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ABSTRACT

A major question in the study of black hole binaries involees understanding of the accretion geometry
when the sources are in the “hard” state. In this state, th@>energy spectrum is dominated by a hard power-
law component and radio observations indicate the presarecsteady and powerful “compact” jet. Although
the common hard state picture is that the accretion diskirctited, perhaps at hundreds of gravitational radii
(Rg) from the black hole, recent results for the recurrent iemtsGX 339—4 by Miller and co-workers show
evidence for optically thick material very close to the lid&ole’s innermost stable circular orbit. That work
focused on an observation of GX 339—4 at a luminosity of alBéaitof the Eddington limitl(z4q) and used
parameters from a relativistic reflection model and theges of a soft, thermal component as diagnostics. In
this work, we use similar diagnostics, but extend the stodgwer luminosities (2.3% and 0.8%:4q) using
SwiftandRXTEobservations of GX 339—-4. We detect a thermal componentavitmner disk temperature
of ~0.2 keV at 2.3% _gqq. At 0.8% Lgqq, the spectrum is consistent with the presence of such a coempo
but the component is not required with high confidence. Ahbominosities, we detect broad features due
to iron Ko that are likely related to reflection of hard X-rays off thetioglly thick material. If these features
are broadened by relativistic effects, they indicate thmically thick material resides within 1By down to
0.8%Leqqg, and the measurements are consistent with the inner rafiibhe disk remaining at-4 Ry down to
this level. However, we also discuss an alternative modethfe broadening, and we note that the evolution
of the thermal component is not entirely consistent withdbastant inner radius interpretation. Finally, we
discuss the results in terms of recent theoretical work hydrid co-workers on the possibility that material
may condense out of an Advection-Dominated Accretion Flmwaintain an inner optically thick disk.

Subject headingsaccretion, accretion disks — black hole physics — starsviddal (GX 339-4) — X-rays:
stars — X-rays: general

1. INTRODUCTION still unclear, if they are related to Keplerian orbital foeop-
Gies for matter in an optically thick (e.g., Shakura & Sunyae
1973) accretion disk, they correspond to time scales very
close to the ISCO, implying that the disk must extend near
the black hole. Furthermore, these constraints on the inner
radius of the accretion dislR(,) occurred at times when the
X-ray energy spectrum included a strong thermal component
that is consistent with the Shakura & Sunyaev (1973) model
with an inner disk temperature efl keV and an inner radius
close to or at the ISCO.

As black hole outbursts evolve, they enter different séctr
states, and one definition for the various states was rgcentl
described in_McClintock & Remillard (2006). While the iron
dines, QPOs, and thermal components discussed above have
provided a determination dR, in the “thermal-dominant”
and “steep power-law” (SPL) spectral states, in this work,
we focus on the hard state where the accretion disk geom-

Over the past several years, progress has been made in co
straining the geometry of black hole accretion disks. Most
binaries with stellar mass black holes are X-ray transjents
and X-ray observations made when the sources are brigh
(Lx ~ 10°"3% ergs st) have uncovered iron & emission lines
with broad and redshifted profiles thought to be produced via
fluorescence when hard X-rays reflect off optically thickkdis
material (Reynolds & Nowak 2003). Fitting the energy spec-
tra with relativistic reflection models yield inner disk iad
close to the innermost stable circular orbit (ISCO) of trechl
hole {Miller etal.[2002). Another constraint comes from
the high frequency (100-500 Hz) quasi-periodic oscillaio
(QPOs) that are present for a number of black hole system
(Remillard et al. 2002). Although the origin of these QPOs is
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cal processes that occur in the hard state is that this isrthe 0 0.4 keV when they are in the hard state (Ebisawa et al.|1996;
state that is linked to the production of a steady and powerfu [Zdziarski et al.l 1998). While this implies that very large

jet. values ofRj, are not required for black holes to enter the
The common picture for the hard state accretion hard state, the thermal components have been found mostly
disk has been that its inner edge recedes (iR, only when the systems are in the brightest phases of their

increases), leaving a hot flow, such as an Advection- hard states. For example, tb&éVIM-NewtoriRXTE obser-
Dominated Accretion Flow (ADAF) or a spherical vation of GX 3394 in the hard state described above oc-
corona, where most of the X-ray emission is produced curred at the start of an outburstlatLgqq = 0.05 and spec-
via Comptonization [(Narayan, McClintock &Yil 1996; tral fits yielded a thermal component with a temperature of
Esin, McClintock & Narayan | 1997). Indeed, it has ~0.4 keV. X-ray observations of other black hole systems at
been shown that evaporation of the accretion disk canlower X-ray luminosities have provided relatively high tjua
lead to a truncated disk at low mass accretion ratesity X-ray spectra, and, in some cases, soft components have
(Meyer, Liu & Meyer-Hofmeister_2000). From an obser- been detected (e.g., Miller, Homan & Miniutti 2006), while,
vational standpoint, several measurements are suggestivn other cases, they have not (e.g., McClintock et al. 2001;
of a truncated disk, but no one method provides a directTomsick, Kalemci & Kaaret 2004).
measurement dR,. Examples of measurements that support For this paper, we have obtained broadbaSaift
an increase irRj, include a rapid drop in the temperature (Gehrels et al. 2004) an@XTE (Bradt, Rothschild & Swank
and flux of the thermal component (often to non-detection in11993) observations of the recurrent transient GX 3394 in
the >3 keV band) as the source enters the hard state as welthe hard state to constrain the accretion disk geometryisn th
as a drop in the characteristic frequencies seen in the powestate. The observations were made at the end of the most re-
spectra [(Poutanen, Krolik & Ryde 19917; Dove etial. 1997; cent outburst that began in 2007 January (Miller et al. 2007)
Tomsick & Kaaret| 2000; Revnivtsev, Gilfanov & Churazov after the transition to the hard state that occurred in 208y M
2001; |[Kalemcietal. | 2004;| Tomsick, Kalemci & Kaaret (Kalemcietall 2007). The luminosities of the observations
2004). In addition, a gradual drop in the strength of the we use in this work are well beloly/Lgg4g=0.05, and our goal
reflection component can be explained if the disk is trun- is to use the spectra along with reflection models that adcoun
cated and there is overlap between the disk and corondor relativistic effects to constrain the accretion geamett
(Zdziarski, Lubinski & Smith 1999; Zdziarski etial. 2003). these low luminosities.

While these measurements can be explained within the
truncated disk picture, other explanations have also begn s 2. OBSERVATIONS
gested. Much of the evidence for the disappearance of the 2.1. RXTE Monitoring Observations
thermal component come froRXTE spectra that lack soft
X-ray coverage, allowing for the possibility that the thatm
component simply shifts out of the instrumental bandpass.
Also, an increase in the ionization state of the inner disk

could cause a drop in the strength of the reflection compo- .
nent. In addition, some recent X-ray observations of black S€rvations were made under our program (proposal #92704)

holes in their hard state cast doubt on whether the truncatedNtil 2007 July 18 (MJD 54,299), and tfRXTE Propor-
disk picture is correct. The black hole system GX 339—4 tonal Counter Array (PCA_Jahoda ef al. 2006) 3-25 keV
was observed in the hard state wiMM-Newtonand the  light curve during this 89 day period is shown in Figlie 1.

Rossi X-ray Timing Explorer (RXTEjnd a fit with reflec- 1 N€ exposure times were typically 1-3 ks for these moni-
tion and iron line emission components accounting for rela- [0fing observations although some long&¢TEobservations

tivistic smearing effects are consistent with an inner disk ~ WWere also obtained as described below. We reported an in-
dius very close to the ISCO (Miller et/l. 2006). The ISCO Créase in timing noise and a hardening of the GX 339-4 en-
is at &R, (whereR, = GM/c?, G andc are constants, arld ergy spectrum that indicates a change to the hard-inteateedi

is the black hole mass) for a non-rotating black hole and atsliatle (see Hﬂm;go% BeIIccnjth_OQS) occkur(;e_d <|3:r_1 %’071M"?‘>r’112
1.23R, for a black hole rotating at the limiting spin rate of (Kalemcietall.2007), and this is marked in Figlie 1 with a
a. = 0.9982 [Thorné 1974), whew. is the mass-normalized  Vertical dotted line at MJD 54,232. By 2007 May 22 (marked
angular momentum parameter. Miller et 4. (2006) obtained ain FigureLl by the vertical dashed line at MJD 54,242), the
value ofRp/Ry = 4.0+ 0.5 from the GX 339—4 hard state X- source had reached the hard_ state with an energy spectrum
ray spectra. As this value is only slightly larger than thiega ~ dominated by a power-law with a photon indexIoF 1.6.

of 2-3R, thatMiller et al. {2004) obtained for GX 339—4 in Further evidence that the source reached the hard state by
the SPL state, it suggesté that there is very little change inthis time includes an increase in the optical and infrarexd flu
Rn between the two states. However, we must keep in mind (Buxton & Bailyni2007) as well as core radio flux (S. Corbel,
that the interpretation of the relativistic smearing pagggns ~ Privaté communication), which is an indication for the pres
depend on the model being physically correct, and other ex-énce of a compact jet.

planations have been advanced for iron line broadening (e.g

We obtained daily pointeBRXTEmonitoring observations
of GX 339-4 starting on 2007 April 20 gMJD 54,210) when
the flux dropped below 4 10™° ergs cm* s* as measured
in the 1.5-12 keV band by theXTEAII-Sky Monitor. Ob-

Laurent & Titarchuk 2007). 2.2. Swift andRXTE Observations
For the thermal component from an optically thick disk, one  The main focus of this work is the study of the broadband
expects the emission to fall outside the X-ray reginf@yfin- ~1-200 keV energy spectra from GX 339—4 at two times after

creases dramatically (e.g., to hundred®gbr more) as pre-  the source made a transition to the hard state. As indicated i
dicted by ADAF models (McClintock et &l. 2003). However, Figure[l, the firsBwiftobservation occurred on 2007 May 25
there are numerous examples of black hole systems, includ{MJD 54,245), a few days after the transition to the hardstat
ing well-known systems such as Cygnus X-1 and GX 339-4, The averag&wiftX-ray Telescope (XRT Burrows etlal. 2005)
that exhibit thermal X-ray emission with temperatures 0.1— count rate during the 6150 s observation was416- 0.04
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clude photons from regions between’7ahd 171 from the

S GX 339-4 centroid. We used version 9 of the XRT re-
! sponse matrix and kept events with grades in the range 0-
2 ool A | 2 (swxwt 0_20010101v009. r nf). In addition, we pro-
5 I Y duced an ancillary response file (ARF) with the HEASOFT
5 tool xrtkarf vO0.5.3. In making the ARF file, we
£ L used an exposure map produced with the todl expomap
3 bt v0. 2. 2.
% Lo For the PCA spectra, we used ti&yVLE background
= Y ) model that was most recently updated 2005 Novembeéy 28
& | and we used the HEASOFT toplcar sp v10. 1 to pro-
1 duce the response matrix. Although the PCA has 5 PCUs, it
| H is typical that only 2 or 3 PCUs will be turned on for a given
ol L ‘ observation. In our case, only PCUs 0 and 2 were turned on

220 240 260 280

MJD-54,000 (days)

300

for all of our RXTEobservations. Due to the loss of the PCU
0 propane layer, this PCU’s response is not as well known as

the other PCUs (Jahoda etlal. 2006). Also, for all the PCUs,
the response for the top anode layer (where most of the counts
are detected) is better modeled than the bottom layers., Thus
for this study, we only used the top anode layer of PCU 2
when extracting spectra. To check on the level of systematic
error, we extracted the PCU 2 spectrum for the Crab nebula
using Observation ID 92802-01-22-00, which is an observa-
observations that were simultaneous with much of $heft tion from 2007 May 14. Fitting the spectrum with an absorbed
observation. The average PCA count rate wag 44.1 ¢ s power-law, we find that 1% systematic errors are required to
(3.6—25 keV) for Proportional Counter Unit (PCU) #2, and reach a reduce@? near 1.0, and we use 1% systematics for
the average High Energy X-ray Timing Experiment (HEXTE the GX 339-4 spectra as well. For the HEXTE spectra, we
Rothschild et al._ 1998) count rate was.4@& 0.2 ¢ s* (17— used only HEXTE-B because HEXTE-A no longer obtains
240 keV) for HEXTE cluster B. As described below, Spec- background measurements.
trum #1 consists of the spectra from XRT, PCA, and HEXTE = We performed preliminary spectral fits to Spectrum #1 to
from these observations. check on the agreement between the calibrations of the dif-
We used the same 3 instruments for Spectrum #2, but theferent instruments. For these preliminary fits, we used XRT,
observations were made 2—-3 weeks later during the time pePCA, and HEXTE data in the 0.3—-10 keV, 2.75-25 keV, and
riod 2007 June 10-14. TaHlé 1 shows that there weSevit 17-240keV energy bands, respectively. We used XSPEC v12
and 5RXTEobservations made during this time frame. Al- and fitted the spectra with an absorbed power-law model. We
though theSwift and RXTE observations were mostly not also included a multiplicative constant in the model towllo
strictly simultaneous, the source did not show large chaitge  for differences in the overall normalizations betweenrinst
countrate or spectral hardness over the 5 day period. The 3.6 ments. The fact that we obtain a poor fi(v = 1282/269)
25 keV PCA count rates for each of the 5 observations listedis partially due to the fact that the power-law model is too
in Tabled were 18t+0.1 ¢ s*, 162+0.1¢c s, 1574+0.2 simple as well as being due to instrument calibrations. For
cs? 1514+01cs? and 142+ 0.1 ¢ s?, showing a grad-  example, it is known that the XRT calibration is complicated
ual but not dramatic decline. As shown in Figlife 1, this pe- by features due to the Sidayer in the CCD detectors at low
riod is close to the minimum flux that GX 339—4 obtained be- energies/ (Osborne et/al. 2005). In fact, we see a sharp dip in
fore its flux began increasing again. The aver8geft XRT the XRT residuals near 0.5-0.6 keV that is likely instrumen-
count rate was .86+ 0.02 ¢ s* (0.8-8 keV), while the av-  tal. Furthermore, we see that the XRT calibration does not
erage PCU2 and HEXTE-B count rates were6t50.1 ¢ st agree with the PCA calibration above 8 keV, and these issues
(3.6-25keV) and B+ 0.2 ¢ s* (17-240 keV), respectively. lead us to use the XRT in the 0.8-8 keV energy range for the
Thus, when compared to Spectrum #1, the XRT count rate isfits described below. In addition, the PCA calibration does
lower by a factor of 3.6 while the count rates for tRXTE not agree with XRT at the very bottom of the PCA range as
instruments are lower by a factor e2.8. there are strong positive residuals in the PCA spectrum be-
low 3.6 keV. Thus, in the following, we use the 3.6-25 keV
3. SPECTRAL ANALYSIS PCA spectrum. PCA and HEXTE match well in the region
We performed spectral analysis using XRT, PCA, and where they overlap, and we use the full 17-240 keV HEXTE
HEXTE data from the observations described above. To ex-bandpass. In addition, we note that there is good agreement
tract the spectra, we used tBaiftandRXTEtools provided  (within 5%) between the overall normalizations of the three
in the HEASOFT v6.3.1 software package. The XRT instru- instruments.
ment consists of a CCD imager at the focus of a grazing in- For PCA, Spectra #1 and #2 have high statistical qual-
cidence X-ray telescope. Although the instrument is cagpabl ity (hundreds or thousands of counts per energy bin) across
of two-dimensional imaging for faint sources, our targeswa the bandpass, but some rebinning was required for XRT
bright enough to require the use of Windowed Timing mode,
which provides one-dimensional imaging. For the GX 339—
4 energy spectra, we determined the One'dlme,ns_lonal CeNe re-extracted the spectra with the corrected softwarefeund that the
troid of the target and extracted the phOtonS W|th|rY &1 problem did not impact our observations.
the centroid. We also extracted background spectra that in-

FIG. 1.— The 3-25 keV light curve for GX 339-4 as measured by the
RXTHPCA. The rates shown are for a single Proportional Counteit U
(PCU2). The vertical dotted line shows the start of the ftamsto the hard
state, and the vertical dashed line shows when the sourche@ahe hard
state. The times of thBwift observations at MJD 54,245 and MJD 54,261—
54,265 are marked.

c st (0.8-8 keV). As indicated in Tablé 1, we obtairfRETE

9 A problem with the software that produces PCA backgroundtspevas
recently announced (see http://heasarc.gsfc.nasaagstie/xte 1st.html).
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and HEXTE. For XRT, we rebinned from 719 channels to

148 channels, leaving averages of 432 counts/bin and 259 10% E
counts/bin for Spectra #1 and #2, respectively. We rebinned i
the HEXTE spectra from 210 channels to 22 channels. 3 1 3
7 £
< g
4. RESULTS 2 01 4
4.1. Fits with Basic Models: Is a Thermal Disk Component § 0 01; ]
Present? TE
We fitted the spectra with an absorbed power- 0.001- ﬂ*—
law model. To account for absorption, we use 160 ‘ ‘ E
the photoelectric absorption cross sections from o L4 | =
Balucinska-Church & McCammon| (1992) and elemental = 12F ikl *MMH +++ Jf E
abundances froni_Wilms, Allen & McCray_(2000), which x é-g;Wm’, s S #M‘+ T
correspond to the estimated abundances for the interstella 060 J( E

medium. A power-law model does not provide a good fit
to either spectrum, with¢? equal to 651.8 and 321.6 for Energy (keV)

Spectra #1 and #2, respectively (for 213 degrees of freedom Fi6. 2. Spectrum #1, including data TOSWITXRT (0.6-8 keV)

in both cases). Figurdd 2 ahil 3 show the spectra and theyy1gpCa (3.6-25 kev), anRXTEHEXTE (17-240 keV), fitted with an
residuals in the form of a data-to-model ratio. In both cases absorbed power-law model. The data-to-model ratio is stiavine bottom
the strongest feature in the residuals occurs in the reggan n  panel.

the iron Ko region. Positive residuals are present close to the

~6—7 keV range where an emission line might be expected

1 10 100

to be present, and negative residuals are seen from 7 keV to 106 ‘ ‘ m
beyond 10 keV. The positive residuals that are present in the i ]
20-40 keV range, especially in Spectrum #1, may be duetoa > 1L i
reflection component. Finally, the curvature in the redisiua 2 i ]
at the lower end of Spectrum #1 may indicate the presence of % 0.1 i
a thermal component from an optically thick accretion disk. 5
The fit parameters are given in Table 2, and it is notable that G .01 f i
column density oNy = (3.140.1) x 10?* cmi? obtained for E T
the power-law fit to Spectrum #1 is somewhat lower than the 0.001- i
value inferred from the work of Hynes et al. (2004). From 165 ‘ ‘ ]
optical observationd, Hynes et al. (2004) prefer a value of 145 E
E(B-V) > 0.85, which corresponds tbly > 4.7 x 10?* 2 12 M&H + H e
cm? using conversions given in_Predehl & Schimitt (1995). & é‘SE’WM % JHM Wt BEE
Thus, the lower column density could also be an indication 0.65 f l ‘ E
that a thermal component is present. 1 10 100

To test whether a thermal component is present in the spec- Energy (keV)

tra, we performed the fits detailed in Table 2. For Spectrum : .

#1, when we add a disk-blackbody (Mitsuda et al. 1984) COM- jnsiments. ted with an absorbed power e model. The-tamodel
ponent to the power-law, the quality of the fit shows a large ratio is shown in the bottom panel.

improvement toy?/v = 5320/211. This, in addition to the
fact that theNy increases to a level which is consistent with
the lower limit from optical extinction measurements, are i

dications for the presence of a thermal component. However, .
even with the disk-blackbody component, the fit is poor due to error contours for the disk-blackbody temperatueg,} and
normalization Npgg). In Figure[4, the outermost contour

the iron features in the spectrum, so we re-fitted Spectrum#]TOr each spectrum corresponds to 90% confidence for two-
with a model that takes these features into account. Althoug parameters of interesm(x£= 4.61). The error region for

we use a more physical model for the iron line and reflec- SRR ;
tion below, here we add a smeared iron edge (Ebisawa et aIfggCtLuomnST;;rnoxvvﬁhtqﬁtgBBr'essg‘thrgf'gfgﬂghg'rfrf:;?r;tofr;orgnem
1994) to the model because it is a simple addition that signifi ’ P P

: : . in Spectrum #1. The error region for Spectrum #2 is well-
cantly improves the fit. When the disk-blackbody component " =P g P .
is adéedrio a model with a power-law and a s%eare% edgeseparated from that of Spectrum #1, showing a clear change in

: : _ the thermal component between the two spectra. The results
t3h3e8f|?t’ /Sz%ogws a large improvement frogf/» = 4447/211 to indicate a drop ifkTi, or Npgg or both parameters. To estimate

We carried out the same series of fits for Spectrum #2, and\t/cg ;églz‘;?gg;cze uc:ctimr? etggaﬁgéﬁggc%onquﬁ rlg aiﬁgﬁltrum #2,
while they also provide evidence for the presence of a ther-value i)f 610 XThe 999% confidence contan = 9.21) c%gs
mal component, the evidence is considerably weaker than for ot reach zero, but zero is reached with a slightly larger con

Spectrum #1. For the models without the smeared edge (se P S . X
Table[2), adding the disk-blackbody component gives a rela- our (Ax* = 10), .Wh'Ch Is consistent with &1% chance that
this component is spurious.

tively large improvement in the fit frog? /v = 3216/213 to
280.1/211. However, with the smeared edge, the change from
x?/v =2106/211to 200.2/209 is rather small.

To further test the significance of the thermal component in
the spectra and to determine if there is any evolution in the
thermal component between Spectra #1 and #2, we produced

4.2. Iron Line and Reflection Modeling
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nentis required at high confidence as indicated by the fatt th

the reflection covering fractiorf/2x) is significantly differ-

; ] ent from zero. The exact value 8f/2r depends strongly on

ab Spectum#1 ] the binary inclination, which is not known for GX 339—4. Pre-
] vious fits to higher quality X-ray spectra have given a valile o

i = 20'3; degrees (Miller et al. 2006), and we adopt a value of

20° to facilitate comparisons to the previous work. With this

=) inclination, we obtain values 6t/2r = 0.2235¢ and 024311
R ] for Spectra #1 and #2, respectively. Tiexr i v ionization
z 2; Spectrum #2 1 parameterf, is not very well-constrained, but it is signifi-
: RARN ] cantly greater than zero for both spectra, indicating a tiak
i ] is at least partially ionized.

N AN 1 While the reflection component s statistically significamt
o l\ NN ] both Spectra #1 and #2, an additional iron line in the 6.4—
NN ] 7.1 keV range (segjne in Table[3) is required for Spectrum

of . TTTeeSimemegrini ] #1 but is required at only slightly more than 90% confidence

014 016 018 020 022 024 for Spectrum #2 as shown by the values of the emission line

KT, (keV) normalization Njne) given in Tabld 8. This is not due to the

lack of iron features in Spectrum #2 but because, with the
nents for Spectra #1 (solid contours) and #2 (dashed c@)tdareach case, relativistic broadenlng, the reﬂectlon component Com‘?“”.
the inner-most contour encircles the 68% confidensgZ = 2.30) error re- bump ,related .to_thellron absqrptlon edge that can mimic a
gion for the two parameters and the outer-most contour spereds to 90%  broad iron emission line (see Figufés 5 Bhd 6). However, even
confidence A2 = 4.61). though the emission line is not clearly detected in Spectrum
#2, the parameters that account for the relativistic smgari

We re-fitted the spectra in an attempt to improve our mod- are still well-constrained for both spectra because bo¢h th
eling of the iron line and reflection. Initially, we removetet  line and the reflectiorpexr i v) components are smeared.
smeared edge and fitted the spectra with a model consisting While there are four relativistic smearing parametersy onl
of a disk-blackbody, a power-law, and a Gaussian emissiontwo of the parameters are left as free parameters in our fits.
line. Although the Gaussian greatly improves the fit in both As mentioned above, we fixed the binary inclination td,20
cases, the energy is well below the 6.4-7.1 keV iron rangeand we fixed the outer disk radius Ra,: = 400Ry(= GM/c?,
with values ofEjine = 3.8:25 keV and 4098 keV for Spectra ~ whereG andc are constants anill is the black hole mass).
#1 and #2, respectively. As suggested by the residuals in Fig One of the free parameters is the inner disk radius, and we
ures’2 and3, the Gaussians are also very broad with widthdind thatR;, = 3.6'1(Ry and 2937R, for Spectra #1 and #2,
of o ~ 2.0 keV in both cases. This suggests that we may berespectively, implying that the reflecting material is veigse
seeing relativistically smeared iron lines. to the black hole. The other free parameter is the power-law

Thel aor emission line model (Labr 1991) is appropriate index for the radial emissivity profile, and we obtain values
for reflection from an accretion disk around a rotating black consistent withg = 3 for both spectra.
hole, and if the iron line is due to reflection, then one expect 5. DISCUSSION
to see evidence for excess emission from reflection at higher . .
energies{20—-40 keV) as well. In fact, the positive residuals 5.1. Constraints from the Reflection Model
for Spectrum #1 (and to some extent for Spectrum #2) in this  Our results on the iron line and reflection component of
energy range suggest that there is indeed a reflection compo&X 339-4 join a relatively small number of observations
nent. Thus, we re-fitted the spectra with a model consistingwhere reflection models that account for the relativistic ef
of a disk-blackbody, an iron emission line, andexr i v re- fects near black holes have been fitted to broadband X-ray
flection component (Magdziarz & Zdziarski 1995), which in- spectra of black holes in the hard state. Our findings are
cludes both direct emission from a power-law as well as emis-most directly comparable to the results of Miller et al. (EP0
sion reflected off an accretion disk with neutral or parngiall where both the GX 339-4 and Cygnus X-1 showed evidence
ionized material. While thpexr i v model includes the ion-  for a broad iron K« emission line and a smeared reflection
ization effects, which are likely important for the hot amcr  component while they were in the hard state. Table 3 com-
tion disks around X-ray binaries, it does not include relati pares the parameters for GX 339-4 from the fits to the 2004
tic smearing. Thus, in our model, we convolved ffexr i v XMM-NewtoriRXTEspectrum reported In Miller et al. (2006)
model with thel aor model shape using the XSPEC con- to the parameters we obtain by fitting the same model to our
volution modelkdbl ur. We set up the XSPEC model so SwiffRXTE spectra. Independent of assumptions about the
thatkdbl ur convolves the sum of a narrow iron line and the distance to the source, Spectra #1 and #2 were taken when
pexri v model. The&kdbl ur parameters includ&, (the in- the GX 339—4 luminosity (1-100 keV, unabsorbed) was, re-
ner radius of the diskRot (the outer radius of the diski)(the spectively, 2.4 and 7.0 times lower than the 2004 spectrum.
binary inclination), andj (the power-law index for the radial ~Adopting a source distance of 8 kpc (Hynes et al. 2004) and
emissivity profile). a black hole mass of 5.8M(Hynes et all 2003), which are

The results of these fits are given in Table 3, and the fit- the same values used by Miller et al. (2006), we estimate that
ted spectra are shown in Figufés 5 ahd 6. The power-law andhe Eddington-scaled luminosities during our observatime
disk-blackbody parameters have similar values to those thal/Lggg=0.023 and 0.008.
we found with the basic models (Taljle 2), and the quality of The two most significant reflection parameters for answer-
the fits is better than we obtained with the basic models. Foring the question of the accretion geometry for GX 339-4 in
both spectra, the presence of thexr i v reflection compo-  the hard state are the covering fractiQi2r and the inner

FIG. 4.— Confidence contours for the thermal (disk-blackbodynpo-



6 Tomsick et al.

fits indicatemaximum(90% confidenced;, values of 5.0 for
for Spectra #1 and #2, and the spectra are consistent with lit
tle change fronti, ~ 4 over the 0.008—0.036:=44 luminosity
range. However, for Spectrum #2, since the iron line is not re
quired at high statistical confidence, we re-fitted the spett
without the emission line, allowing only the blurred refleat
componentto constraim,. In this case, we obtair, = 4.1*59
so that we should not rule out the possibility that the inner
disk radius increases t010 Ry at the lowest luminosity that
1 we are sampling.
] Of course, these radius constraints are only valid if the-blu
| ] ring that is clearly present is caused by the Doppler boost-
VF ] ing due to the motions of the material around the black
001 0 G i e hole and the gravitational redshift, and it is worthwhile to
1 10 100 consider whether other physical effects could cause simila
Energy (keV) blurring. Probably the best developed competing model at-
FIG. 5.— Spectrum #1 fitted with the model detailed in Tafile 3 adntted tributes the re]‘lectlon Com.po.nenF to Compton downscagerin
in flux units. The various model components are shown anddtech thermal of th(_':' source s X-ray emission in a large-scale and power-
disk-blackbody component, a power-law, a reflection coreptrand aniron ~ ful wind (Titarchuk & Shrader 2005). The model requires
emission line (the last two include relativistic effects). hard X-ray emission with a power-law photon indexof 2,
and the model has been shown to be able to reproduce the
shape of the-20-200 keV hard state spectra from GX 339-
10F™ T T N 4 (Titarchuk & Shrader 2005). More recently, it was shown
? ] that this Comptonization model can produce blurred and red-
shifted iron lines due to fluorescence of the wind material
(Laurent & Titarchuk 2007). Although this full model is not
E currently available for fitting our GX 339—4 spectra, in the
] future, it would be interesting to see if it can explain ak th
spectral features we observe.

10F

E F- (keV cm? s?)

5.2. The Thermal Component in the Hard State

Further evidence for an optically thick disk in the hardetat
thatis not highly truncated comes from the presence of a ther
] mal component that has now been seen in the hard state spec-

001lf Vo FdL e tra of several black hole systems. In our case, Spectrumstl ha
1 10 100 a significant thermal component while the thermal component
Energy (keV) may be present in Spectrum #2, but it is not required at very
, , Lo high significance. Thus, we focus on comparing our Spec-
FIG. 6.— Spectrum #2 fitted with the model detailed in Tdble 3 dni .
in flux units. 1F')he various model components are shown anﬁbdim the?ﬁal trum _#1 parameterg to the dlSk-b|§Ckb0dy parameters fF’U“d
disk-blackbody component, a power-law, a reflection conepgrand an iron by Miller et all (2005). As shown in Tablg 3, the inner disk
emission line (the last two include relativistic effects). temperature of 1934 0.012 keV for Spectrum #1 is signif-
icantly lower than the value dfT;, = 0.394+0.04 keV mea-
radius of the optically thick diskr, = Rin/Ry). The covering  sured when the 3-100 keV flux of the source was 2.4 times
fraction of ~0.23 that we obtain (assuming- 20°) is con- brighter. While a drop in temperature does not necessarily
sistent with the value of 224+ 0.06 obtained by Miller etal.  signal a change in accretion geometry, the disk-blackbody
(2006), and this may indicate little change in the system ge-normalization is related to the disk inner radius according
ometry even though we are observing at a lower flux. How- Npgg o R,zn so the fact thalNpgg is significantly larger for
ever, these values @¢1/2r are much less than the values of Spectrum #1 (see Tallé 3) could indicate an increa&gin
unity or even larger that have been seen for GX 339—4 as well To further investigate the difference between the values of
as other black hole systems in the SPL state (Zdziarski et al.Npgg in the two spectra, we note that for these low temper-
2003; Miller et al.| 2004). Although we are including rel- atures, the disk component is strongly impacted by interste
ativistic effects that were not included in earlier work by lar absorption, and the value df; that we obtain is some-
Zdziarski et al.|(2003), our covering fraction and power-la what higher than the value derived by Miller et al. (2006).
index (") values are very similar to the values Zdziarski et al. Thus, we refitted Spectrum #1 after fixing the column den-
(2003) used to demonstrate a systematic drop in the coveringity to the Miller et al.[(2006) value. We obtain only a sliyht
fraction as the source hardens. Thus, these results ariscons higher temperature d€T, = 0.2204+ 0.013 keV andNpgg =
tent with a significant change in geometry between the SPL6100283% Thus, Npgg is still nearly an order of magnitude
and the hard state, but not in the hard state between 0.056 antdigher for Spectrum #1 compared to the value~af00 ob-
0.008Lgqq. In addition, we note that geometry is not neces- tained by Miller et al.|(2006). Another (not independentywa
sarily the only change that occurs between the SPL and thego examine the question of whethBy, changes is that the

E F. (keV cm?s*)

hard state. disk-blackbody flux Fgisx) should be proportional t&T;? for
The inner disk radii implied by the reflection model param- constantR,, (Mitsuda et all 1984). Based on the parameters
eters also suggest little or no changeirdown to 0.008 gqq. with Ny fixed, the bolometric disk-blackbody flux for Spec-

While[Miller et all (2006) obtaim;, = 4.0+ 0.5, our reflection  trum #1 is 32 x 10720 ergs cm? s1, while the flux from the
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Miller et all (2006) parameters is®8x 10710 ergs cm? s Thus, it is notable that our observations of GX 339—4 as well
While the fact that these fluxes are nearly the same despite as most, if not all, of the cases where small inner disk radii
drop in kT, from 0.39 keV to 0.22 keV could be explained have been inferred for the hard state via reflection modeling
by a change iR, other physical effects could also be im- or the presence of soft components have occurred above this
portant such as possible changes in the “color correction fa level (Miller, Homan & Miniutti [2006;| Rykoff et all 2007).
tor” (Shimura & Takahara 1995) or changes in the tempera-At lower luminosity, there have been observations that do
ture profile in the disk. It is also worth noting that the ob- not necessarily require soft components in the X-ray band.
servations were made with different soft X-ray instruments For example, for the black hole system XTE J1118+480,
(XMM-Newtonvs. Swif) and differences in calibration could McClintock et al. [(2001) find evidence for a soft component
be important. However, despite these other possibilifi¢ise at the very low temperature ef24 eV when the system was
correct explanation is a change in the inner radiyswould near 0.001Lgq4q (@assuming a distance of 1.8 kpc and a black
need to change by a factor 6f3. hole mass of 7M). In addition) Tomsick, Kalemci & Kaaret
Our results for the evolution of the disk-blackbody pa- (2004) observed XTE J1650-500 at levels of1@q4q (as-
rameters appear to be in contrast to results obtained resuming a distance of 4 kpc and a black hole mass of 4D M
cently by Rykoff et al.[(2007) for another accreting blacktho and did not detect a soft component or iron features. Finally
(XTE J1817-330) in the hard state. Usin@0 Swiftobser- very high quality spectra have been obtained for several sys
vations covering inner disk temperatures from 0.2 to 0.8 keV tems in quiescende/Lgqq ~ 107 or lower without evidence
Rykoff et al. {2007) found a relationship closeRgsk o KT for a thermal component or iron features (€.g., Bradleylet al
(they actually found an index of.3+ 0.1 or 43+ 0.1 de- 2007; Corbel, Tomsick & Kaaret 2006).
pending on the model they used for the non-thermal com-
ponent). Although XTE J1817-330 does show some de- 5.4. Implications for the Compact Jet
viations from the trend for individual data points (see Fig-  The possibility of an inner optically thick disk in the hard
ure 3 from RyKoff et al. 2007), none of the deviations from giate has very interesting implications for the productén
the Faisk o KTy trend are as large as we see for GX 339-4, compact jets in the hard state. For GX 339-4, we detect the
suggesting that we may be seeing a different evolution for compact jet in the radio band contemporaneously with the
GX339-4. times that we obtained Spectra #1 and #2, land Miller et al.
5.3. Implications for the Hard State Geometry (2006) also report the presence of a compact jet during their
. . . hard state observation. Cygnus X-1 provides another ex-
Our spectra of GX 3394 provide evidence for an optically ample of a bright hard state black hole with a compact jet.
thick accretion disk in the hard state. BtLeqq=0.023,the  These examples imply that a compact jet can be produced
evidence comes from both blurred reflection and iron line fea \yhen the inner optically thick disk is present. Furthermore
tures as well as a significant thermal component. Atgqq = it is notable that fitting multi-wavelength spectral enedig-
0.008, the evidence primarily comes from the blurred reflec- triputions from radio-to-X-ray observations of GX 3394,
tion Component. The mOSt Constra|n|ng measurememihof Cygnus X'l, and another black hole System’ GRO ‘]1655_40,
comes from the reflection component, and these measureyjith a compact jet model give values of 3.5-&Q for the
ments requiréj, <5 at 0.023 gqq andrin < 10 at 0.008 gyq. radius of the jet at its base (Markoff, Nowak & Wilfhs 2005;
If the value offi, = 2-3 measured in the SPL state representsj\jigliari et all[2007). These small radii are consistent viita
the location of the ISCO, then our hard state measurementset being launched at or within the inner edge of the disk, and
imply a change of no more than a factor of 2.5 and 5 (for the may imply that the production of the compact jet is closely
two luminosities, respectively) greater than the radiughef linked to the inner disk.
ISCO (although see caveats discussed above). However, at the same time, radio observations show that
Recent theoretical work suggests a possible geometry thatompact jets can also be produced at very low luminosi-
may be consistent with these observations. It is found thattjes by quiescent black holes (Gallo, Fender & HYhes 2005;
two physical processes can be important to causing materiaiGa]io et al| 2006). This brings the role of the inner disk in je
to condense out of an ADAF, leaving an inner optically thick production into question since it is unclear whether themn
disk. First, as an ADAF is forming, the material close to the gisk persists to these low luminosities. As discussed above
ADAF/disk boundary will be significantly cooled via conduc-  the conductive and Compton cooling mechanisms considered
tive cooling, and will cause ADAF material to recondense py [Ljy et al. {2007) indicate that the disk should evaporate
back into the diskl(Meyer, Liu & Meyer-Hofmeister 2007). pelow 0.001Lgqq. However, it may still be worth consider-
Secondly, the soft photons from the optically thick disk can jng whether other cooling mechanisms can maintain the inner
Compton-cool the ADAF, which also leads to condensation gisk to lower levels. For example, Méiér (2005) has explored
(Liu et al.[2007). For a relatively large range of mass accre- the possibility of Magnetically Dominated Accretion Flows
tion rates and viscosity parameters, these effects leath& i (MDAFs), and there are indications for an inner disk region i
and outer optically thick disks with an ADAF filling the gap  the hard state where magnetic cooling is important. Clearly
in between. As discussed|in Liu et al. (2007), such a modelmgre theoretical studies as well as observations at theye ve
would apply for the brighter portion of the hard state and |ow Juminosities are important for a full understanding thié

could eXplain the small inner radii inferred from reflectfan set of conditions that are required for compact Jet pro(dmnu
in the hard state and the0.2-0.3 keV thermal components.

This geometry is also at least qualitatively consistentie
observed?/2r values.

Although such condensation can occur for relatively bright
portions of the hard state, the calculations of Liu et al0(?0
still indicate that below/Lggq ~ 0.001, the inner disk will
evaporate, leaving only ADAF inside some truncation radius
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TABLE 1
OBSERVATIONS OFGX 339-4
Satellite Observation Date in Start Time Stop Time Expdsure
ID (ObsID) 2007 (UT hour)  (UT hour) (s)
Spectrum #1
Swift 00030943001 May 25 17.10 23.80 6150
RXTE 92704-04-02-00 May 25 17.99 20.13 4976
RXTE 92704-04-02-02 May 25 21.14 21.69 1808
Spectrum #2
Swift 00030943002 June 10 16.70 21.70 4685
Swift 00030943003  June 12 1.29 21.98 5509
Swift 00030943004  June 14 1.01 22.38 3204
RXTE 92704-03-28-00 June 10 4.43 5.63 2320
RXTE 92704-03-29-00 June 11 8.44 9.51 3392
RXTE 94704-03-29-01 June 12 3.27 3.64 1056
RXTE 94704-03-30-00 June 13 6.08 6.64 1952
RXTE 94704-03-31-00 June 14 15.29 16.28 2112

aThis is the exposure time on the target (GX 339-4) obtaineth®XRT instrument (foSwif) or the PCA instrument (foRXTE.
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TABLE 2
GX 339-4 $ECTRALFITS WITH BASIC MODELS
ModeP NP I Np ¢ KTin NpeB XZ/V
(1%t cm?) (keV)

Spectrum #1
PL 3101 166+001 0113+0.002 - - 651.8/213
PL+DBB 85+£07 1694001 0125+0003 Q178+0.007 760003200 532.0/211
SMxPL 2601 158+001  0104+0.002 - - 444.7/211
SMx(PL+DBB)  7.2+£07 1594002 0109+0003 02033312 2300075009 338.3/209

Spectrum #2
PL 49+02 161+0.02 00329+0.0008 - - 321.6/213
PL+DBB 90+11  164+002 00367+00013 0157+0011 350003000 280.1/211
SMxPL 42+£02  150+0.02 00294+0.0008 - - 210.6/211
SMx(PL+DBB)  7.0+£14  152+003 00315+00015 01849%3 50900950  200.2/209

apPL is a power-law model. DBB is the Mitsuda et al. (11984) didkekbody model. SM is the smeared iron edge model from s al. [(1994). For these
fits, we fixed the width of the smeared iron edge to 10 keV.

bErrors on all parameter values are 90% confidedsgq = 2.7).

Units are photons cid s keV! at 1 keV.

TABLE 3
GX 339-4 $ECTRALFITS WITH REFLECTION

Parametér Spectrum #1 Spectrum #2 2004 Specttum
Ny (107 cm2) 7.1292 7.373 37+04

r 1.6870:53 1.633.04 1.41+0.03
NpL© 0.11873358 0.03573- 504 0.32+0.03

KT, (keV) 0.193+0.012 oleltggég 0.39+0.04
Noes 29,000%7005  14,000%530° 700+ 200

i (degrees) 20.0 20.0 pi

Q/279 (pexri v) 0422888500 0424;%%%0 0.224+0.06

€8 (ergs cm s1) (pexri v) 10,0005 500 7,000', 500 1,000

Eiine (keV) 6992 6.7:3% 6.8+0.1

Niine (photons cm? s71)

(7.4+44)x 104 (2.428) x 1074

(35+£0.3)x 1073

Rin/Rg (kdbl ur) 3613 2,921 4.0+05

o (kdbl ur) 3.2°02 31+04 30

Xz/z/ 324.7/205 191.3/205 2120.5/1160
Absorbed Flux (ergs cm s1)d 21x107° 7.4x 10710 5.4x 107
Unabs. Flux (ergs cid s) 2.2x107° 7.7x 10710 55x% 1070
Luminosity (ergs 34 1.7 x 1037 5.9x 10% 42x10%7
Luminosity (eqq) 0.023 0.008 0.056

Iron Line Equivalent Width (eV) 148-90 14¢139 ~160

agrrors on all parameter values are 90% confidedsg? = 2.7).

bThese are the parameters obtained by Miller &f al. (200&htoR004XMM-NewtorandRX TEobservations of GX 339-4.

CUnits are photons ci s keV! at 1 keV.

dRef_lect‘ion covering factor.
€lonization parameter.

The power-law index for the radial emissivity profile.
9Absorbed flux in the 1-100 keV band.

r_‘Unabsorbed flux in the 1-100 keV band.
'1-100 keV luminosity assuming a distance of 8 kpc.
11-100 keV luminosity in Eddington units assuming a distawfc® kpc and a black hole mass of 5.&M



