cm!2. We find a photon index ! ¼ 1:78 ) 0:52, a flux of
2:8 ; 10!14 ergs cm!2 s!1 in the 0.5–10 keV band, and a flux
corrected for absorption of 3:6 ; 10!14 ergs cm!2 s!1.

TABLE 2

X-Ray Spectral Fits to Jet Emission X-Ray Spectral fits to Jet Emission

Modela
NH

b

(1021 cm!2) !c
kT

(keV) $2/dof

Fluxd

(10!13 ergs cm!2 s!1)

Unabsorbed Fluxe

(10!13 ergs cm!2 s!1)

Observation A: 2001 Mar 8

Power-law .............. 3.1 1:7 ) 0:3 . . . 19.3/20 2.0 2.5

2:4þ2:1
!1:3 1:6 ) 0:4 . . . 18.8/19 2.1 2.5

MEKAL ................. 3.1 . . . >3.7 22.5/20 1.9 2.4

1:4þ2:4
!1:3 . . . >4.5 20.3/19 2.1 2.3

Observation B: 2004 Sep 18

Power-law .............. 3.1 1:5 ) 0:3 . . . 13.9/20 1.6 1.9

1:9þ1:9
!1:3 1:4 ) 0:4 . . . 12.5/19 1.7 1.9

MEKAL ................. 3.1 . . . >5.2 13.8/20 1.6 1.9

1:8þ1:7
!1:3 . . . >6.1 12.2/19 1.7 1.8

a Model name (note all models include photoelectric absorption).
b Column density for photoelectric absorption.
c Photon index ! for power-law models.
d Source flux in the 0.5–10 keV band.
e Source flux in the 0.5–10 keV band corrected for interstellar absorption.

Fig. 3.—X-ray spectrum of jet emission for observation A. The data from the
two MOS units are shown. The energy bins for MOS2 are artifically shifted up
by 2% for clarity. The fit of a power-law model with absorption with NH ¼
3:1 ; 1021 cm!2 is shown as a solid line. The fit of a MEKAL model with the
same absorption is shown as a dashed line.
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From our two observations, we can make a crude estimate
of the decay time of the jet. To minimize the dependence on the
fitted spectral model, we refitted the data using a power-law
model with the photon index fixed to 1.73 (the best-fit value for
observation A) with interstellar absorption with NH ¼ 3:1 ;
1021 cm!2. Adequate fits were found in all cases. We repeated
the same procedure using a MEKAL model with fixed param-
eters and found that the fluxes differ by less than 5%. The un-
certainty in the flux measurement is dominated by the uncertainty
in the background subtraction. We find fluxes of (20:0 ) 2:2) ;
10!14 ergs cm!2 s!1 in the 0.5–10 keV band for observation A
and (14:6 ) 1:4) ; 10!13 ergs cm!2 s!1 for observation B. For
an exponential decay, the 1/e folding time is 11þ24

!4 yr. We also
considered the evolution of the northern and southern halves of
the jet independently. For the southern half of the jet, the flux
is (12:5) 1:7) ; 10!14 ergs cm!2 s!1 in the 0.5–10 keV band
for observation A and (7:8 ) 1:0) ; 10!13 ergs cm!2 s!1 for ob-
servation B. The 1/e folding time of is 7:6þ2:2

!1:3 yr. The flux from
the northern part of the jet in observation B is consistent within
the uncertainties with that in observation A. Therefore, we can
place only a lower bound on the decay time of the northern jet
of 8 years.

3. RADIO OBSERVATIONS AND ANALYSIS

On 2004 April 27, we obtained continuum radio observa-
tions of 4U 1755!33 using the Australia Telescope Compact
Array (ATCA) located in Narrabri, New South Wales, Australia.
This is 153 days before our XMM-Newton observations but still
reasonably contemporaneous given the long life-time of the jet.
The ATCA synthesis telescope consists of five 22 m antennas,
which can be positioned along an east-west track with a short
north-south spur, and a sixth antenna at a fixed location. The
ATCA uses orthogonal polarized feeds and records full Stokes
parameters. We observed with the ATCA for 10 hr at 1384MHz
(21.7 cm) and 2368 MHz (12.7 cm) simultaneously, with the
array in the EW367 compact configuration that has baselines
ranging from 46 to 4408 m. Because an interferometer acts as a
filter for low spatial scales, the maximum angular size that can
be imaged with the ATCA in this configuration is of the order of
50 at 2368 MHz (80 at 1384 MHz). Since the X-ray jets in 4U
1755!33 are diffuse hot spots, rather than a continuous smooth
structure, radio imaging of the jets is possible with this ATCA
configuration. The amplitude and band-pass calibrator was PKS
1934!638, and the antenna’s gain and phase calibration, as well
as the polarization leakage, were derived from regular obser-
vations of the nearby (6/ away) calibrator PMN 1729!37. The
editing, calibration, Fourier transformation, deconvolution, and
image analysis were performed using the MIRIAD software
package (Sault & Killeen 1998).

An image of the radio emission at 2.4 GHz (13 cm) is shown
as contours in the right panel of Figure 1. Strong radio sources
were detected in the northwest region of the field, but there is no
significant detection of emission over the region of the X-ray
jet. The rms sensitivity is 0.2 mJy beam!1. There is a slight hint
of emission toward the southeast end of the jet, but the flux
density is always below 0.6 mJy and does not constitute a de-
tection. The image at 1.4 GHz also shows no evidence for a sig-
nificant detection of emission over the area of the jet.

4. CHANDRA OBSERVATIONS AND ANALYSIS

To determine if the features found in the XMM-NewtonX-ray
image are point sources or truly diffuse emission, we analyzed
two Chandra observations obtained of the same field. The ob-

servations are a 22 ks exposure obtained on 2003 September 25
(ObsID 3510; PI S. Murray) and a 45 ks exposure obtained on
2004 June 25 (ObsID 4586; PI L. Angelini). The 2003 obser-
vation is the one analyzed by Park et al. (2005).
The Chandra data were subjected to the usual data process-

ing and event screening and analyzed using the CIAO version
3.1 data analysis package (e.g., Kaaret 2005). We constructed
images using all valid events on the S2 and S3 chips for ObsID
3510 and all events on the S3 and S4 chips for ObsID 4586. We
computed exposure maps for each image for a power-law spec-
trum with photon index of 1.5 absorbed by a column density of
NH ¼ 3:1 ; 1021 cm!2. We used the wavdetect tool to search
for X-ray sources. The sources with detection significance of
4 " or higher are listed in Table 3.
We aligned the Chandra observations with sources in the

2MASS point-source catalog, as done for the XMM-Newton im-
age above.We restricted the sources to have Jmagnitudes brighter
than 12.5 to limit the source density. After applying a shift of
0B3 to the Chandra astrometry, there are four matches within
0B2 between Chandra sources in ObsID 4586 and 2MASS
sources. We conclude that our corrected Chandra astrometry
for ObsID 4586 is good to within 0B2. We aligned ObsID 3510
to ObsID 4586 using several X-ray sources present in both
images.
Summing the flux from all of the sources within the jet, as

defined by the region shown in Figure 1, we find that discrete
point sources contribute less than 10% of the total jet flux in
each observation. Hence, we confirm the results of Park et al.
(2005) that the X-ray jet from 4U 1755!33 is truly diffuse. We
note that there are Chandra point-source counterparts to the
two radio sources beyond the jet to the northwest. Therefore,
these two radio sources are not associated with the diffuse X-ray
emission of the jet.
To investigate the flux from 4U 1755!33 itself, we extracted

counts from a circular region with a radius of 200 at the position
of the optical counterpart. We find a total of 3 counts in the 0.3–
8 keV band in the two images. Using a 1500 radius region, we
estimated the background in the source extraction region to be
3.0 counts. Therefore, we detect zero net counts from 4U1755!33.
Allowing for a Poisson distribution of counts, a 95% confidence
upper limit on the number of source counts is 3.0. For a power-
law spectrum with photon index of 1.5 absorbed by a column
density of NH ¼ 3:1 ; 1021 cm!2, this corresponds to an upper
limit on the source flux of 5 ; 10!16 ergs cm!2 s!1. The upper
limit on the unabsorbed flux is 6 ; 10!16 ergs cm!2 s!1. For
distances of 4–9 kpc, this corresponds to a limit on the lumi-
nosity of 1 6ð Þ ; 1030 ergs s!1. This is similar to the quiescent
luminosities of other short orbital period black hole X-ray bi-
naries, such as XTE J1118+480 and A 0620!00 (Corbel et al.
2006).

5. DISCUSSION

There is now known to exist a broad range of jets from stellar-
mass X-ray binaries. Persistent compact jets with lengths of
tens of AU are produced in the low/hard X-ray spectral state.
Impulsive jets produced at state transitions have been detected
on lengths scales from hundreds of AU out to parsecs. Station-
ary lobes have been found in the radio at separations of several
parsecs for sources such as 1E1740.7!2942 and GRS 1758!258
and in the X-ray with separations up to 70 pc from SS 433
(Watson et al. 1983).
The jet size of 3–8 pc in 4U 1755!33 is larger than the

transient large-scale moving jets of XTE J1550!564 (Corbel
et al. 2002) and H1743!322 (Corbel et al. 2005) but is similar
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TABLE 3

Chandra X-Ray Sources near 4U 1755!33

Source Number

R.A.

(J2000.0)

Decl.

(J2000.0)

Error a

(arcsec)

Flux 2003b

(10!15 ergs cm!2 s!1)

Flux 2004c

(10!15 ergs cm!2 s!1) Counterpartsd

1.............................. 17 59 00.859 !33 45 48.67 0.1 . . . 168 ) 7 AW2003 1, 2MASS

2.............................. 17 58 51.181 !33 49 13.96 0.1 57 ) 6 43 ) 4 XMM 18

3.............................. 17 58 21.041 !33 46 53.66 0.1 64 ) 6 169 ) 9 XMM 11

4.............................. 17 58 44.051 !33 46 12.00 0.1 34 ) 5 47 ) 4 XMM 13

5.............................. 17 58 44.259 !33 45 09.68 0.1 47 ) 5 33 ) 3 XMM 16

6.............................. 17 57 58.976 !33 46 25.94 0.1 . . . 217 ) 12 XMM 2

7.............................. 17 58 46.824 !33 48 45.02 0.1 26 ) 4 19 ) 2 XMM 26

8.............................. 17 58 20.343 !33 42 51.82 0.1 171 ) 16 98 ) 7 XMM 7

9.............................. 17 58 38.416 !33 52 00.99 0.3 10 ) 3 19 ) 2 . . .
10............................ 17 58 22.234 !33 47 42.75 0.2 41 ) 5 26 ) 3 XMM 27

11............................ 17 58 12.455 !33 43 56.47 0.2 . . . 44 ) 6 XMM 22

12............................ 17 58 19.725 !33 49 35.24 0.2 . . . 21 ) 3 . . .
13............................ 17 58 38.734 !33 57 00.24 0.1 57 ) 9 . . . . . .
14............................ 17 58 59.146 !33 50 16.97 0.2 22 ) 4 . . . . . .
15............................ 17 58 53.104 !33 51 11.25 0.2 11 ) 3 7.0 ) 1.5 . . .
16............................ 17 58 53.508 !33 45 56.84 0.2 . . . 9.9 ) 1.8 . . .
17............................ 17 58 19.579 !33 50 27.36 0.2 . . . 14 ) 2 . . .
18............................ 17 58 05.137 !33 46 07.22 0.2 . . . 26 ) 4 . . .
19............................ 17 58 45.698 !33 45 58.70 0.2 . . . 8.4 ) 1.7 . . .
20............................ 17 58 50.079 !33 52 28.71 0.2 . . . 6.7 ) 1.5 . . .
21............................ 17 58 31.416 !33 46 42.77 0.3 12 ) 3 . . . . . .
22............................ 17 58 42.817 !33 46 46.27 0.1 . . . 5.6 ) 1.3 . . .
23............................ 17 58 57.504 !33 48 49.89 0.2 . . . 5.3 ) 1.3 . . .
24............................ 17 58 41.580 !33 44 18.61 0.2 13 ) 4 . . . . . .
25............................ 17 58 35.470 !33 48 21.62 0.2 5.8 ) 1.9 6.4 ) 1.4 . . .
26............................ 17 58 57.877 !33 45 46.42 0.1 15 ) 3 5.2 ) 1.4 XMM 22

27............................ 17 58 24.178 !33 52 58.22 0.1 13 ) 4 . . . . . .
28............................ 17 58 41.560 !33 48 15.43 0.2 . . . 4.3 ) 1.2 . . .
29............................ 17 58 53.396 !33 47 31.43 0.1 8 ) 2 4.3 ) 1.2 . . .
30............................ 17 58 55.258 !33 46 38.68 0.3 . . . 3.7 ) 1.1 2MASS

31............................ 17 58 24.932 !33 44 47.96 0.2 . . . 14 ) 3 . . .
32............................ 17 58 51.943 !33 48 41.59 0.1 . . . 3.7 ) 1.1 . . .
33............................ 17 58 35.714 !33 51 13.17 0.2 . . . 4.6 ) 1.3 . . .
34............................ 17 58 55.982 !33 49 52.40 0.2 . . . 4.5 ) 1.2 . . .
35............................ 17 58 59.228 !33 46 22.15 0.2 . . . 3.6 ) 1.2 . . .
36............................ 17 58 36.358 !33 48 59.51 0.2 5.7 ) 1.9 4.0 ) 1.2 2MASS

37............................ 17 57 53.117 !33 47 01.93 0.2 . . . 8 ) 7 . . .
38............................ 17 58 58.107 !33 49 00.99 0.2 . . . 2.9 ) 1.0 . . .
39............................ 17 58 25.308 !33 44 21.14 0.1 12 ) 4 20 ) 5 . . .
40............................ 17 58 29.228 !33 44 02.49 0.2 8 ) 3 10 ) 2 . . .
41............................ 17 58 43.075 !33 48 56.07 0.3 . . . 3.1 ) 1.0 . . .
42............................ 17 58 51.382 !33 47 59.83 0.3 8 ) 2 . . . . . .
43............................ 17 58 45.690 !33 46 42.96 0.1 . . . 5.1 ) 1.2 . . .
44............................ 17 58 43.694 !33 48 42.10 0.3 . . . 2.9 ) 1.0 . . .
45............................ 17 58 40.548 !33 46 11.34 0.2 . . . 5.2 ) 1.4 . . .
46............................ 17 58 20.885 !33 48 22.09 0.3 . . . 6.0 ) 1.6 . . .
47............................ 17 58 25.897 !33 49 14.88 0.4 . . . 4.8 ) 1.5 . . .
48............................ 17 58 38.894 !33 48 00.68 0.3 . . . 3.3 ) 1.0 . . .
49............................ 17 58 49.783 !33 58 21.79 0.2 27 ) 7 . . . . . .
50............................ 17 58 51.420 !33 48 42.47 0.3 . . . 3.1 ) 1.0 2MASS

51............................ 17 58 20.112 !33 49 04.92 0.3 19 ) 5 6 ) 2 . . .
52............................ 17 58 49.906 !33 49 44.76 0.2 . . . 2.8 ) 0.9 . . .
53............................ 17 58 45.112 !33 51 29.75 0.3 . . . 3.1 ) 1.0 . . .
54............................ 17 58 42.143 !33 55 58.54 0.2 9 ) 3 . . . . . .
55............................ 17 58 39.876 !33 49 17.69 0.6 4.8 ) 1.8 . . . . . .
56............................ 17 58 11.545 !33 45 02.64 0.4 . . . 6 ) 3 . . .

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
Table 3 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

a Statistical error on the source position. Note that this does not include errors in the overall astrometry.
b Source flux on 2003 Sept 25 in the 0.3–10 keV band calculated assuming a power-law spectrum with photon index of 1.5 and corrected for the

Galactic absorption column density of 3:1 ; 1021 cm!2.
c Source flux on 2004 June 25.
d Indicates counterparts in Angelini & White (2003) (AW2003), the 2MASS catalog (2MASS), or the XMM-Newton sources in Table 1 (XMM).



to the total size of the stationary radio lobes of 1E1740.7!2942
and GRS 1758!258 (Mirabel & Rodrı́guez 1999). The latter
two sources are persistent X-ray emitters, similar in properties
to 4U 1755!33 while it was X-ray bright. This may suggest that
4U 1755!33 represents the formation of a large-scale, nearly
stationary jet.

The central source in 4U 1755!33 has turned off, and we
now see the decay of the jet over a timescale of 10–40 years or
perhaps longer for the northern part of the jet. While we can
place only a lower bound of 23 years on the time over which the
central source was active, and the jet was being energized, our
detection of the decay of the jet suggests that the timescale for
the energization of the jet is similar to or shorter than the decay
time. We note that we detect flux decay only for the southern
jet. The change in morphology is also stronger for the inner re-
gions of the southern jet. This may suggest that the southern jet
is the approaching and the northern jet is receding. Continued
monitoring of 4U 1755!33 may reveal motion and decay of
the northern jet.

A key question is the nature of the jet emission. We consider
three possible emission mechanisms: thermal bremsstrahlung,
inverse Compton, and synchrotron.

If the X-ray emission is thermal bremsstrahlung, then the
total mass and energy of the jet can be estimated from its ob-
served luminosity, temperature, and volume. For the volume,
we assume that the jet occupies a roughly cylindrical volume
with a diameter perpendicular to the direction of motion of 0A2
and a linear dimension of 60 multiplied by a filling factor of
0.2. The volume is then 2 ; 1054 cm3 for an assumed distance
of 4 kpc. We took the flux from the X-ray spectral fits and set
kT ¼ 5 keV, which is the minimum temperature consistent
with the fits. We find that the density of the jet material is 4 cm!3,
the total energy of the jet is 2 ; 1047 ergs, and the total mass
in the jet is 1 ; 1031 g. The cooling time of the gas would then
be 6 ; 106 yr, which is much longer than the observed decay
time. Also, if the jet were fed by the outflow from a mass ac-
cretion rate of 1019 g s!1, corresponding the Eddington rate for
a 10 M, compact object, at least 104 yr would be required to
accumulate the needed mass. This is much longer than the ob-
served decay timescale, and we conclude that the jet emission is
unlikely to be thermal bremsstrahlung.

The best candidate source of seed photons for inverse Compton
scattering is the interstellar radiation field (ISRF). The ISRF
varies strongly with Galactocentric radius and height above the
Galactic plane. On the sky, 4U 1755!33 is rather close to the
Galactic center and it could be physically close to the Galactic
center, although the low optical extinction suggests that the
source is actually nearer than the Galactic bulge. We assume
that 4U 1755!33 is at a distance of 8.5 kpc, close to the Galac-
tic center, which maximizes the ISRF energy density. We adopt
an energy density of 10 eV cm!3, equal to the maximum found
anywhere in theMilkyWay (Strong et al. 2000) and assume, for
simplicity, that all of the radiation is in the dominant component
of ISRF near 1 &m (Mathis et al. 1983). To produce X-rays in
the 0.3–10 keV, electrons with energies from+5 to+100 MeV
are required. For an assumed X-ray spectral index ! ¼ !0:5,
defined as S(#) / #!, the total energy in relativistic electrons
required is +1050 ergs. A 10 M, black hole producing energy
at the Eddington rate with all of the energy going to perfectly
efficient acceleration of electrons in the desired energy range
would require +2000 yr to power the jet. This is much longer
than the observed decay timescale. Therefore, it appears un-
likely that the jet emits via inverse Compton radiation.

If X-ray emission is synchrotron, then synchrotron radio
emission should be expected. To determine whether our upper
limits on the radio flux are consistent with synchrotron emis-
sion, we consider the emission from the brightest X-ray spot
along the jet. The X-ray spectrum was extracted from a circle
with a radius of 2800. This is slightly larger than the radio beam
size at 2.4 GHz, so we can compare the X-ray flux density in
the regions to the radio upper limit per beam, which we take as
3 times the rms noise level of 0.2 mJy. Comparing the X-ray and
radio flux density, we derive a lower limit on the radio/X-ray
spectral index !> !0:65; i.e., the spectrum must be flatter than
! ¼ !0:65. Therefore, our radio observations may simply be
not sensitive enough to detect the radio synchrotron emission.
The limit on the spectral index implies that the exponent, p, of the
electron energy distribution, N (E )/E!p, must be p < 2:3. This
is within the range that can be produced by relativistic shocks.
The spectral index is similar to that measured for the large-scale
jets of the black hole candidate X-ray transient XTE J1550!564
of ! ¼ !0:660 ) 0:005 (Corbel et al. 2002) and consistent with
the index of ! ¼ !0:45 measured for the eastern lobe of SS 433
(Safi-Harb & Petre 1999).
To investigate the energetics of a jet radiating via synchrotron

emission, we calculate the equipartition magnetic field. Using
a spectral index ! ¼ !0:6, which is consistent with the bound
above, a lower frequency cutoff of 2.4 GHz, and the same as-
sumption for distance and volume as for the thermal brems-
strahlung case, we find a magnetic field of 36 &G. The electrons
producing the X-ray emission must have Lorentz factors up to
6 ; 107, corresponding to energies of up to 60 TeV. The radia-
tive lifetime of these electrons is of order 320 yr. The minimum
total energy required is 2 ; 1044 ergs, and the number of electrons
needed to produce the observed radiation is 1:2 ; 1046. Assum-
ing that the jet is composed of normal matter (i.e., roughly one
proton per electron), then the required mass is 2 ; 1022 g. These
numbers are relatively insensitive to distance. For a distance
of 9 kpc, the magnetic field decreases to 29 &G, the required
energy increases to 1:5 ; 1045 ergs, and the required mass in-
creases to 1:3 ; 1023 g. For the larger distance, the energy re-
quired corresponds to 2 weeks’ accumulation at the Eddington
rate for a 10M, black hole and the mass could be accumulated
in less than one day. Thus, the energy and material required for
a synchrotron-emitting jet could easily have been accumulated
over the 20 year active phase of the X-ray source. Using the decay
rate calculated for the entire jet and the energy estimate from
the synchrotron equipartition calculation, the energy loss rate is
then +4 ; 1035 ergs s!1 for a 4 kpc distance. This is about 1%
of the Eddington luminosity for a 10 M, black hole; therefore,
the jet could have been energized by the conversion of a few
percent of the energy into relativistic electrons.
The available data on the jet of 4U 1755!33 are consistent

with the X-rays being synchrotron emission. Synchrotron emis-
sion also is themost favorable mechanism in terms of the required
mass and energy. However, significantly deeper radio observa-
tions are required to test whether the predicted synchrotron radio
emission is produced.
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ABSTRACT

We report near-infrared photometry, spectroscopy, and speckle imaging of the hot, luminous star we identify as
candidate LBV 1806-20. We also present photometry and spectroscopy of three nearby stars, which are members
of the same star cluster containing LBV 1806-20 and SGR 1806-20. The spectroscopy and photometry show that
LBV 1806-20 is similar in many respects to the luminous ‘‘Pistol star,’’ albeit with some important differences.
They also provide estimates of the effective temperature and reddening of LBV 1806-20 and confirm distance
estimates, leading to a best estimate for the luminosity of this star of greater than 5 ; 106 L,. The nearby cluster
stars have spectral types and inferred absolute magnitudes that confirm the distance (and thus luminosity) estimate
for LBV 1806-20. If we drop kinematic measurements of the distance (15:1þ1:8

!1:3 kpc), we have a lower limit on the
distance of greater than 9.5 kpc and on the luminosity of greater than 2 ; 106 L,, based on the cluster stars. If we
drop both the kinematic and cluster star indicators for distance, an ammonia absorption feature sets yet another
lower limit to the distance of greater than 5.7 kpc, with a corresponding luminosity estimate of greater than
7 ; 105 L, for the candidate LBV 1806-20. Furthermore, on the absis of very high angular resolution speckle
images, we determine that LBV 1806-20 is not a cluster of stars but is rather a single star or binary system. Simple
arguments based on the Eddington luminosity lead to an estimate of the total mass of LBV 1806-20 (single or
binary) exceeding 190 M,. We discuss the possible uncertainties in these results and their implications for the star
formation history of this cluster.

Subject headinggs: infrared: stars — open clusters and associations: general — stars: early-type —
stars: emission-line, Be — stars: Wolf-Rayet — supergiants

1. INTRODUCTION

Mounting evidence gathered in recent years indicates that
stars may be formed with masses much greater than previously
thought possible. The hot luminous ‘‘Pistol star’’ near our
Galaxy’s center, for instance, has an estimated mass of greater
than 150 M, (Figer et al. 1998), and the stars R136a1 and
R136a2 in the Large Magellanic Cloud each have masses of
140–155 M, (Massey & Hunter 1998). Since the luminosities
of such massive stars exceed 106 L,, relatively small pop-
ulations of these stars can dominate the power output of their

host galaxy during their lifetimes. Furthermore, their deaths
may spread chemically enriched material into the galaxy and
leave behind black holes as remnants. The death events may be
responsible for gamma-ray bursts in the ‘‘collapsar’’ scenario
(e.g., Price et al. 2003; Hjorth et al. 2003; Macfadyen et al.
2001), and the relatively large remnant black holes may also
explain the so-called intermediate-mass black holes currently
being discovered in nearby galaxies (e.g., Kaaret et al. 2001
and references therein). Thus, probing the upper limit for
stellar mass has an important impact on our understanding of a
wide range of astrophysical phenomena, including the chem-
ical evolution of matter in our Galaxy and external galaxies, the
history of galaxy and structure formation in the universe, the
formation of black holes in their dying supernova events, and
possibly the origin of gamma-ray bursts via collapsars.
We report here new observations of a luminous star we

identify as LBV 1806-20.12 This star was first identified as a
potential counterpart to the soft gamma-ray repeater SGR
1806-20 (Kulkarni et al. 1995), with high near-infrared
brightness (K ¼ 8:4 mag) despite significant absorption from
interstellar dust in the Galactic plane. Subsequent moderate-
resolution (R + 700) infrared spectroscopy revealed it to be a
candidate luminous blue variable (LBV) star and one of the
most luminous stars in the Galaxy, with L > 106 L, (van
Kerkwijk et al. 1995; Corbel et al. 1997). This star is known

1 Based on data obtained with the Cerro Tololo Inter-American Observatory
4 m telescope operated by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

2 Based on data obtained at the Palomar Observatory 200 inch telescope,
which is operated by the California Institute of Technology, the Jet Propulsion
Laboratory, and Cornell University.

3 This publication makes use of data products from the Two Micron All
Sky Survey, which is a joint project of the University of Massachusetts and the
Infrared Processing and Analysis Center/California Institute of Technology,
funded by the National Aeronautics and Space Administration and the Na-
tional Science Foundation.

4 Department of Astronomy, University of Florida, Gainesville, FL 32611.
5 Astronomy Department, Cornell University, Ithaca, NY 14853.
6 Visiting Astronomer, Cerro Tololo Inter-American Observatory.
7 Physics Department, California Institute of Technology, 1200 East

California Boulevard, Pasadena, CA 91125.
8 Physics Department, Northwest Nazarene University, Nampa, ID 83686.
9 Department of Astronomy, P.O. Box 3818, University of Virginia,

Charlottesville, VA 22903.
10 Université Paris VII and Service d’Astrophysique, CEA Saclay,

F-91191 Gif-sur-Yvette, France.
11 Steward Observatory, University of Arizona, 933 North Cherry Avenue,

Tucson, AZ 85721.

12 We note that this star has not been observed to undergo a major LBV
outburst yet, and thus some may not consider it to be an LBV (although it is
undoubtedly luminous, blue, and variable and shares many spectral charac-
teristics with bona fide LBV stars, as we show here). Hereafter, to avoid
awkward phrasing, we refer to the candidate LBV as LBV 1806-20 as is done
in the literature.
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to lie at the brightness peak of the radio nebula G10.0-0.3
(Kulkarni & Frail 1993; Vasisht et al. 1995). However, the
revised Interplanetary Network localization of SGR 1806-20
indicated that the SGR was significantly offset from the po-
sition of the candidate LBV star and the coincident core of
G10.0-0.3 (Hurley et al. 1999). Recent Chandra and infrared
observations confirm that the SGR lies +1200 away from the
candidate LBV (Kaplan et al. 2002; Eikenberry et al. 2001). In
addition, Gaensler et al. (2001) show that G10.0-0.3 is not a
supernova remnant at all but is a radio nebula powered by the
tremendous wind of the candidate LBV star at its core. The
apparent conundrum presented by this scenario—why we find
two such rare objects so close to each other on the sky without
any apparent physical connection—has been resolved by the
observations of Fuchs et al. (1999), who showed that LBV
1806-20 is a member of a cluster of massive stars, and of
Eikenberry et al. (2001), who showed that SGR 1806-20
appears to be a member of the same cluster. Thus, while these
two rare objects are not identical, they are related through
common cluster membership. Interestingly, Vrba et al. (2000)
show that one of the other SGRs in the Milky Way may also be
associated with a massive star cluster.

The distance to the candidate LBV, SGR, and their asso-
ciated cluster has also been the subject of some discussion in
the literature. Initial studies of CO emission from molecular
clouds toward this line of sight and the detection of NH3

absorption against the radio continuum indicated an extinction
of AV ¼ 35 ) 5 mag and a best estimate for the distance of
14:5 ) 1:4 kpc (Corbel et al. 1997), again confirming its status
as one of the most luminous stars known. However, Blum
et al. (2001) present infrared spectra of members of a cluster
in the nearby H ii region G10.2-0.3, which is also part of
the (apparent) W31 giant molecular cloud complex contain-
ing G10.0-0.3, and find an apparently conflicting distance of
+3:4 ) 0:6 kpc. This apparent conflict has also been recently
resolved by Corbel & Eikenberry (2004), who present higher
resolution millimeter and infrared observations of G10.0-0.3
and G10.2-0.3. They find that W31 is actually resolved into at
least two components along the line of sight, with one com-
ponent at d + 4 kpc and with extinction AV + 15 mag (in
excellent agreement with the Blum et al. 2001 observations of
G10.2-0.3) and another component at a (refined) distance of
d ¼ 15:1þ1:8

!1:3 kpc and with AV ¼ 37 ) 3 mag. The radial ve-
locity of LBV 1806-20 matches both of these components,
but the NH3 absorption toward the core of G10.0-0.3 (and
thus LBV 1806-20) due to a cloud at d ¼ 5:7 kpc unambigu-
ously places the star in the ‘‘far’’ component of W31. In ad-
dition, both the infrared extinction toward LBV 1806-20 (van
Kerkwijk et al. 1995; see also below) and the X-ray absorp-
tion columnabsorption columntoward SGR 1806-20 (Eikenberry et al. 2001;
Mereghetti et al. 2000) match the expected extinction toward
the ‘‘far’’ component of W31 and differ from that of the
‘‘near’’ component of Blum et al. (2001) by +15 mag, thus
confirming the association of the candidate LBV, SGR, and
associated star cluster with the ‘‘far’’ component of W31.

In order to further investigate this intriguing object, we
obtained near-infrared images and spectra of LBV 1806-20 and
several nearby stars. In x 2, we describe these observations and
their reduction. In x 3, we describe the analysis of the resulting
data, including the spectral types of the candidate LBV and
cluster stars, refined analyses of the reddening, confirmation of
the distance estimate of Corbel & Eikenberry (2004), and
the resulting luminosity estimate for LBV 1806-20. In x 4,
we discuss the uncertainties in these measurements and their

implications for our understanding of the formation and evo-
lution of extremely massive stars and the birth environment of
SGRs. Finally, in x 5 we present our conclusions.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Cerro-Tololo Inter-American Observvatory—2001 July

We used the Ohio State Infrared Imaging Spectrograph
(OSIRIS) instrument (Depoy et al. 1993) and f /14 tip-tilt
secondary on the Cerro-Tololo Inter-American Observatory
(CTIO) 4 m telescope on 2001 July 5–6 to observe LBV
1806-20 and nearby stars. In the OSIRIS imaging mode, we
obtained J-, H-, and K-band images with a 0B161 pixel!1

plate scale. While conditions were nonphotometric because of
high clouds, the seeing conditions were acceptable when the
transparency allowed observations—using the tip-tilt second-
ary, typical images had FWHMs of +0B6–0B7. In each band,
we obtained a set of nine images in a 3 ; 3 raster pattern with a
1000 offset between images. We then subtracted dark frames
from each image, divided the result by its own median, and
then median-combined the resulting images into a normalized
sky frame. We then subtracted the dark frame and a scaled
version of the sky frame from each of the nine images and
divided the result by a dome flat image. We shifted each of the
nine frames to a common reference position and added them to
give a final summed image in each band. Figure 1 shows a
composite three-color image of the field of LBV 1806-20 in the
following near-infrared bands: J ¼ 1:25 &m (blue); H ¼
1:65 &m (green); K ¼ 2:2 &m (red ).

We also used the OSIRIS high-resolution spectroscopic
mode to obtain moderate-resolution (R ¼ 1500 for a 4 pixel
slit) spectra of LBV 1806-20 and three nearby stars (B, C, and
D in Fig. 1). This group of stars, approximately 1200 west of
LBV 1806-20, appears to be a cluster of young, hot, luminous

Fig. 1.—Three-color near-infrared image of the field of LBV 1806-20,
coded with J band = blue, H band = green, and K band = red. Labels indicate
LBV 1806-20 (A) and the three other stars (B, C, and D) for which we obtained
near-infrared spectra. Blue colors indicate foreground objects, while colors
similar to LBV 1806-20 indicate hot stars with similar reddening. Coordinates
are J2000.0.
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stars in the samemolecular cloud as the candidate LBV star, and
this cluster seems to include the candidate (Fuchs et al. 1999).
At the estimated distance of 15.1 kpc (Corbel & Eikenberry
2004), this angular separation corresponds to a physical dis-
tance of only +1 pc between the candidate LBV star and the
center of the cluster, implying a common origin. Thus, we chose
the three brightest stars near the center of the association for
spectroscopic observation. We oriented the OSIRIS slit to ob-
tain spectra simultaneously of LBV 1806-20 and star B, and
separately to obtain simultaneous spectra of stars C and D. We
used the high-resolution slit of OSIRIS (4 pixels ¼ 0B67) and
took 6 ; 120 s exposures at positions offset along the slit. After
each set of six exposures, we obtained a set of six spectra of the
nearby G dwarf star HR 6998, with approximately the same
positions along the slit. We repeated this approach for two
different grating settings for each of theK andH bands and one
grating setting for LBV 1806-20 in the J band. For both the
science targets and the G star, we took each spectral frame,
subtracted a dark frame from it, divided by its own median, and
median-combined the six resulting images for a given grating
tilt to create a normalized sky frame. We then subtracted a dark
frame and a scaled sky frame from each image and divided by
a spectral dome flat. We extracted spectra separately from each
processed image with a Gaussian weighting in the spatial di-
rection and tracking the curvature of the spectrum in the dis-
persion direction. We then divided each target spectrum by
the G star spectrum with the nearest position on the slit to re-
move atmospheric absorption bands, after interpolating over
the Brackett absorption features in the G star spectrum. We
obtained a wavelength solution separately for each spec-
trum using the OH lines nearby on the sky (typical residuals
<20 km s!1 in velocity space) and used this to correct each
spectrum to a common wavelength scale before averaging
the spectra to a single final spectrum. For the H and K bands,
we averaged the two spectra from the different grating tilts
where they overlapped. We multiplied the result by a 5600 K
blackbody spectrum (corresponding to the temperature of HR
6998) and dereddened them for AV ¼ 29 mag (see below for
further discussion on the reddening). We present these spectra
in Figures 2–6.

2.2. Hartungg-Boothroyd Observvatory—2001 July

Because of the nonphotometric conditions during the CTIO
observations, we were unable to photometrically zero-point–
calibrate the images obtained at that time. Thus, we post-
calibrated these images using observations of stars in the field
of LBV 1806-20 and infrared standard stars on 2001 July 27
with the Hartung-Boothroyd Observatory 0.65 m telescope and
its infrared array camera (J. R. Houck&M. R. Colonno 2004, in
preparation), as well as with photometry from the Two Micron
All Sky Survey (2MASS). We took seven images of the field of
LBV 1806-20 in each band, with offsets of +1500 between
images. We then processed the images in each band as de-
scribed for the CTIO data above. We repeated this procedure on
sets of seven images of the United Kingdom Infrared Telescope
(UKIRT) standard FS26 in each band. We extracted the flux in
ADU s!1 from each processed image of FS26 individually,
using the average as the best estimate of the flux and the stan-
dard deviation divided by the square root of the number of
exposures as the 1 " uncertainty. We then used the known mag-
nitudes of this star to calibrate similarly derived flux measure-
ments and uncertainties for several bright stars in the field of

Fig. 2.—Near-infrared spectrum of LBV 1806-20 in the K band, dered-
dened with AV ¼ 29 mag, following the reddening law of Rieke & Lebofsky
(1985). The dotted line indicates the spectral shape of a blackbody with
T > 12; 000 K. The spectrum closely resembles that of the Pistol star and AG
Car and is typical for LBVs at this wavelength.

Fig. 3.—Same as Fig. 2, but for the H band. The emission lines are pri-
marily due to the Brackett series and Fe ii.

Fig. 4.—Same as Fig. 2, but for the J band. The single strong emission line
is Pa%.
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LBV 1806-20. Differential photometry between these stars and
the target stars provided the final photometric measurements.
We used a photometric air mass solution derived from mea-
surements of a star observed for another program over a range
of air masses throughout the same night. We then verified this
photometry with the 2MASS photometry for the J and H bands
(omitting K, as 2MASS uses the Ks filter). We present the re-
sulting photometry for the bright stars of Figure 1 in Table 1.

2.3. Palomar—1999 July

We obtained high angular resolution speckle imaging of
LBV 1806-20 in 1999 June using the Palomar 5 m telescope.
We used the facility near-infrared camera D78 with reimaging
fore-optics providing a pixel scale of 0B036 ()0B001) pixel!1

to obtain K-band images of the star with 0.125 s exposures,
effectively freezing the effects of image motion due to at-
mospheric turbulence. We observed LBV 1806-20 in six sets
of 50 s on-target integrations, interleaved with observations
of two nearby stars with similar near-infrared brightnesses
taken in an identical manner. We used a ‘‘shift and add’’
technique to combine images of the individual stars: for each
star (LBV 1806-20 and the two comparison stars) we shifted
the images to align the brightest speckle in each frame with
other frames and added the results. We used these nearby stars
to create the model point-spread function (PSF), which was
seen to have a FWHM of 0B130—near the telescope’s dif-
fraction limit of 0B110 at this wavelength. We then scaled the
amplitude of this model PSF and subtracted it from the shifted
and added image of LBV 1806-20. We also used Fourier fil-
tering to remove a periodic diagonal pattern due to clocking
noise in the camera electronics. Figure 7 shows an image of
LBV 1806-20 and the resulting PSF-subtracted image. While
the residuals in the subtracted image are statistically signifi-
cant, they may be due to systematic effects, such as subpixel
errors in image registration or secular small-scale variations
in the speckle PSF, possibly due to low-level instability in the
time-averaged properties of the speckle halo. For comparison,

we also show simulated PSF-subtracted images of a theoreti-
cal extended source with a very small size (0B06 FWHM).
To simulate this source, we took the comparison star PSF and
convolved it with a two-dimensional Gaussian profile with a
width corresponding to the extended source intrinsic width.
We then added noise corresponding to the photon noise in the
LBV 1806-20 image to the resulting simulated image and then
subtracted a scaled version of the single-star PSF as above.
Note that the resulting simulations have residuals much greater
than those for the actual PSF-subtracted image.

3. ANALYSIS

3.1. Spectral Analysis

3.1.1. LBV 1806-20

On the basis of the spectra in Figures 2–4, we present
measured equivalent widths for emission and absorption lines
from LBV 1806-20 in Table 2. The line features evident in the
K-band spectrum of LBV 1806-20 (H i, He i, Fe ii, Mg ii, and
Na i) are very similar to those observed in LBV stars such as
AG Car (Morris et al. 1996), the Pistol star in the Quintuplet
(Figer et al. 1998), and the LBV candidate star 362 also in
the Quintuplet (Geballe et al. 2000; and at lower resolution
from this same star in 1994; van Kerkwijk et al. 1995). The
equivalent widths of the Fe ii, Mg ii, and Na i features are very
close also, although the H i and He i lines are generally
stronger in LBV 1806-20. P Cygni also displays a similar
K-band spectrum (Smith 2001), although with an apparent
absence of Na i emission. In the H band, LBV 1806-20 seems
like a cross between P Cygni and the Pistol star, with 10 strong
Brackett series lines and nine Fe ii emission lines. While the
Pistol star and AG Car exhibit similar iron features, their
Brackett series lines are much weaker than seen in LBV 1806-
20. P Cygni, on the other hand, shows strong Brackett series
with weaker Fe ii. Thus, while the spectrum of LBV 1806-20
does not uniquely match any particular LBV, its properties are
well within the range exhibited by these stars. Thus, we
conclude that on the basis of its spectrum LBV 1806-20 is in
fact a LBV candidate, in confirmation of van Kerkwijk et al.
(1995).

Fig. 6.—Near-infrared spectra of stars C and D in the H band, dereddened
with AV ¼ 29 mag, following the reddening law of Rieke & Lebofsky (1985).
The dotted lines indicate the spectral shape of a blackbody with T > 12;000 K.
The relatively poor spectral quality is due to a combination of poor observing
conditions and the reddening toward these stars.

Fig. 5.—Near-infrared spectra of stars B, C, and D in the K band. All
spectra have been dereddened with AV ¼ 29 mag, following the reddening law
of Rieke & Lebofsky (1985), and the spectra of stars B and C are vertically
shifted for clarity. Star B shows a bumpy continuum with a red excess along
with broad blended helium, carbon, and nitrogen emission lines typical of
dusty late WC-type Wolf-Rayet stars. Stars C and D both show blue continua
with He i 2.112 &m and H i (Br+) in absorption, typical of late O- or early
B-type supergiants. Stars C and D also show some indications of He i 2.058 &m
in emission/absorption, possibly a self-absorbed P Cygni profile.
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TABLE 1

Photometry of Stars

Star

J Band (1.25 &m)

(mag)

H Band (1.65 &m)

(mag)

K Band (2.2 &m)

(mag)

LBV 1806-20......................... 13.93 (8) 10.75 (5) 8.89 (6)

B............................................. 17.79 (28) 13.46 (5) 10.50 (6)

C............................................. 16.38 (8) 12.76 (5) 10.80 (6)

D............................................. 16.02 (8) 12.84 (8) 11.11 (9)

Note.—Values in parentheses indicate uncertainties in the final listed digit.

Fig. 7.—High-resolution speckle images of LBV 1806-20 in the K (2.2 &m) band taken at the Palomar 5 m telescope on 1999 June 30. Top left: LBV 1806-20
taken with a 0B036 pixel!1 scale (4B6 field of view) and a stretch from 0 (sky background) to the maximum of the image. This image has a FWHM of 0B130, near the
telescope diffraction limit of 0B110. Top right: Difference between the image of LBV 1806-20 and two PSF reference stars, with a stretch from 0 (sky background) to
15 times the rms noise level (+0.005 times the peak in the top left image). Bottom: Residuals to a simulated cluster with a Gaussian profile of FWHM ¼ 0:0039 pc,
with the same stretch as the top right image. Note that residuals for such a cluster significantly exceed the actual observed residuals, indicating that LBV 1806-20 is
not a cluster of stars.



The He i 2.112 &m absorption line provides important in-
formation on the temperature of LBV 1806-20. In 1994, the
equivalent width of this line was 1:8 ) 0:4 8 (van Kerkwijk
et al. 1995), consistent with spectral classes O9–B2 of super-
giant stars (Hanson et al. 1996), indicating a surface temper-
ature of 18,000–32,000 K.13 The large range in temperature
is due to the large scatter in this relationship (Hanson et al.
1996). By the time of the 2001 July observations, the equiva-
lent width of the line had dropped to 0:76 ) 0:17 8. Changes
in the spectral type to hotter (O6.5–O8.5) surface temperature
would produce such a reduction in the He i absorption line
equivalent width (Hanson et al. 1996). Moreover, at the same
time, we see a factor of +4–6 increase in the equivalent width
of emission lines such as Br+ and He i 2.058 &m, which could

reflect an increase in the number of ionizing photons produced
by the star as it moved to higher temperatures. However, such
a temperature change might also imply a significant bright-
ening in the K band (given a constant photospheric radius),
contrary to the observations. In fact, our K-band photometry
for LBV 1806-20 is marginally fainter than that of Kulkarni
et al. (1995; K ¼ 8:4 mag, with no quoted uncertainty). We can
find an alternate solution that keeps the K-band brightness
constant while decreasing the He i absorption and increasing
the number of ionizing photons, by assuming that the photo-
spheric radius decreases significantly as temperature increases.
Simple calculations for a blackbody spectrum show that a
change of temperature from 20,000 to 26,000 K (roughly
B1.5–B0) accompanied by a +25% decrease in photospheric
radius could produce the observed behavior. Such anticor-
related variations in temperature and radius are characteristic
of some LBV stars (Humphreys & Davidson 1994; Morris
et al. 1996). Alternately, the stronger lines might indicate an
increase in the stellar wind density absorbing more ultraviolet
continuum photons and converting them into increased line

TABLE 2

Spectral Lines in LBV 1806-20

Line Identification

(1)

Wavelength

(8)
(2)

Centroid

(8)
(3)

W a

(8)
(4)

"V b

(km s!1)

(5)

Comment

(6)

H i (Pa%).......................................... 12817 12816 !82 (5) 167

H i (Br19-4)..................................... 15260 15241 !2.0 (9) . . .
Fe ii and H i (Br18-4) ..................... 15330, 15341 15322 !4.6 (9) 197 Blend

H i (Br17-4)..................................... 15439 15425 !1.1 (6) . . . Broad P Cygni?

H i (Br16-4)..................................... 15557 15550 !6.9 (5) . . .
H i (Br15-4)..................................... 15701 15691 !6.4 (4) 189

Fe ii and N iii and C iii.................... 15750 !7.2 (4) . . . Blend

H i (Br14-4)..................................... 15880 15880 !7.5 (5) 168

Fe ii .................................................. 15993 !1.7 (3) 115

H i (Br13-4)..................................... 16109 16110 !5.4 (3) 60

H i (Br12-4)..................................... 16407 16404 !8.1 (3) . . . Blend

Fe ii .................................................. 1.6435 16444 !7.7 (3) 178

Fe ii .................................................. 16768 16768 !6.7 (3) . . . Blend

H i (Br11-4)..................................... 16806 16816 !11.0 (3) . . . Blend

Fe ii .................................................. 16873 16874 !8.4 (4) 210 Structure?

He i................................................... 17003 17009 !3.5 (3) 0 P Cygni?

Fe i and Fe ii (?) .............................. 17110 !1.60 (16) 122? Blend?

H i (Br10-4)..................................... 17362 17365 !11.7 (2) 40? P Cygni?

Fe ii .................................................. 17414 17415 !3.4 (2) 245? Blend?

Fe ii .................................................. 17449 17456 !1.9 (2) . . .
Fe ii (?)............................................. 20460 20460 !0.7 (3)

He i................................................... 20581 20581 !17.4 (3) 100 Structure?

Fe ii .................................................. 20888 20888 !2.58 (19) 147 Blend?

He i................................................... 21121 21122 0.76 (17) . . . Blend

Fe ii .................................................. 21327 21321 !0.97 (12) . . .
Mg ii ................................................. 21368 21369 !7.20 (12) 174

Mg ii ................................................. 21432 21429 !3.65 (12) 193

H i (Br+ = Br7-4)............................ 21655 21655 !44.2 (3) 159

Fe ii .................................................. 21878 21870 !1.14 (11) . . . Blend

Na i................................................... 22056 22054 !2.38 (16) . . .
Na i................................................... 22083 22091 !0.95 (13) . . .
Fe ii .................................................. 22237 22240 !1.22 (10) . . .
Fe ii .................................................. 22534 22540 !0.41 (11) . . .

Note.—Col. (2): rest wavelength (in air); col. (3): observed line centroid wavelength (in air); col. (4): equivalent width; col. (5): line
FWHM converted to Doppler velocity.

a Equivalent widths, with negative values indicating emission and positive values indicating absorption. Values in parentheses
indicate uncertainties in the final listed digit.

b Line widths reported result from taking the measured line width and subtracting the instrumental response function in quadrature.
The instrumental response was determined from OH sky lines expected to be free from blending.

13 We note that it is conceivable that the temperature–equvalent width
relation for supergiants (which has rather large scatter) does not apply to
candidate LBV stars. However, independent temperature measurements for
the Pistol star (Figer et al. 1998) are consistent with the temperatures derived
from its He i 2.112 &m absorption feature, indicating that this approximate
relationship seems to continue to hold for candidate LBV stars.
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emission. However, without detailed models of the atmosphere
of LBV 1806-20, we can only conclude that it has a spectral
type between O9 and B2.

3.1.2. Star B

From the color of star B in Figure 1, we can immediately see
that it differs significantly from the other stars in the field be-
cause of its extreme redness (J ! K ¼ 7:3 mag vs. J ! K <
6:0 mag for other stars). In addition, the emission-line spec-
trum (Fig. 5) differs significantly from LBV 1806-20, showing
relatively weak Br+ and strong blended emission from He i,
He ii, C iii, C iv, N iii, and N iv. This K-band spectrum is typical
for late-type Wolf-Rayet stars of the WC subclass, and com-
parison of the equivalent widths of these lines with other
similar stars (Figer et al. 1997) gives a classification of WC9.
The long wavelength excess in the continuum indicates the
presence of warm dust with a thermal continuum extending
into the near-infrared—another common feature in WCL (late-
type WC) stars, which also explains the very red colors of this
object. We should note that only 26 such WCLd (dust emis-
sion) stars are known at this time (van der Hucht 2001), making
this a rather rare star.

3.1.3. Stars C and D

The next brightest stars in the cluster center, C and D, have
similar colors to LBV 1806-20, with J ! K ¼ 5:6 mag and
J ! K ¼ 4:9 mag, respectively. In their K-band spectra, both
stars show Br+ and He i 2.112 &m absorption features. They
also seem to show some sort of feature at the He i 2.058 &m
line. This could be due either to a self-absorbed (nascent
P Cygni) line or else to poor subtraction of a nearby strong OH
sky line. On the basis of their strong He i 2.112 &m absorption
lines, both of these stars would seem to have spectral classes
in the range from B0 to B3 supergiants (Hanson et al. 1996).
However, in both of these absorption lines, as well as the
stronger of the Brackett series lines in the H-band spectra
for these stars, we see some evidence for absorption wings
(Fig. 6). Fits to these lines give velocity widths of greater than
200 km s!1 FWHM (after subtraction of the instrumental line
widths), although some of these lines are potentially blended
(particularly Br+ with nearby He lines). Such broad absorption
wings are typical of the luminous blue hypergiants (luminosity
class Ia+) and may indicate the presence of a mass-losing wind
(de Jager 1998). Thus, we conclude (for the time being) that
stars C and D are B0–B3 supergiant or hypergiant stars.

3.2. The Reddeninggtoward LBV 1806-20

The colors of LBV 1806-20 and its spectral continuum
shape allow us to estimate the extinction toward LBV 1806-20.
For such a hot star (as indicated by the He i 2.112 &m ab-
sorption feature), the intrinsic J ! K color is nearly neutral,
and the observed red color of J ! K ¼ 5:0 ) 0:15 mag cor-
responds to an extinction of AV ¼ 28 ) 3 mag (assuming the
Rieke-Lebofsky reddening law; Rieke & Lebofsky 1985),
matching the estimates based on CO observations (Corbel &
Eikenberry 2004). (While a hypothetical infrared excess from
LBV 1806-20 would alter these conclusions, as we discuss
below there is good reason to believe that this is not present).
Furthermore, the fact that stars C and D in the nearby cluster
have very similar J ! K colors (as can also be seen for many
other cluster stars’ colors in Fig. 1) indicates that the stellar
cluster is indeed at the same reddening and thus distance along
the line of sight as LBV 1806-20, confirming the physical

association between them (see also Eikenberry et al. 2001). In
addition, the H and K bands are in the Rayleigh-Jeans portion
of the blackbody emission curve for such a hot star (the reason
for the neutral colors noted above). Thus, we can estimate the
extinction toward LBV 1806-20 by dereddening the spectra
until the continuum shape matches a Rayleigh-Jeans distribu-
tion. In this way, we obtain estimates of AV ¼ 31 ) 3 mag
from the H-band continuum and AV ¼ 28 ) 3 mag from the
K-band continuum, with uncertainties dominated by a +10%
uncertainty in the spectrograph response shape over a given
order.
For the J ! K measurement above, adoption of the Cardelli

reddening law (Cardelli et al. 1989) gives a very small change
in AV (<0.4 mag), and the K-band spectral continuum shape is
similarly unaffected (change of <0.1 mag). In the H band, the
Cardelli law differs from Rieke-Lebofsky more significantly,
causing a difference of +1.9 mag. Taking this into account,
we increase our uncertainty in that measurement to AV ¼ 28 )
4 mag. Combining all three, we adopt a final estimate for the
extinction of AV ¼ 29 ) 2 mag toward LBV 1806-20.

3.3. The Distance to LBV 1806-20

The distance to LBV 1806-20 is a major subject of Corbel
et al. (1997) and Corbel & Eikenberry (2004), and we refer the
reader to those papers for detailed discussion. In summary,
Corbel et al. (1997) and Corbel & Eikenberry (2004) use CO
spectroscopy to identify molecular clouds along the line of
sight toward LBV 1806-20 and use the cloud velocities to
determine kinematic distances to them. The spectra of LBV
1806-20 presented here provide important insights into the
distance of the star. From the emission lines, we can measure a
radial velocity of LBV 1806-20. We selected the Br+ line as a
velocity fiducial, as it is the strongest line detection in the
spectrum and appears to be relatively free from contamination
due to blending with other strong lines. We fitted a Gaussian
profile to this line, finding no significant residuals, and a
centroid shifted from the atmospheric rest frame by !3 )
20 km s!1, where residuals in the spectral wavelength solution
from atmospheric OH emission lines dominate the largely
systematic uncertainty. After correcting for the Earth’s bary-
centric motion and the solar system barycenter motion rela-
tive to the local standard of rest, we determine a radial velocity
for LBV 1806-20 of vLSR ¼ 10 ) 20 km s!1. Cross-checks of
this velocity determination with several other strong unblended
lines give consistent results for the velocity of LBV 1806-20.
This velocity is important, as massive stars such as LBVs are a
kinematically ‘‘cold’’ population and do not generally deviate
significantly in velocity from their parent molecular clouds.
Combined with the CO velocity maps of Corbel et al. (1997)
and Corbel & Eikenberry (2004), this velocity then confirms
the association of LBV 1806-20 with molecular clouds in
W31 at kinematic distances of either +4 or +15 kpc, based on
the Galactic rotation curve (Fich et al. 1989) and with the
ambiguity being due to the near/far degeneracy of kinematic
distances.
Corbel & Eikenberry (2004) also present an NH3 absorption

spectrum that uses the radio emission from LBV 1806-20 as the
background source, revealing strong absorption from a mo-
lecular cloud whose velocity (in both NH3 absorption and CO
emission) places it at a near distance of 5.7 kpc, setting this as
the lower limit to the distance of LBV 1806-20. This observa-
tion eliminates the ‘‘near’’ distance as a possibility for LBV
1806-20, leaving only the ‘‘far’’ distance of d ¼ 15:1þ1:8

!1:3 kpc.
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As a ‘‘sanity check,’’ Corbel & Eikenberry (2004) go on to
show that the observed reddening toward LBV 1806-20 com-
bined with CO observations of clouds along the line of sight is
consistent with the ‘‘far’’ distance and is inconsistent with the
‘‘near’’ distance.

On the basis of these results, we adopt the distance deter-
mination of Corbel & Eikenberry (2004) of d ¼ 15:1þ1:8

!1:3 kpc.
We note that an independent distance estimate for star B
(below) matches this estimate and is also strongly inconsistent
with the ‘‘near’’ distance noted above. We discuss this issue
further in x 4.1.3.

3.4. The Luminosity of LBV 1806-20

Combining the above measurements, we then arrive at lu-
minosity estimates for LBV 1806-20. Taking its brightness of
K ¼ 8:89 ) 0:06 mag and applying an extinction correction
of AK ¼ 3:2 ) 0:2 mag (corresponding to AV ¼ 29 ) 2 mag
and AK ¼ 0:112AV ; Rieke & Lebofsky 1985) and a distance
modulus of 15:9 ) 0:2 mag (from d ¼ 15:1þ1:8

!1:3 kpc), we ar-
rive at an absolute K magnitude of MK ¼ !10:2 ) 0:3 mag.
The absolute visual magnitude and bolometric luminosity of
LBV 1806-20 from this number are functions of the star’s
spectral class and also may be affected by free-free con-
tributions to the K-band emission of LBV 1806-20. As dis-
cussed below, we do not believe that this contribution is large
for LBV 1806-20 (it is <0.1 mag for the Pistol star as well),
and we include it as an additional 0.1 mag uncertainty in the
lower bound for the absolute K-band magnitude, for which we
now adopt MK ¼ !10:2þ0:4

!0:3 mag. For a spectral class of O9,
the upper end of the range, we have V ! K ¼ !0:8 mag to
give an absolute visual magnitude of MV ¼ !11:0þ0:4

!0:3 mag.
The bolometric correction is BC ¼ !3:2 ) 0:2 mag, giving a
bolometric magnitude of Mbol ¼ !14:2þ0:5

!0:4 mag, or a lumi-
nosity of +4 ; 107 L,. At the low end of the temperature
range (B2 spectral type), the corresponding values are MV ¼
!10:6þ0:4

!0:3 mag, Mbol ¼ !12:0þ0:5
!0:4 mag, or a luminosity of

+5 ;106 L,. We have plotted these temperature/ luminosity
values in Figure 8, along with the corresponding locations of
other known extremely luminous stars. Note that even for the
lower end of the possible temperature range for LBV 1806-20,
it has a luminosity equal to or greater than that of the famous
LBV , Car (Hillier et al. 2001) and the Pistol star (Figer et al.
1998). Thus, it seems that LBV 1806-20 may (marginally) be
the most luminous star currently known.

3.5. The Absolute Maggnitude and Distance of Star B

Given the photometry, distance estimate, and reddening
above, we can also arrive at an absolute magnitude for star B. If
we assume that the reddening toward star B is identical to that
for LBV 1806-20 and a distance of 15.1 kpc, the absolute K-
band magnitude for this star is MK ¼ !8:6 ) 0:3 mag. Note
that this is in excellent agreement with the range of absolute
magnitudes for WC9 stars in the Galactic center (MK ¼ !8 to
!11 mag; Blum et al. 2003). Furthermore, the observed H ! K
colors of star B are consistent with the assumed reddening if
the intrinsic colors are H ! K + 1:1 mag, also in excellent
agreement with the observed range of intrinsic colors of other
WC9 stars (H ! K ¼ 0:9 to 1.6 mag; Blum et al. 1996).14

Thus, the spectral classification and photometry of star B
confirm the distance and reddening estimates used for the lu-
minosity of LBV 1806-20 above.

Taking a slightly different approach, we can use the ob-
served range of intrinsic colors and absolute magnitudes for
WC9 stars to constrain the distance to star B and provide a
completely independent cross-check on the distance to the
cluster of stars including LBV 1806-20. The intrinsic color
range of Blum et al. (1996) combined with the observed
H ! K ¼ 2:96 ) 0:08 mag and the Rieke-Lebofsky reddening
law gives a range of 3:6 mag > AK > 2:8 mag. Combining
this with the observed range of MK (Blum et al. 2003) for
Galactic center WC9 stars and the observed mK ¼ 10:50)
0:06 mag gives a range for the distance modulus to star B of
md ¼ 14:9 mag (low luminosity, intrinsically blue, high red-
dening) to 18.7 mag (high luminosity, intrinsically red, low
reddening). Thus, a lower limit on the distance of star B is
d > 9:5 kpc, assuming it is no fainter than the intrinsically
faintest known WC9 star in the Galactic center (an assumption
confirmed by the recent discovery of another, even fainter
WC9 star in this same cluster (J. L. LaVine, S. S. Eikenberry,
& J. D. Smith 2004, in preparation). Note that at an alternate
assumed distance of +4 kpc (consistent with the G10.2-0.3
cluster of Blum et al. 2001), star B would be 6 times less
luminous than any other known WC9 star, which seems very
unlikely (especially given the even fainter WC9 of J. L.
LaVine et al. 2004, in preparation). Thus, this provides yet
another independent confirmation that these stars lie in the
‘‘far’’ component of W31 at d ¼ 15:1þ1:8

!1:3 kpc, as opposed to
the ‘‘near’’ component observed by Blum et al. (2001).

3.6. The Luminosities of Stars C and D

The same analyses applied to LBV 1806-20 can also pro-
vide luminosity estimates for stars C and D. On the basis of
their strong He i 2.112 &m absorption lines, both of these stars
have spectral classes in the range from B0 to B3 (Hanson et al.

Fig. 8.—Hertzsprung-Russell diagram including LBV 1806-20 and other
hot luminous stars. Diamonds indicate candidate LBV stars, squares indicate
Ia+ hypergiants, asterisks indicate O-type supergiants, and regions indicate the
locations of LBV 1806-20, stars C and D, and the Pistol star. Uncertainties in
the temperatures of LBV 1806-20 and stars C and D dominate the uncertainty
in their luminosities. Note that even at the lowest temperature, the luminosity
of LBV 1806-20 exceeds that of the famous LBV , Car and overlaps the upper
end of the Pistol star’s luminosity range. The allowed luminosity/temperature
range of stars C and D includes several known blue hypergiants, further
reinforcing their identification as such stars based on luminosity and spectral
features.

14 We note that there is not always a one-to-one mapping between infrared
and optical spectral classifications of W-R stars, which might suggest some
uncertainty here. However, we are using an infrared spectral classification of
star B to compare its infrared properties with other infrared-classified WC9
stars here. Therefore, we conclude that this comparison should be relatively
free from any confusion due to differing optical/infrared classifications.
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1996). Following the analyses for LBV 1806-20 (above), at
the distance of 15.1 kpc, for a B1 spectral class, they would
have bolometric luminosities of +1:6 ; 106 and 1:4 ;106 L,,
respectively. These luminosities are too high for ‘‘normal’’
supergiant stars of this spectral type. However, these lumi-
nosities are similar to those observed in early B hypergiants
(luminosity class Ia+; de Jager 1998) (see Fig. 8). Further-
more, hypergiants are distinguished from ‘‘normal’’ super-
giants by the presence of broad absorption lines indicative of
mass loss through a wind, much as we see in the greater than
200 km s!1 line widths of the Brackett and He i absorption
features in stars C and D (although, as noted above, line
blending may have a nonnegligible effect for these lines at this
resolution). Therefore, the luminosity and spectral features of
stars C and D appear to support their identification as class
Ia+ blue supergiants at the same distance and reddening as
LBV 1806-20.

Furthermore, if we take the same reddening and distance
used for LBV 1806-20, we derive absolute magnitudes of
MK ¼ !8:3 ) 0:3 mag and MK ¼ !8:0 ) 0:3 mag, respec-
tively, for stars C and D, without reference to (potentially un-
certain) bolometric correction. We note that there are several
luminous stars in the Galactic center with similar effective
temperatures (i.e., stars IRS 16SWand IRS 16NE; Najarro et al.
1997) and absolute magnitudes of MK ¼ !7:5 to !8.0 mag, in
excellent agreement with stars C and D. While the IRS 16 stars
are emission-line objects and stars C and D are absorption-line
objects, we can at least see that the absolute magnitudes of the
brightest B-type stars in this cluster are consistent with the
brightest B-type stars in the Galactic center. This supports at
least the consistency of the distance and reddening estimates
used for LBV 1806-20. Finally, we note that in a cluster such as
this, it seems quite likely that some of the brightest stars are in
fact binaries, given the large fraction of binarity in high-mass
stars. Thus, by selecting the brightest stars in this cluster for
spectroscopy, we may be biasing ourselves toward binary stars
with apparent luminosity excess (see below for a more detailed
discussion of multiplicity in LBV 1806-20).

4. DISCUSSION

4.1. Cavveats to the Luminosity Estimate for LBV 1806-20

4.1.1. Near-Infrared Excess

One issue for the above luminosity estimate is that LBV
1806-20 might exhibit a near-infrared excess of continuum
emission due to warm circumstellar dust (as star B does), free-
free emission in the LBV wind, or other processes. Such an IR
excess would interfere with our luminosity estimate in several
ways. First, it would artificially enhance the K-band bright-
ness of the star and thus directly cause us to overestimate
the luminosity of LBV 1806-20. Second, it would artificially
decrease the apparent equivalent width of the He i 2.112 &m
absorption feature, causing us to misestimate the star’s tem-
perature and thus its bolometric correction. Finally, it would
redden the colors and spectral continuum shape of candidate
LBV 1806-20, causing us to overestimate the reddening cor-
rection for the star. Thus, we see that the hypothetical pres-
ence of such an excess could significantly alter our luminosity
estimate.

However, careful inspection of the observational results
gives no evidence for such an excess and provides several
indications against its existence. First of all, as we noted above
and as can be seen in Figure 1, there are several stars near

LBV 1806-20 with very similar JHK colors. If LBV 1806-20
has a significant near-IR excess, then we must also postulate
that the majority of the bright stars in/near the cluster also
have significant (and virtually identical!) excesses. This is
extremely unlikely if not positively unphysical. Second, the
spectral continuum shape in both the H and K bands is con-
sistent with a reddened Rayleigh-Jeans distribution for LBV
1806-20 (as well as stars C and D). On the other hand, the
spectral continuum shape in star B clearly reveals its near-IR
excess (likely due to warm dust). Therefore, for an excess to
be present in LBV 1806-20, it must extend smoothly over at
least the entire H and K bands, thereby significantly altering
the observed colors of the star. This conflicts with the ob-
served color match with other cluster stars noted above.
We also note that the LBV stars that most closely resemble

LBV 1806-20 in their emission-line spectra, AG Car and the
Pistol star, do not show large free-free emission contributions
in this wavelength range. The free-free contribution of the
Pistol star in the K band is negligible for models of the spectral
energy distribution (Figer et al. 1998) and estimated to be less
than 0.1 mag (D. Figer 2002, private communication), while
in AG Car the inferred K-band contribution is +0.2 mag
(McGregor et al. 1988). While AG Car does exhibit mid-IR
excess emission, it does not contribute significantly at wave-
lengths P10 &m.
Finally, we note that the supposed dilution of the He i ab-

sorption feature by a large (e.g., >50%) near-IR excess would
imply an intrinsic equivalent width greater than 4 8 (for an IR
excess equal to the blackbody continuum in the K band).
However, the temperature range we infer for LBV 1806-20 is
near the maximum strength of this line. In fact, none of the
stars in the census of Hanson et al. (1996) have equivalent
widths greater than 3 8. Thus, the presence of significant
dilution of this line by an IR excess would make its spectrum
inconsistent with any known type of star.
For all of these reasons, we conclude that LBV 1806-20

does not exhibit any significant near-IR excess emission over
that expected for a reddened blackbody. By ‘‘not significant,’’
we mean here that the contribution of any IR excess is not
large compared to the other uncertainties in our measurement
of the star’s luminosity (+0.4 mag). However, as noted in x 3.4,
we have added an additional 0.1 mag of uncertainty to the
lower bound for LBV 1806-20, based on a possible expectation
of this level of free-free emission as observed in the similar
Pistol star.

4.1.2. Temperature

The issue of the precise temperature for LBV 1806-20 is a
difficult one. At a crude level, the spectral continuum shape in
the H and K bands gives us a firm lower limit of +12,000 K,
below which we would see spectral curvature away from a
Rayleigh-Jeans law, contrary to the observations. However,
our primary indicator for the temperature of the star is its He i
2.112 &m absorption feature. The simple presence of this line
also indicates an effective temperature greater than 12,000 K
(Hanson et al. 1996). Assuming the relation found between
temperature and equivalent width for supergiant stars gives the
temperature range from 18,000 to 32,000 K, as noted above.
The case of the Pistol star seems to confirm that this rela-
tionship extends to some candidate LBV stars also (Figer et al.
1998).

The variability of this line in LBV 1806-20 unfortunately
complicates the matter. As noted above, a change in the stellar
temperature to either greater or smaller values could produce
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the observed reduction in equivalent width. It has been ar-
gued (Humphreys & Davidson 1994) that LBVs have essen-
tially constant bolometric luminosities and that their apparent
brightness variations are due to anticorrelated radius/temper-
ature variations induced by their near-Eddington radiative in-
stability. Thus, a star can experience an increase in temperature
with a simultaneous decrease in radius, keeping the bolometric
luminosity constant but significantly altering its apparent
brightness at wavelengths near the peak of the blackbody
spectrum. The observed decrease in the He i line from LBV
1806-20 could represent such a temperature/radius change. The
timescale of this change—several years—is in keeping with the
observed timescales for similar changes in other candidate
LBV stars. Assuming constant bolometric luminosity with an
increase in temperature, observations in the Rayleigh-Jeans
tail of the emission spectrum should follow a dependence
F# / T!3. Thus, the possible drop by +0.5 mag between the
observations of Kulkarni et al. (1995) and our observations
here could indicate a temperature increase in LBV 1806-20 by
+10%, with a corresponding decrease in He i equivalent width.
Also note that if the He i decrement were due to a tempera-
ture decrease to 12,000–14,000 K (and corresponding radius
increase), we would expect an apparent K-band brightening
in LBV 1806-20 by +1.0 mag, which is ruled out by the
observations.

In any case, we note that our temperature estimate is based
on the higher equivalent width of He i ( lower temperature)
and thus provides us with a lower estimate on the bolometric
luminosity. Furthermore, the temperature changes hinted at by
the He i variability and possible associated photometric vari-
ability described above are well within the range of our stated
uncertainties in temperature. Finally, we note that a more
precise determination of the temperature (and thus luminosity)
of LBV 1806-20 may be possible in the future, using detailed
models for the stellar spectrum as developed by Figer et al.
(1998) for the Pistol star.

4.1.3. Distance

As noted above, the distance to this cluster is the primary
subject of Corbel et al. (1997) and Corbel & Eikenberry
(2004), and those papers provide detailed discussion. How-
ever, two new points are worth emphasizing here. First of all,
the radial velocity of LBV 1806-20 confirms its association
with the molecular clouds at +4 or 15:1þ1:8

!1:3 kpc. It is impor-
tant to note that intermediate distances are essentially ruled
out, as they would require peculiar velocities of LBV 1806-20
of at least 100 km s!1, which is much larger than the typical
velocity dispersions for such massive stars. Secondly, the spec-
tral types for stars B, C, and D are all consistent with their
absolute K-band magnitudes if they (and thus LBV 1806-20)
are all located at the distance of 15:1þ1:8

!1:3 kpc given by Corbel &
Eikenberry (2004). Furthermore, the observed magnitude of
star B combined with the known range of absolute magnitudes
for WC9 stars strongly rules out the ‘‘near’’ distance for this
cluster of stars and independently sets a minimum distance of at
least 9.5 kpc. Thus, these stars provide independent confirma-
tion of the original distance arguments of Corbel et al. (1997)
and Corbel & Eikenberry (2004), resulting in a total of three
independent lines of evidence (kinematic distance plus NH3

absorption, absolute magnitude range of star B, and IR ex-
tinction) that show that LBV 1806-20 lies at the ‘‘far’’ distance
of 15:1þ1:8

!1:3.
For the sake of completeness, we also consider the lumi-

nosity of star A using distance estimates that exclude the

kinematic distance measurement discussed above and in
Corbel & Eikenberry (2004). That leaves two major distance
indicators: the ammonia absorption feature, which places LBV
1806-20 at a distance of at least 5.5 kpc, and the absolute
K-band magnitude of star B, which places the cluster at d >
9:5 kpc. Note that these two indicators are consistent with
each other, as they are lower limits, and both confirm that
LBV 1806-20 does not lie at the ‘‘near’’ kinematic distance
of +4 kpc. Taking d ¼ 9:5 kpc as a lower limit on the distance
to the cluster, we can place lower limits on the luminosity of
LBV 1806-20. For a temperature at the minimum of our range
above, we have for the lower limit Lbol > 2 ; 106 L,. At the
upper end of our temperature range above, the lower limit
becomes Lbol > 1:6 ;107 L,. We note again that these esti-
mates ignore the kinematic information on LBV 1806-20,
which places it at +15 kpc. If LBV 1806-20 were in fact to lie
at +10 kpc, it would have a velocity deviation of several tens
of kilometers per second from the Galactic rotation curve. We
also note that J. L. LaVine et al. (2004, in preparation) have
identified another WC9 star in this cluster that is +1 mag
fainter than star B, which would increase the ‘‘nonkinematic’’
distance lower limit to +12.5 kpc, which is close to the lower
end of the confidence interval for the kinematic distance esti-
mate of Corbel & Eikenberry (2004).

We also note here that there is strong reason to believe that
all of these stars (the candidate LBV, stars B, C, and D, and the
soft gamma repeater SGR 1806-20) are in fact members of
the same cluster. The great rarity of LBV candidates and SGRs
in the Galaxy makes a chance association of two so close
together very small (<10!5 probability; Kulkarni et al. 1995).
This probability is decreased even further by the fact that the
measured IR extinction toward the LBV candidate matches the
X-ray absorption toward the SGR (Eikenberry et al. 2001).
The additional discovery of a very rare WC9d star (star B) and
two OB stars (C and D), all with identical reddening, seems to
further show strong evidence for the existence of a physical
association of these massive stars and their remnants. Addi-
tional support comes from the mid-infrared observations of
Fuchs et al. (1999), which show that all of these stars lie
within an extended envelope of mid-IR emission, presumably
due to hot dust in their natal molecular cloud. The work of
J. L. LaVine et al. (2004, in preparation) reveals an additional
two Wolf-Rayet stars (one WC9 and one WN5), as well as
multiple other OB stars in this region, increasing the over-
density of massive stars here, which would seem to cement the
conclusion that this is in fact a physical association of massive
stars at the same distance. In fact, the surface density of very
massive stars here is within a factor of a few of the most dense
concentrations seen in our Galaxy, such as the Arches cluster
(Figer et al. 2002).

Finally, if we exclude both the kinematic arguments above
and the absolute magnitude of star B, the ammonia absorp-
tion feature places another lower limit on the distance to the
candidate LBV 1806-20 of greater than 5.7 kpc (Corbel &
Eikenberry 2004). This results in a luminosity lower limit
of greater than 7 ; 105 L,. Note again that this distance is
problematic when one considers the measured velocity of the
molecular cloud and the candidate LBV, requiring them to
have peculiar velocities of +100 km s!1 compared to the
expected Galactic rotation curve at this location—an extreme
deviation considering that such massive stars are generally a
‘‘cold’’ population in kinematic terms. Furthermore, at this
distance, star B would be approximately 4 times less luminous
than any WC9 star seen in the Galactic center (and the WC9 of
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J. L. LaVine et al. 2004, in preparation, would be +12 times
less luminous than any of the Galactic center WC9 stars).
Thus, this distance seems incompatible with several obser-
vational facts. Nevertheless, we include this distance estimate
here for completeness.

4.1.4. Is It a Cluster or Multiple System?

Perhaps the strongest caveat to (at least the lower limit for)
the luminosity of LBV 1806-20 is the issue of the star’s possible
multiplicity. A proposed explanation for the observed lumi-
nosities of objects such as the Pistol star and LBV 1806-20 is
that they are in fact unresolved clusters of luminous stars.
However, our speckle observations contradict this conclusion
in the case of LBV 1806-20. For a distance of 15.1 kpc,
the upper limit of 60 mas on any extension corresponds to
0.0044 pc, or +900 AU FWHM. This is more than an order of
magnitude smaller than any known cluster. Thus, it is very
unlikely that LBV 1806-20 is an unresolved cluster of stars.

On the other hand, OB stars in open clusters are often (>50%
fraction) in binaries, implying that LBV 1806-20 may also be a
binary system. Our current observations do not strictly rule out
a close binary (or even triple system) as an explanation for
LBV 1806-20. For a circular orbit with a +450 AU semimajor
axis and a total binary mass of+200M, (see below), even seen
edge-on, we derive differential orbital velocities for similar-
mass components of +5–10 km s!1—well below the observed
line widths. Thus, it seems quite possible that LBV 1806-20 is
a binary/multiple system. However, we note that even at our
lower luminosity range, for equal components, each star would
be approximately as luminous as , Car. For mass ratios dif-
ferent from 1, the more massive component would increase in
luminosity from this level. Thus, even if LBV 1806-20 is in
fact a binary/multiple system, we are still left with extremely
luminous (and massive) stars composing the system.

Finally, the observed emission-line variability and depth of
the He i 2.112 &m feature also present some possible evidence
against multiplicity in LBV 1806-20. The emission lines vary
by factors of several, as shown above, implying that one ob-
ject is probably the dominant source of radiation in the sys-
tem. On the other hand, in an ultraluminous binary (such as
LBV 1806-20 would have to be), wind-wind collisions may
be a significant source of line emission and thus explain the
large-amplitude variability in this context. The observed depth
of the He i absorption line is less easy to explain away. The
depth of this line is such that either one component has a
weaker feature and the other star has the deepest such ab-
sorption feature known (to compensate) or both stars have
nearly equally deep absorption features. While this latter seems
somewhat unlikely, it is still possible. Therefore, we conclude
that the issue of multiplicity in LBV 1806-20 remains an open
question.

4.2. The Mass of LBV 1806-20

If we assume that LBV 1806-20 is in fact a single star, its
luminosity provides a current mass estimate, assuming that
the star radiates at its Eddington luminosity where radiation
pressure at the surface matches the star’s gravity. At the lower
end of the luminosity range for the best distance estimate
(d ¼ 15:1þ1:8

!1:3 kpc), we derive a minimum present-day mass
of M > 133 M,, assuming N (H)=N (He) ¼ 10 (Hillier et al.
2001). Furthermore, the Eddington limit is a lower limit to
the mass—realistic models of massive stars typically have
L + 0:6 0:7LEdd (i.e., Hillier et al. 2001; Figer et al. 1998).
Thus, a realistic lower limit on the mass of LBV 1806-20 in

the same context as similar estimates for other massive stars
is M >190 M,. (For completeness, at the alternative distance
lower limits, this mass limit becomesM>76 M, [d > 9:5 kpc,
ignoring kinematic measurements] and M > 27 M, [d >
5:5 kpc, ignoring the absolute magnitudes of the WC9 stars]).
The following discussion assumes the mass to be greater than
190 M,.

On the other hand, LBV 1806-20 may be a relatively tight
binary, with a projected semimajor axis less than 450 AU
(based on our speckle imaging above). If so, then the most
even distribution of luminosity (which deviates most from the
single-star arguments above) has each star at greater than
2:5 ; 106 L,. Following the same arguments above based on
Eddington luminosities, then each binary component has a
present-day mass greater than 90 M,. It is not currently clear
whether this scenario is physically plausible. For instance, if
during formation one of the stars ignited slightly before the
other, the radiation pressure from such a luminous object so
nearby might photoevaporate the second binary component.
(However, as argued below, shock-induced star formation
may invalidate this argument to some extent). In any case, our
reliance on the Eddington luminosity for mass estimation in-
dicates that for L > 5 ; 106 L,, the total system mass should
be greater than 190 M,.

4.3. Comparison with the Pistol Star

The star that most closely resembles LBV 1806-20 in
spectral characteristics (see discussion above) and luminosity
is the Pistol star (Figer et al. 1998). This is particularly im-
portant in that segments of the astronomical community have
been slow to accept the luminosity estimates for the Pistol star,
and various appeals to exceptional circumstances in the Pistol
star’s unique properties and location (very close to the Ga-
lactic center) are often made. However, the close match in
spectral characteristics and luminosity between these two stars
demonstrates that the Pistol star is not unique in its properties.
Furthermore, LBV 1806-20 is located at a Galactocentric ra-
dius of +7 kpc—nearly out to the solar circle and certainly
very far removed from the Galactic center itself. This shows
conclusively that the formation of very massive stars is an
ongoing process in our Galaxy in the current epoch and fur-
thermore that this process is not limited to the extreme envi-
ronment of the Galactic center.
We also note that the similarity between the spectra of LBV

1806-20 and the Pistol star may indicate that LBV 1806-20 lies
at the lower end of the allowed luminosity range in Figure 8.
However, verification of this possibility requires higher reso-
lution spectra and detailed modeling of the stellar atmosphere,
which should be carried out as future work.

4.4. The Ultimate Fate of LBV 1806-20

As a result in large part of the apparent connection between
supernovae and gamma-ray bursts (i.e., Price et al. 2003;
Hjorth et al. 2003), there has been considerable progress in
recent years concerning the end-state evolution of very massive
stars. Heger et al. (2003) present final evolutionary scenarios
for a wide range of stellar masses and metallicity. If we assume
that LBV 1806-20 had an initial mass of +200 M, and has
near-solar metallicity, Heger et al. (2003) show that the star will
end its days as an SNIb/c explosion producing a neutron star.
This result is contrary to the previous ‘‘standard’’ assumption
that all very massive stars produce black holes (or disintegrate
in pair-instability supernovae) and depends on heavy mass loss
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due to tremendous stellar winds to strip the stellar core bare and
diminish the final core mass. Note that Gaensler et al. (2001)
infer the presence of just such a strong wind from LBV 1806-
20 from the radio emission of G10.0-0.3.

This result could also extend to the progenitor of SGR
1806-20—if it was only slightly more massive than LBV
1806-20, it could in fact evolve more rapidly, explode, and yet
leave behind a neutron star remnant. The fact that SGR 1806-
20 is not an ordinary neutron star but also an SGR and
magnetar (Kouveliotou et al. 1998) and that other SGRs seem
to be associated with massive star clusters (Vrba et al. 2000)
may indicate that the final evolution of some very massive
stars not only produces neutron stars but in fact tends to
produce highly magnetized neutron stars.

4.5. The Origgin of LBV 1806-20 and the Cluster

Previously, theorists have argued that stars (and implicitly
tight binaries) greater than +100 M, should be impossible to
form under normal circumstances at solar metallicity, because
of radiation pressure on dust grains in the star-forming mate-
rial, radiative heating of the accreting gas, and formation of H ii
regions before the complete accretion of the envelope (Bond
et al. 1984). These calculations assume spherical symmetry,
and the likely deviations from this symmetry (e.g., an accretion
disk) will raise the upper limit on stellar masses. However,
most currently published models of stellar evolution stop at
+100–120M, (i.e., Leitherer et al. 1999; Schaerer et al. 1993),
at least implicitly accepting this as an upper limit to stellar
masses. Thus, it would seem that the existence of LBV 1806-
20 and of other massive stars (the Pistol star, R136a1, R136a2)
may require some revision in our understanding of very
massive star formation, particularly if they are near solar
metallicity. Alternately, pressure-induced star formation due to
expanding H ii regions or supernova shocks presents another
possible exception to the upper limit above.

This possibility is particularly intriguing given the envi-
ronment of LBV 1806-20: the cluster contains both a late-type
Wolf-Rayet star (star B), as well as at least one neutron star
(SGR 1806-20; see Eikenberry et al. 2001). Since both of
these objects are thought to be more evolved than the candi-
date LBV (Massey 2003; Conti 1976) and stellar evolution
progresses more rapidly for more massive stars, we are left to
conclude either that their progenitors were even more massive
than LBV 1806-20 (which seems unlikely though not neces-
sarily impossible; see below) or that star formation in this
location did not occur at a single epoch but has been spread
over time. SGR 1806-20 alone implies that at least one super-
nova event must have occurred previously in this region (al-
though it is not at all certain that this particular event occurred
before the formation of the candidate LBV star). As a con-
sequence, it seems quite possible that the formation of LBV

1806-20 was triggered by the expanding H ii regions or super-
nova events from prior epochs of star formation at this loca-
tion, resulting in its unusually high mass. We also note the
simultaneous presence of candidate LBV and W-R stars in the
Quintuplet cluster (Figer et al. 1998), as well, confirming that
this situation is not unique and revealing yet another similarity
between LBV 1806-20 and the Pistol star.

5. CONCLUSIONS

We have presented near-infrared imaging and spectroscopy
of the luminous star LBV 1806-20 and three other nearby
luminous stars. On the basis of the results, we conclude that
LBV 1806-20 has spectral characteristics very similar to those
of AG Car, the Pistol star, and P Cyg—all luminous blue
variables—and is thus likely to be an LBV itself. The nearby
luminous stars B, C, and D are Wolf-Rayet WC9d and pos-
sible blue hypergiant stars forming part of a cluster that
includes LBV 1806-20. Their absolute magnitudes and bolo-
metric luminosities are consistent with other known stars with
similar spectral types, confirming the distance and reddening
estimates for LBV 1806-20 (15:1þ1:8

!1:3 kpc and AV ¼29)2mag).
With a surface temperature in the range 18,000–32,000 K,
LBV 1806-20 has a bolometric luminosity greater than 5 ;
106 L,. If we drop kinematic measurements of the distance
(15:1þ1:8

!1:3 kpc), we have a lower limit on the distance of greater
than 9.5 kpc and on the luminosity of greater than 2 ;106 L,,
based on the cluster stars. If we drop both the kinematic
and cluster star indicators for distance, an ammonia absorp-
tion feature sets yet another lower limit to the distance of
greater than 5.7 kpc, with a corresponding luminosity estimate
of greater than 7 ; 105 L, for the candidate LBV 1806-20.
Our speckle imaging shows conclusively that LBV 1806-20
is not an unresolved cluster of stars, although it may be a
binary/multiple system. If LBV 1806-20 is a single or mul-
tiple star, its total mass exceeds 190 M, (at the +15 kpc
distance). Finally, the presence of LBV 1806-20 with more
evolved stars in the same cluster (i.e., the W-R WCL star and
SGR 1806-20) implies that star formation may have occurred
over multiple epochs in this region of space.
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