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ABSTRACT
We report on the results of observations of hard X-ray sources in the Galactic plane with theChandra X-ray

Observatory. The hard X-ray “IGR” sources were discovered by theINTEGRALsatellite, and the goals of the
Chandraobservations are to provide sub-arcsecond localizations to obtain optical and infrared counterparts and
to provide constraints on their 0.3–10 keV spectra. We obtained relatively short,∼5 ks, observations for 20 IGR
sources and find a brightChandrasource inINTEGRALerror circles in 12 cases. In 11 of these cases, a cross-
correlation with optical and/or infrared source catalogs yields a counterpart, and the range ofJ-band magnitudes
is 8.1–16.4. Also, in 4 cases, theChandraX-ray spectra show evidence for absorbing material surrounding
the compact object with a column density of local material inexcess of 5× 1022 cm−2. We confirm that
IGR J00234+6141 is a Cataclysmic Variable and IGR J14515–5542 is an Active Galactic Nucleus (AGN). We
also confirm that IGR J06074+2205, IGR J10101–5645, IGR J11305–6256, and IGR J17200–3116 are High
Mass X-ray Binaries (HMXBs). Our results (along with follow-up optical spectroscopy reported elsewhere)
indicate that IGR J11435–6109 is an HMXB and IGR J18259–0706is an AGN. We find that IGR J09026–
4812, IGR J18214–1318, and IGR J18325–0756 may be HMXBs. In cases where we do not find aChandra
counterpart, the flux upper limits place interesting constraints on the luminosities of black hole and neutron star
X-ray transients in quiescence.
Subject headings:stars: neutron — stars: white dwarfs — black hole physics — X-rays: stars — infrared:

stars — stars: individual (IGR J00234+6141, IGR J01363+6610, IGR J06074+2205, IGR
J09026–4812, IGR J10101–5645, IGR J11305–6256, IGR J11435–6109, IGR J14515–
5542, IGR J17200–3116, IGR J17285–2922, IGR J17331–2406, IGR J17407–2808, IGR
J17445–2747, IGR J17507–2856, IGR J18193–2542, IGR J18214–1318, IGR J18256–
1035, IGR J18259–0706, IGR J18325–0756, IGR J18539+0727)

1. INTRODUCTION

The hard X-ray imaging of the Galactic plane by theINTEr-
national Gamma-Ray Astrophysics Laboratory (INTEGRAL)
satellite is uncovering a large number of new or previously
poorly studied “IGR" sources. In the most recent compre-
hensive paper onINTEGRALsources, 500 sources had been
detected byINTEGRAL in the 20–40 keV band, including
214 IGR sources (Bodaghee et al. 2007). WhileINTEGRAL
provides hard X-ray images of unprecedented quality, it still
only localizes sources to 1′–5′, which is not nearly ade-
quate for reliably finding optical or IR counterparts. How-
ever, a relatively large fraction of the IGR sources are per-
sistent, making it possible to detect the sources in the∼1–10
keV band withChandra, XMM-Newton, or Swift, vastly im-
proving their localizations even with short observations with
these satellites (Tomsick et al. 2006; Rodriguez et al. 2003;
Rodriguez, Tomsick & Chaty 2008).

The group of IGR sources that have been identified in-
clude 49 Active Galactic Nuclei (AGN), 32 High-Mass X-
ray Binaries (HMXBs), 9 Low-Mass X-ray Binaries, 9 Cat-
aclysmic Variables (CVs), and smaller numbers of other
source types (Bird et al. 2006; Bodaghee et al. 2007). Prob-
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ably the biggest surprise is the large number of HMXBs
as well as the properties of these systems. Many of the
IGR HMXBs have large levels of intrinsic (i.e., local) ab-
sorption with NH ∼ 1023−24 cm−2 (e.g., Walter et al. 2003;
Matt & Guainazzi 2003; Rodriguez et al. 2003; Combi et al.
2004; Walter et al. 2004; Beckmann et al. 2005; Walter et al.
2006), and there is evidence in several cases that a strong
stellar equatorial outflow is responsible for the absorption
(Filliatre & Chaty 2004; Chaty et al. 2008). In addition to
the high column densities, some members of the group of
IGR HMXBs exhibit other extreme properties, including
the high amplitude X-ray flaring of the Supergiant Fast X-
ray Transients (SFXTs, Negueruela et al. 2006; Sguera et al.
2006; Walter & Zurita Heras 2007) and neutron stars with
very long, ∼1000–6000 s, spin periods (Patel et al. 2004;
Lutovinov et al. 2005), which may, in at least some cases,
be due to very high neutron star magnetic fields (Patel et al.
2007).

In order to determine the nature of more of the unclassified
IGR sources, we have been obtaining observations of IGR
sources in the Galactic plane with theChandra X-ray Ob-
servatory. We observed 4 sources duringChandraobserv-
ing cycle 6, obtained sub-arcsecond localizations for all 4,
and found that 2 of these sources are CVs, 1 is an HMXB,
and 1 is a likely HMXB (Tomsick et al. 2006; Masetti et al.
2006b; Chaty et al. 2008). When we selected targets for our
cycle 8 proposal (in 2006 March), we considered all the IGR
sources that had been detected at that time (now, the num-
ber has nearly doubled, and we are observing many of the
recently detected sources in cycle 9). As we are interested in
Galactic sources, we selected sources that are within 5◦ of the
Galactic plane. We also eliminated sources from our list that
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were considered to be likely Active Galactic Nuclei (AGN),
and this left us with a list of 20 targets.

Between 2006 December and 2008 February, we obtained
cycle 8Chandraobservations of these 20 IGR sources. The
goals of the observations are to provide a sub-arcsecond po-
sition for each source to facilitate an optical/IR identification
and to obtain a soft X-ray spectrum. In the following, we
describe theChandraobservations and our analysis of these
data in §2. For the cases where we obtained sub-arcsecond
Chandrapositions, we report on the results of our search for
optical and IR counterparts in §3. Then, in §4, we describe
the implications for each source and give our conclusions in
§5.

2. CHANDRAOBSERVATIONS AND ANALYSIS

2.1. ChandraObservations

Between 2006 December and 2008 February, we obtained
cycle 8Chandraobservations of 20 IGR sources. The Ob-
sIDs for these∼5 ks “snapshot” observations taken with the
Advanced CCD Imaging Spectrometer (ACIS, Garmire et al.
2003) are 7518–7535, 7561, and 7562, and the IGR source
names and more details on the observations can be found in
Table 1. For each observation, we started with a “level 1”
event list produced via theChandradata pipeline. We down-
loaded the most recent level 1 data products as of 2008 March
after these were processed at theChandraX-ray Center with
pipeline (“ASCDS”) versions between 7.6.9 and 7.6.11.1.
We performed all further data processing locally using the
Chandra Interactive Analysis of Observations (CIAO) ver-
sion 4.0 software and Calibration Data Base (CALDB) ver-
sion 3.4.2. For each observation, we used the CIAO routine
acis_process_events to obtain a “level 2” event list
and image. We note that while a level 2 file is produced in the
pipeline data, the primary reason that we re-produced the file
is so that we would be using the most recent time-dependent
gain information.

Nineteen of the observations were carried out with ACIS-
S, while the observation of IGR J11305–6256 (ObsID 7527)
was carried out with the ACIS-I to obtain a 16-by-16
arcminute2 continuous field-of-view (FOV) rather than the 8-
by-32 arcminute2 continuous FOV for ACIS-S with 4 CCD
detectors activated. Although the FOV is more favorable for
ACIS-I, ACIS-S was our first choice because of its better
soft X-ray response. The radii of theINTEGRAL90% con-
fidence error circles range from 1′.1 to 4′.8 (Bird et al. 2007,
2006; Chenevez et al. 2004), and ourChandraobservations
covered the entireINTEGRALerror circle in all cases except
one, IGR J00234+6141 (ObsID 7424). Although theChandra
FOV only covered about 80% of the IGR J00234+6141 error
circle, this was a case where we detected a brightChandra
source in theINTEGRALerror circle.

2.2. Search for Sources and X-ray Identifications

While several of the observations show brightChan-
dra sources in their correspondingINTEGRALerror circles
that are obvious likely counterparts, we performed a for-
mal search for sources using CIAO programwavdetect
(Freeman et al. 2002). In all cases (except IGR J00234+6141
as described above), the search covered the fullINTEGRAL
error circle, and the search typically extended over the ACIS
chip containing the observation aimpoint (ACIS-S3). In a few
cases, theINTEGRALerror circle extended to the adjacent
chip (ACIS-S2 or ACIS-S4), and we extended the search to

part or all of the adjacent chip. For the search, we used the
0.3–10 keV images and a detection threshold of 10−6, which
corresponds to the likely detection of 1 spurious source per
ACIS chip (with 1024-by-1024 pixels per chip).

The number ofChandrasources detected in eachINTE-
GRALerror circle varies widely from zero to 12 sources. In
total, 65 sources are detected, and the sum of the error cir-
cle areas is 475 arcmin2 for an average source density of
0.137 sources/arcmin2. Thus, one expects 0.52 sources for
the smallest 1′.1 error circle (we detect zero) and 9.4 sources
for the largest 4′.8 error circle (we detect 12). Although one
does not necessarily expect the source density to be uniform
for different pointing directions through the Galaxy, our num-
bers of detected sources do not require large variations in the
source density.

The count rates for these 65 sources also vary widely from
<1×10−3 c/s (<5 counts) to nearly 0.5 c/s (∼2,500 counts).
The median number of counts per source is 9.6, while the
mean is 141.8, indicating that there is a population of anoma-
lously bright sources in at least some of these pointings. In
fact, in 11 of our observations, there are single bright sources
with count rates between 0.055 and 0.446 c/s. In our previous
Chandrastudy of four IGR sources (Tomsick et al. 2006), we
measured ACIS count rates between 0.039 and 0.18 c/s, so
the rates for the 11 bright sources mentioned above are in-line
with what we expect if these are theChandracounterparts to
the IGR sources. TheChandrapositions and ACIS count rates
for these sources are listed in Table 2. There is one other case
where we also believe there is strong evidence that ourChan-
dra observations have uncovered the correct counterpart. For
IGR J18325–0756, we detect only one source in the 1′.3 IN-
TEGRALerror circle. Although this is only a 30 count source
(0.0059 c/s), it is very close to the center of a relatively small
INTEGRALerror circle, and we have listed it in Table 2 as a
likely counterpart to IGR J18325–0756. TheChandraimages
for these 12 sources are shown in Figure 1.

The other 8 observations do not yield clear counter-
parts. In 3 cases (IGR J18539+0727, IGR J18193–2542,
and IGR J17331–2406), noChandra sources are detected
in the INTEGRAL error circles. In the other 5 cases
(IGR J01363+6610, IGR J17407–2808, IGR J17445–2747,
IGR J17285–2922, and IGR J17331–2406), multiple (be-
tween 2 and 7)Chandrasources are detected, but, in each
case, no one source is anomalously bright. For theChandra
sources detected in these observations, the numbers of ACIS
counts collected are between 4 and 16. Although these faint
Chandrasources may possibly be counterparts to the IGR
sources, we do not have any basis for picking whichChandra
source is the correct counterpart. A list ofChandrasources
detected in theINTEGRALerror circles for these five observa-
tions is provided in Table 3. There are at least 3 possibilities
why we are not able to find unique counterparts in these 8
cases: The IGR sources may be variable or transient; the IGR
sources may be highly absorbed; or the IGR sources may lie
outside of the 90% confidenceINTEGRALerror circles we
have been considering. In §4.8, we discuss each of the 8 cases
where we are not able to determine a unique counterpart in
more detail.

For the observations without clear counterparts, we also
inspected the portion of the ACIS FOV outside of theIN-
TEGRALerror circles, and there are notable sources in 2
cases. For IGR J17407–2808, theINTEGRALerror circle
radius is 4′.2, and we detect a very bright,∼5,400 count
source 6′.0 from the center of theINTEGRALerror circle.
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The position of this source is R.A. = 17h40m42s
.84, Decl. =

–28◦18′08′′.5 (equinox 2000.0, 90% confidence uncertainty
= 0′′.64), which is consistent with the location of the neu-
tron star LMXB SLX 1737–282 (Tomsick et al. 2007c). It
is clear that thisChandrasource, CXOU J174042.8–281808
is SLX 1737–282, but it is doubtful that SLX 1737–282 and
IGR J17407–2808 are the same source. The other case where
there is a possible counterpart outside of theINTEGRALerror
circle is IGR J17445–2747. While theINTEGRALposition
is good to 2′.3, we find a 211 count source that is 4′.4 away
from the bestINTEGRALposition at R.A. = 17h44m46s.02,
Decl. = –27◦47′32′′.7 (equinox 2000.0, 90% confidence un-
dertainty = 0′′.64). This source, CXOU 174446.0–274732,
is on the edge of the 5′′.1 Swift error circle for a source that
was a suggested as a likely counterpart for IGR J17445–2747
(Landi et al. 2007). However, since both sources are well out-
side theINTEGRALerror circle, it is not clear that either of
them is associated with IGR J17445–2747.

2.3. Spectral Analysis

We extracted 0.3–10 keV ACIS spectra for each of the
12 Chandrasources that have likely associations with IGR
sources using the CIAO toolpsextract. We extracted
source photons from a circular region centered on each source
with radii of between 5′′ and 7′′.5. The somewhat larger radii
are necessary for the cases where theChandrasources are
farther off-axis causing the source photons to be spread over
more pixels. We also extracted background spectra from an
annulus with an inner radius of 10′′ and an outer radius of 50′′

centered on the source. We used the CIAO toolsmkacisrmf
andmkarf to produce the ACIS response matrices. While we
produced spectra re-binned to 11 spectral bins in order to pro-
vide an opportunity to look for spectral features, we make use
of both binned and unbinned spectra in this work.

We fitted the binned 0.3–10 keV ACIS spectra us-
ing the XSPEC v12 software with an absorbed power-
law model usingχ2 statistics. To account for absorp-
tion, we used the photoelectric absorption cross sections
from Balucinska-Church & McCammon (1992) and elemen-
tal abundances from Wilms, Allen & McCray (2000), which
correspond to the estimated abundances for the interstellar
medium. In 5 cases, we obtained very poor fits with reduced-
χ2 values of between 4 and 10 for 9 degrees of freedom
(dof), and given the relatively high count rates in these cases
(between 0.197 and 0.235 c/s) as well as the fact that the
strongest residuals are at the high energy end of these spec-
tra (e.g., 5–10 keV), we suspect that photon pile-up is the
primary cause of the poor fits. We checked for pile-up for
all 12 sources by looking at the number of counts detected
above 10 keV, where the ACIS effective area is too small to
expect any source photons to be collected. In the 5 cases
where we suspect pile-up due to poor fits (IGR J09026–4812,
IGR J11305–6256, IGR J14515–5542, IGR J17200–3116,
and IGR J18214–1318), between 9 and 43 counts are detected
above 10 keV compared to between 0 and 2 counts in the other
7 cases. This confirms that we must correct for pile-up for the
spectra of the 5 sources listed above. Finally, we note that
the count rates for IGR J00234+6141 and IGR J18259–0706
are even higher, at levels of 0.446 and 0.487 c/s, respectively.
However, these two sources are also the farthest off-axis at4–
5′. With the larger off-axis point spread function the source
counts are spread over more pixels, and we do not see any
evidence for significant pile-up in these cases.

We re-fitted the 12 spectra using the same absorbed power-

law model, but with the addition of the Davis (2001) pile-up
model in the 5 cases where pile-up is significant. Also, for
these fits, we used the unbinned spectra and found the best
fit parameters using the Cash statistic. The results are given
in Table 4, and the parameters indicate that these sources do
indeed have hard spectra, which provides further confirma-
tion that these are the counterparts to the IGR sources. For
11 sources (all except IGR J18325–0756), the best fit values
for the power-law photon index are betweenΓ = 0.1 and 1.5,
which is inconsistent with a blackbody spectrum and indi-
cates a hard component to the spectrum. For IGR J18325–
0756, only 30 counts were collected, and the spectral shape
is not well-constrained as we obtainΓ = 2.8+5.4

−2.7 (90% con-
fidence). However, we also obtain a column density ofNH =
(3.4+4.4

−2.3)×1023 cm−2, suggesting that this source may have lo-
cal absorption like many of the IGR sources. In fact, several
of the sources show evidence for local absorption with values
of NH that are significantly higher than the inferred column
densities (NH andNH2) through the Galaxy along their lines of
sight (see Table 4). In addition to IGR J18325–0756, sources
IGR J06074+2205, IGR J11435–6109, and IGR J18214–
1318 haveNH values of (7.2+2.5

−2.0)×1022, (1.5+0.5
−0.4)×1023, and

(1.17+0.30
−0.27) × 1023 cm−2, while the GalacticNH values for

these 3 sources are between 6.1× 1021 and 1.6× 1022 cm−2

(Dickey & Lockman 1990) and the GalacticNH2 values are
between 1× 1020 and 4× 1021 cm−2. The Chandraspectra
are shown in Figure 2, and one can see the higher levels of
absorption for these 4 sources.

To estimate possible levels of long-term variability for these
12 sources, we used theChandraspectral parameters from
Table 4 to compare the flux levels we are seeing withChan-
dra to the flux levels measured in the 20–40 keV band by
INTEGRALas reported in Bird et al. (2007). As the energy
bands do not overlap, we compared the fluxes by extrapolat-
ing theChandrapower-law spectra into the 20–40 keV band.
We note that there is one exception, IGR J06074+2205, which
was only detected byINTEGRALin the 3–10 keV band, so we
performed the comparison in that energy band. Table 5 shows
the results of the comparisons, including a calculation of the
ratio of the extrapolatedChandraflux to theINTEGRALflux.
The three sources with the lowest values, IGR J06074+2205,
IGR J10101–5645, and IGR J18325–0756, have ratios of
0.021±0.009, 0.05±0.04, and<0.03, respectively, indicat-
ing high levels of variability, and these sources might be de-
scribed as transient. For the other 9 sources, the best values
for the ratios are between 0.17 and 1.7, although it should be
noted that most have relatively large error bars and also that
determining whether a source is variable depends on our as-
sumption about the power-law extending into the 20–40 keV
band.

3. OPTICAL/IR IDENTIFICATIONS

With the Chandrapositions for the 12 IGR sources, we
searched for optical/IR counterparts in the following catalogs:
the 2 Micron All-Sky Survey (2MASS); the Deep Near In-
frared Survey of the Southern Sky (DENIS); and the United
States Naval Observatory (USNO-B1.0), and the results of
the search are given in Table 6. For each source, the table
lists the 2MASS source that is closest to theChandraposi-
tion. Given theChandraposition uncertainties of 0′′.64 and
the 2MASS position uncertainties of 0′′.2, only sources with
Chandra/2MASS separations less than∼0′′.7 should be con-
sidered as possible or likely counterparts. In 11 cases, there
are 2MASS sources with positions consistent with theChan-
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dra positions, and we consider these associations to be likely.
For IGR J18256–1035, theChandra/2MASS separation is
5′′.7, indicating that these two sources are not associated. Fig-
ure 3 shows 2MASSJ-band images with theChandraposi-
tions marked for all 12 fields. In the case of IGR J18256–1035
(Figure 3j), it is apparent that the region is very crowded, and
theChandrasource falls in an area where several IR sources
are blended together.

The 11 sources with likely 2MASS counterparts have a
wide range of brightnesses fromJ = 8.0 to J = 16.4. The
brightest of the sources is IGR J11305–6256, and this source
appears in the 2MASS, DENIS, and USNO-B1.0 catalogs
at optical and IR magnitudes near 8. As discussed be-
low, the very low extinction (J–Ks = 0.04± 0.04) likely in-
dicates that the source is relatively nearby. On the other
hand, IGR J09026–4812, which hasJ = 15.57±0.08, shows
a highly reddened spectral energy distribution withJ–Ks =
2.88± 0.09. Either extinction or a very red intrinsic spec-
trum (more likely the former) explain why this source is not
detected in the optical (down to the USNO-B1.0 limit). Al-
though many of the regions are too crowded to comment on
whether the sources are extended in the 2MASS images or
not, Figure 3g shows that IGR J14515–5542 is clearly ex-
tended. OurChandraposition confirms that this source is an
AGN as suggested by Masetti et al. (2006b). An inspection
of the other sources shown in Figure 3 does not suggest that
they are extended, and many of the sources that are relatively
isolated appear to be point-like.

While we believe that the association of IGR J18325–0756
with 2MASS J18322828–0756420 is likely, this is the faintest
IR source in our sample (J = 16.4) as well as having the largest
Chandra/2MASS separation (0′′.63). Thus, in this work, we
include IR observations of the IGR J18325–0756 field taken at
the European Southern Observatory’s 3.5 meter New Technol-
ogy Telescope (ESO’s NTT) at La Silla Observatory. We per-
formed NIR photometry inJ, H andKs bands of IGR J18325–
0756 on 2004 July 11 with the spectro-imager SofI (Son of
Isaac). We used the large field of SofI’s detector, giving an im-
age scale of 0′′.288/pixel and a field of view of 4.92 arcmin2.
We obtained the photometric observations for each filter fol-
lowing the standard jitter procedure. This consists of a re-
peating pattern of 9 different 30′′ offset positions, allowing us
to cleanly subtract the sky emission in NIR. The integration
time was 50 s for each individual exposure, giving a total ex-
posure time of 450 s. We observed three photometric standard
stars from the faint NIR standard star catalog of Persson et al.
(1998): [PMK98] 9157, [PMK98] 9172, [PMK98] 9181.

We used the Image Reduction and Analysis Facility (IRAF)
suite to perform data reduction, carrying out standard pro-
cedures of NIR image reduction, including flat-fielding and
NIR sky subtraction. We performed accurate astrometry us-
ing all stars from the 2MASS catalog present in the SofI
field, amounting to∼1000 2MASS objects, and the rms of
astrometry fit is<0′′.5. TheKs-band image is shown Fig-
ure 4, and theChandraposition is consistent with the po-
sition of the IR source. We carried out aperture photome-
try, and we then transformed instrumental magnitudes into
apparent magnitudes using the standard relation:magapp =
maginst − Zp− ext× AM, wheremagapp and maginst are the
apparent and instrumental magnitudes,Zp is the zero-point,
ext is the extinction, andAM is the airmass. For the extinc-
tion, we usedextJ = 0.06, extH = 0.04, andextKs = 0.10, typ-
ical of La Silla Observatory. The apparent magnitudes are
J = 16.26± 0.04, H = 15.13± 0.06, andKs = 14.27± 0.08,

which are consistent with the 2MASS magnitudes.

4. DISCUSSION

Here, we discuss the implications of our results for all 20
Chandraobservations of IGR source fields. In the 12 cases
where we find likely counterparts, these represent the first
time that sub-arcsecond X-ray positions have been obtained.
We begin with discussions of the 6 cases where ourChan-
dra positions confirm associations with previously suggested
counterparts in the literature. In these cases, counterparts
were previously suggested based on the presence of unusual
CVs, HMXBs, or AGN in theINTEGRALerror circles. We
then discuss the 6 cases where theChandradetections either
provide new optical/IR counterparts or rule out previously
suggested counterparts. Finally, we discuss the 8 cases where
we were not able to obtain clearChandracounterparts to the
IGR sources.

4.1. Confirmations of Previously Suggested Associations

IGR J00234+6141: The position of CXOU
J002257.6+614107 is consistent with the position of the
Cataclysmic Variable (CV) reported in Halpern & Mirabal
(2006) and Bikmaev et al. (2006). It is also less than 6′′ from
the position of theROSATsource 1RXS J002258.3+614111,
confirming this association. It has been found that this source
belongs to the Intermediate Polar CV class and contains a
white dwarf with a spin period of 563.5 s and an orbital
period of 4.033 h (Bonnet-Bidaud et al. 2007).

IGR J06074+2205: The position of CXOU
J060726.6+220547 is consistent with the position of the
Be star reported in Halpern & Tyagi (2005) and Masetti et al.
(2006a), confirming that this source is a (Be-type) High-Mass
X-ray Binary. In addition to the position, our study shows that
there is material local to the compact object that contributes to
the column density ofNH = (7.2+2.5

−2.0)×1022 cm−2 that we mea-
sure in the X-ray. The fact that there must be local absorption
is especially clear since the source is bright in the optical
(B = 12.7±0.3). When the source was originally detected by
INTEGRALin 2003, IGR J06074+2205 was reported to have
a 3–10 keV flux of 7±2 mCrab (Chenevez et al. 2004), and
we find that the flux during theChandraobservation was a
factor of∼50 lower (see Table 5). Such a flux ratio between
outburst and quiescence would not be unusual for a Be X-ray
binary (Campana et al. 2002), and probably indicates a binary
orbit with some eccentricity.

IGR J10101–5654: The position of CXOU J101011.8–
565532 is consistent with the position of the star that
Masetti et al. (2006b) suggest as the possible counterpart.
Masetti et al. (2006b) report an optical spectrum for this star
with a strong Hα emission line and a reddened continuum,
and they conclude that the star is an early-type giant. With
a column density ofNH = (3.2+1.2

−1.0)×1022 cm−2, theChandra
spectrum does not indicate a high level of local absorption.
It is notable that this is one of the sources for which the ex-
trapolatedChandraflux is significantly lower than the flux
measured byINTEGRAL(see Table 5). This indicates signif-
icant change in mass accretion rate onto the compact object,
and it could point to an eccentric binary orbit.

IGR J11305–6256: The position of CXOU J113106.9–
625648 is consistent with the position of the star
HD 100199, which was suggested as a possible counterpart
by Masetti et al. (2006c). As mentioned above, this source
was the brightest companion we found with optical and IR
magnitudes of∼8. The spectral type of the star is B0IIIe, so
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this system is a Be type HMXB, and Masetti et al. (2006c)
estimate its distance at∼3 kpc. TheChandraenergy spec-
trum shows a low level of absorption,NH = (3.2+2.8

−2.2)× 1021

cm−2, consistent with the low optical extinction and a rela-
tively small distance for the source. At 3 kpc, the flux re-
ported in Table 4 corresponds to a 0.3–10 keV luminosity of
(4.7+2.1

−3.6)×1034 ergs s−1.
IGR J14515–5542: The position of CXOU J145133.1–

554038 is consistent with the position of the Seyfert 2 Ac-
tive Galactic Nucleus LEDA 3079667, which has a red-
shift of z = 0.018 (Masetti et al. 2006b). This source ap-
pears in the 2MASS catalog of extended sources as 2MASX
J14513316–5540388. This source was previously observed
by Swift, and Malizia et al. (2007) mention that this is one
of five Seyfert 2 AGN in their sample with lower levels of
absorption than might be expected for Seyfert 2s. We mea-
sure a slightly higher value forNH for our Chandraspectrum
((1.0+0.4

−0.3)×1022 cm−2 for Chandravs. (0.39+0.18
−0.16)×1022 cm−2

for Swift). Given that the value ofNH along this line-of-sight
through the Galaxy is 5.3× 1021 cm−2, our result still con-
firms that the column density for this source is lower than is
typically seen for Seyfert 2s.

IGR J17200–3116: The position of CXOU J172005.9–
311659 is consistent with the position of the star that
Masetti et al. (2006b) suggest as a possible counterpart
and is also consistent with the position of theROSAT
source 1RXS J172006.1–311702, confirming this associa-
tion. Masetti et al. (2006b) report an optical spectrum for
this star with an Hα emission line and a reddened contin-
uum, and they conclude that the system is a likely HMXB.
TheChandraenergy spectrum indicates a column density of
NH = (1.9+0.6

−0.5)×1022 cm−2. Although this is somewhat higher
than the column density through the Galaxy along this line-
of-sight, it does not necessarily require local absorption.

4.2. IGR J09026–4812

For this source, theChandraobservation described above
in this paper led to the first X-ray position accurate enough to
obtain an optical/IR identification (Tomsick et al. 2007a).We
have identified CXOU J090237.3–481334 with the 2MASS
and DENIS sources listed in Table 6. Although optical or IR
spectra are required to confirm that it is a Galactic object, we
do not see any evidence that the source is extended as might
be expected for an AGN as IR-bright as this source (e.g.,
IGR J14515–5542). Assuming that it is a Galactic source, it is
probably relatively distant or highly reddened since it hasthe
largestJ–Ks value of any of our targets as mentioned above,
and it is not detected in the USNO-B1.0 catalog or in theI -
band in the DENIS catalog. TheJ–Ks of 2.88± 0.09 does
not fit any stellar spectral type, and must be primarily due to
extinction.

If we hypothesize that the source is an HMXB, which may
be required for the combination of high extinction and IR
brightness, we can perform a consistency check on our hy-
pothesis by assuming a spectral type of B0V, which has an
absolute magnitude ofMK = −2.5. We assume that the extinc-
tion is at a level consistent with the range between the Galactic
value and the X-ray value we measure (see Table 4), and this
givesAV = 5.8–10.6 (AK = 0.66–1.21). UsingKs = 12.69, we
calculate a distance range ofd = 6.3–8.1 kpc, corresponding
to a 0.3–10 keV X-ray luminosity of (8+13

−1 )×1034 (d/7 kpc)2

ergs s−1, which is in-line with values obtained for other IGR
HMXBs (and also the value ofΓ = 1.1+0.5

−0.3 for the X-ray spec-

tral index is typical). Overall, the hypothesis of an HMXB
with a main sequence companion works for IGR J09026–
4812. If we instead assume a supergiant companion with
MK = −5.9 (B0I), we obtain a distance of 30–40 kpc, indi-
cating that a supergiant companion is unlikely.

4.3. IGR J11435–6109

IGR J11435–6109 is already known to be a neutron star
HMXB based on the detection of pulsations at 161.76 s,
and a long-term X-ray modulation at the orbital period of
52.36 d (in’t Zand & Heise 2004; Swank & Markwardt 2004;
Wen et al. 2006). For this source, theChandra observa-
tion described above in this paper led to the first X-ray
position accurate enough to obtain an optical/IR identifi-
cation (Tomsick et al. 2007b). We have identified CXOU
J114400.3–610736 with the 2MASS, DENIS, and USNO
sources listed in Table 6. Soon after we reported theChan-
dra position, a report of optical spectroscopy of the candi-
date was issued, suggesting a Be companion for this HMXB
(Negueruela, Torrejón & McBride 2007). TheChandraspec-
trum indicates strong absorption withNH = (1.5+0.5

−0.4) × 1023

cm−2, possibly due to a strong stellar wind from the Be star.
Finally, although Negueruela, Torrejón & McBride (2007) do
not determine the stellar subclass, they calculate that if the
companion is a B2Ve star, then its distance isd > 6 kpc.
Based on theChandraspectrum, this corresponds to a lower
limit on the 0.3–10 keV luminosity of>3×1034 ergs s−1.

4.4. IGR J18214–1318

For this source, theChandraobservation described above
in this paper led to the first X-ray position accurate enough
to obtain an optical/IR identification, and we have identi-
fied CXOU J182119.7–131838with the 2MASS, DENIS, and
USNO sources listed in Table 6. As shown in Figure 3i, the
source is blended with several other stars, and no strong argu-
ment can be made for it being point-like or extended, so we
cannot rule out the possibility that it is an AGN. If the source
is Galactic, the relatively largeJ–Ks color value of 2.4±0.1
must be caused by extinction since, as for IGR J09026–4812,
such a large value does not match any spectral type. This
may imply a fairly large distance, but it is notable that, unlike
IGR J09026–4812, IGR J18214–1318 is detected in the op-
tical, and IGR J18214–1318 is also somewhat brighter in the
IR. Although it is unclear whether this source is an HMXB,
the X-ray spectrum does show evidence for local absorption
with a column density ofNH = (1.17+0.30

−0.27)× 1023 cm−2, and
it would not be surprising if this was due to the wind from a
high-mass star. Overall, we believe that the most likely source
type in this case is an HMXB, but spectral confirmation is nec-
essary.

4.5. IGR J18256–1035

Previously, Landi et al. (2007) reported aSwiftposition for
this source with a 4′′.1 error circle, and suggested an as-
sociation between IGR J18256–1035 and the optical source
USNO-B1.0 0794–399102. While ourChandra position
agrees with theSwift position, we do not confirm the asso-
ciation with the USNO source as CXOU J182543.8–103501
is 2′′.9 away from the USNO source. The image shown in
Figure 3j indicates that the region is quite crowded, and while
the Chandrasource does not fall on any of the brighterJ-
band sources, it does fall in a region where there is IR emis-
sion. While IGR J18256–1035 must be fainter than the near-
est source in the 2MASS catalog, which hasJ ∼ 15, it may



6 Tomsick et al.

not be very much fainter than this. Considering theChan-
dra spectrum, this source is notable for having the hardest (or
one of the hardest when error bars are considered) power-law
indexes atΓ = 0.1+0.5

−0.4. However, the source is not strongly
absorbed, and its nature is not clear.

4.6. IGR J18259–0706

This source has a reportedSwiftposition with an error circle
of 3′′.71 (Malizia et al. 2007). In fact, the position of CXOU
J182557.5–071022 is 5′′.1 away from theSwiftposition even
though it is still very likely that they are the same source. Al-
though theSwift position allows for the possibility that the
bright IR source that is to the West of theChandrasource
as shown in Figure 3k is the counterpart, theChandraposi-
tion indicates that the IGR source is the fainter source next
to it. Follow-up optical spectroscopy was performed on this
source based on the identification facilitated by ourChandra
position. Burenin et al. (2008) report the presence of a broad
and redshifted Hα emission line in the optical spectrum, indi-
cating that the source is an AGN. Furthermore, Burenin et al.
(2008) classify the source as a Seyfert 1.

4.7. IGR J18325–0756

Recently, Landi et al. (2008) reported aSwift position for
this source with a 4′′.1 error circle, and CXOU J183228.3–
075641 has a position that is consistent. The 2MASS source
that Landi et al. (2008) mention as a possible counterpart is
the same source that we list in Table 6. Although theChan-
dra/2MASS position difference of 0′′.625 is somewhat larger
than for our other identifications, our NTT observations ap-
pear to confirm the association (see Figure 4). If the source is
Galactic, the relatively largeJ–Ks color value of 2.0±0.1 is
likely due to extinction and may suggest a relatively large dis-
tance. TheSwiftspectrum that Landi et al. (2008) describe is
similar to the highly absorbed spectrum we see as Landi et al.
(2008) mention the possibility of a column density as high
as 1.5×1023 cm−2. Between ourChandraspectrum and the
Swiftspectrum, this provides evidence for local absorption in
this source. An HMXB nature should be considered as a pos-
sibility in this case.

4.8. Discussion of Sources without ClearChandra
Counterparts

IGR J01363+6610:We detected 3Chandrasources within
the INTEGRALerror circle for IGR J01363+6610. All three
sources are very faint, with count rates between 0.0010 and
0.0019 c/s (see Table 3), and it is not possible to tell whether
any of them are the correct counterpart to the IGR source.
This IGR source has been suggested to be an HMXB with a
Be-type companion based on the fact that there is a Be star
in the INTEGRALerror circle (Reig et al. 2005). While our
Chandrafield-of-view covers the location of the Be star, we
do not detect any X-ray source at this position. This source is
a documented transient as Grebenev et al. (2004) describe an
INTEGRALdetection at 17 mCrab and then a non-detection
with an upper limit of 11 mCrab. The source may not be ex-
tremely highly absorbed because it was detected by JEM-X
during its 2004 outburst (Grebenev et al. 2004); however, the
JEM-X detection was reported in the 8–15 keV band, which
still allows for the possibility of significant absorption.Based
on the brightest of the 3 possibleChandracounterparts (with
a count rate of 0.0019 c/s), we have calculated an upper limit
to the source flux during ourChandraobservation. Assuming

that NH is at the Galactic value (see Table 4) and a power-
law spectral shape with a photon index betweenΓ = 1 and
2, we calculate an upper limit on the unabsorbed 0.3–10 keV
flux in the range (3.2–4.1)×10−14 ergs cm−2 s−1, which corrre-
sponds to a luminosity of∼5×1030 d2

kpc ergs s−1, wheredkpc

is the source distance in kpc. At the 2 kpc distance suggested
by Reig et al. (2005) for the Be star, this would correspond
to a luminosity of 2× 1031 ergs s−1, which is significantly
lower than quiescent luminosities of other Be X-ray binaries
(Campana et al. 2002).

IGR J17285–2922:We detected 6Chandrasources within
theINTEGRALerror circle for IGR J17285–2922 with a range
of count rates between 0.0013 and 0.0030 c/s (see Table 3).
It is not possible to tell whether any of them are the correct
counterpart to the IGR source, and no optical counterpart has
been suggested for this source.INTEGRALobservations of
the source clearly show that the source is a transient, and
when it had an outburst in 2003, its power-law spectrum with
a photon index ofΓ ∼ 2.1 suggest the possibility that it is
a black hole transient. To calculate a flux upper limit from
our Chandraobservation, we make the same assumptions as
for the previous source, and find that the upper limit on the
unabsorbed 0.3–10 keV flux is in the range (5.5–6.4)×10−14

ergs cm−2 s−1. Such a low flux would not be surprising for a
black hole transient.

IGR J17331–2406:Little is known about this source other
than that it a transient that had a∼9 mCrab outburst in
2004 with a hard spectrum that was fitted with a power-law
with Γ ∼ 1.8 (Lutovinov et al. 2004). No optical counter-
part has been suggested for this source, and we did not de-
tect anyChandrasources in our observation. This indicates
a count rate upper limit of∼0.0008 c/s, which corresponds
to an upper limit on the unabsorbed 0.3–10 keV flux of (1.0–
1.5)×10−14 ergs cm−2 s−1. As for the previous source, such a
flux level could be consistent with a black hole transient na-
ture, but we cannot rule out other possibilities.

IGR J17407–2808:We detected 7Chandrasources within
theINTEGRALerror circle for IGR J17407–2808 with a range
of count rates between 0.0011 and 0.0031 c/s. It is not pos-
sible to tell whether any of them are the correct counter-
part to the IGR source, and no optical counterpart has been
suggested for this source. The possible X-ray counterpart
2RXP J174040.9–280852 was suggested as a possible coun-
terpart, but we do not detect aChandrasource within the 16′′

error circle. The source is known to be transient, and based on
INTEGRALdetections of short flares as bright as 800 mCrab,
it was suggested that the source is a Supergiant Fast X-ray
Transient (Sguera et al. 2006). The ACIS-S count rate upper
limit of 0.0031 c/s from ourChandraobservation corresponds
to an upper limit on the absorbed flux of (6.0–7.2)×10−14

ergs cm−2 s−1. Some other SFXTs have been shown to be
quite faint in quiescence, with X-ray luminosities as low as
5× 1032 ergs s−1 (in’t Zand 2005), so the lowChandraflux
for IGR J17407–2808 may be consistent with a SFXT nature.
However, in this case, it should also be noted that theINTE-
GRALerror circle is relatively large for this IGR source, with
a radius of 4′.2. While theChandrafield-of-view does fully
cover the error circle, if the IGR source actually lies slightly
outside of the error circle, it could have been missed.

IGR J17445–2747:We detected 2Chandrasources within
theINTEGRALerror circle for this source with count rates of
0.0008 and 0.0017 c/s, and it is not possible to tell whether
either of these is the correct counterpart to the IGR source.In
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fact, very little is known about this source. While it might be a
transient, its flux history has not been well-documented. The
suggested association with aSwift source is discussed above
in § 2.2, and while we detect the same source withChandra,
the fact that both of these sources are well outside theINTE-
GRALerror circle makes the connection dubious. Assuming
that theSwift source is not the correct counterpart, we cal-
culate an upper limit on the 0.3–10 keV unabsorbed flux of
(4.1–4.5)×10−14 ergs cm−2 s−1.

IGR J17507–2856:We detected 3Chandrasources within
the INTEGRALerror circle for this source. All three sources
are faint, with count rates between 0.0012 and 0.0033 c/s, and
it is not possible to tell whether any of them are the correct
counterpart to the IGR source. The source is called a tran-
sient by Grebenev & Sunyaev (2004), but its flux history has
not been well-documented. Also, there have not been any
suggestions of optical counterparts for this source. We derive
an upper limit on the unabsorbed 0.3–10 keV flux of (7.4–
8.4)×10−14 ergs cm−2 s−1.

IGR J18193–2542:We did not detect anyChandrasource
in the INTEGRALerror circle for IGR J18193–2542, and
its nature is unclear. The source was listed in the second
IBIS catalog (Bird et al. 2006), but not the third IBIS catalog
(Bird et al. 2007). It is listed as a transient in (Bodaghee etal.
2007), but its flux history is not well-known. No optical coun-
terpart for the source has been detected. Based on a non-
detection in ourChandraobservation, we infer an upper limit
on the 0.3–10 keV unabsorbed flux of between 8.9× 10−15

and 1.4×10−14 ergs cm−2 s−1.
IGR J18539+0727:There is good evidence that this source

is a black hole transient as Lutovinov & Revnivtsev (2003)
were able to use theRossi X-ray Timing Explorer (RXTE)to
measure its spectral and timing properties during its outburst.
Thus, perhaps it is not too surprising that we did not detect
any source in theINTEGRALerror circle withChandrabe-
cause black hole transients tend to be very faint when they
are in quiescence. Based on a non-detection in ourChandra
observation, we infer an upper limit on the 0.3–10 keV unab-
sorbed flux in the range (1.7–2.0)×10−14 ergs cm−2 s−1, which
corresponds to an X-ray luminosity limit of<2×1032 ergs s−1

if the source distance is 10 kpc.

5. CONCLUSIONS

During Chandraobserving cycles 6 and 8, we have ob-
tained snapshot observations of 24 IGR sources located within
5◦ of the Galactic plane. In 16 cases, aChandracounterpart
is detected, providing the first sub-arcsecond X-ray positions
for these sources. Such an accurate position is required to
obtain or confirm optical or IR counterparts in the crowded
Galactic plane region, and a summary of the results for these
16 sources is given in Table 7. The information in the table in-
cludes the position in Galactic co-ordinates, theJ-band mag-
nitude, the source type, the spectral type of the optical com-
panion for Galactic sources or the AGN type for the one AGN
in our sample, and an estimate of the contribution to the col-
umn density that is local to the system. For this last quantity,
NH,local, we derive a range of possible levels of local absorp-
tion from the values given in Table 4 and from Tomsick et al.
(2006), where the upper limit comes from assuming that all of
the measuredNH is local and the lower limit comes from sub-
tracting the GalacticNH and two times the GalacticNH2 from
the measured value. If the lower limit is less than or consis-
tent with zero, then there is no evidence for local absorption,
and only the upper limit is quoted. For Galactic sources, a

high level of local absorption provides evidence that a strong
stellar wind is enveloping the compact object.

Considering the different types of sources withChan-
dra counterparts in our sample, the HMXBs are the largest
group, with 6 of the sources being spectroscopically con-
firmed HMXBs, and 4 of the sources being possible
HMXBs. At least 3 of the confirmed HMXBs are Be
X-ray binaries (IGR J06074+2205, IGR J11435–6109, and
IGR J11305–6256), and theChandra spectra for the first
two show evidence for significant local absorption (NH,local

is in the range (4.6–9.7)×1022 and (10–20)×1022 cm−2

for IGR J06074+2205 and IGR J11435–6109, respectively).
IGR J16207–5129 has an early-type (i.e., high-mass) super-
giant companion with no evidence for local aborption, and
IGR J10101–5645 and IGR J17200–3116 have early-type
companions, but better optical or IR spectra are required to
determine the exact spectral type.

Our determination of which of the remaining sources are
possible or likely HMXBs depend on several measurements
that we report in this paper. All 4 of these systems have
hard X-ray spectra and none of the IR images indicate that
they are extended sources. In addition, IGR J09026–4812
is bright in the IR (Ks ∼ 13), but it shows relatively high
optical/IR extinction, suggesting that it is relatively distant
with a luminous companion. A similar argument based
on the optical/IR magnitudes holds for IGR J18214–1318,
IGR J18325–0756, and IGR J16195–4945. In addition, the
evidence that IGR J18214–1318 and IGR J18325–0756 are
HMXBs is stronger because of the fact thatNH,local is in the
range (7–15)×1022 cm−2 for the former and in the range (6–
78)×1022 cm−2 for the latter, possibly indicating a strong stel-
lar wind.

Of the remaining 6 sources, 3 of them (IGR J00234+6141,
IGR J16167–4957, and IGR J17195–4100) are spectroscop-
ically confirmed CVs. All 3 of these sources have very low
X-ray column densities and are likely to be relatively nearby.
IGR J14515–5542 and IGR J18259–0706 are AGN. While
IGR J14515–5542 has been spectroscopically classified as a
Seyfert 2, ourChandraspectrum confirms an earlierSwiftre-
sult that the X-ray column density is lower than would be ex-
pected from a Seyfert 2. The final source with aChandra
counterpart is IGR J18256–1035. Our results confirm that
this source has a hard X-ray spectrum, but it does not nec-
essarily have any local absorption. Also, it is in a region that
is very crowded with IR sources, and better optical/IR images
are necessary to determine its brightness.

Table 8 lists the remaining 8 sources without a clearChan-
dra counterpart along with the upper limits on the X-ray flux
from Chandraas well as any information about the source
type from the literature. In 3 cases (IGR J17285–2922,
IGR J17331–2406, and IGR J18539+0727), there is evidence
from earlier INTEGRALobservations that these sources are
black hole candidate (BHC) X-ray transients. Such sys-
tems can be very faint in quiescence (Garcia et al. 2001;
Tomsick et al. 2003), so ourChandranon-detections can be
seen as further evidence for their BHC nature. The non-
detections for the likely HMXBs, IGR J01363+6610 and IGR
J17407–2808, are more surprising. While many HMXBs
show high levels of variability, flux upper limits in the range
of 10−13 to 10−14 ergs cm−2 s−1 are lower than expected, and
may indicate that these systems are more distant or have atyp-
ical properties. Although we do not know the source type
for the final 3 sources (IGR J17445–2747, IGR J17507–2856,
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and IGR J18193–2542), we note that all 3 sources have loca-
tions in the vicinity of the Galactic center. This could indicate
that they are part of bulge population of Low-Mass X-ray Bi-
nary (possibly BHC) transients.
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TABLE 1
ChandraOBSERVATIONS

IGR Name ObsID la bb Start Time Exposure Time (s)

J00234+6141 7524 119.62 –1.00 2007 Mar 26, 3.18 h UT 4891
J01363+6610 7533 127.45 +3.70 2007 Jun 8, 4.16 h UT 4976
J06074+2205 7520 188.39 +0.80 2006 Dec 2, 12.52 h UT 4935
J09026–4812 7525 268.88 –1.09 2007 Feb 5, 0.36 h UT 4692
J10101–5645 7519 282.24 –0.67 2007 Jun 9, 9.98 h UT 4698
J11305–6256 7527 293.87 –1.49 2007 Sept 27, 2.22 h UT 5058
J11435–6109 7523 296.05 +0.97 2007 Sept 23, 10.14 h UT 5093
J14515–5542 7531 319.34 +3.29 2007 May 16, 7.23 h UT 4888
J17200–3116 7532 355.02 +3.35 2007 Sept 30, 22.40 h UT 4692
J17285–2922 7530 357.64 +2.88 2008 Feb 8, 19.45 h UT 4698
J17331–2406 7535 2.61 +4.93 2008 Feb 5, 6.72 h UT 5106
J17407–2808 7526 0.10 +1.34 2007 Aug 1, 13.08 h UT 5109
J17445–2747 7521 0.86 +0.81 2008 Feb 8, 17.57 h UT 4888
J17507–2856 7562 0.58 –0.96 2008 Feb 5, 8.52 h UT 4695
J18193–2542 7534 6.51 –4.91 2008 Feb 16, 3.89 h UT 5084
J18214–1318 7561 17.73 +0.47 2008 Feb 14, 13.06 h UT 4692
J18256–1035 7522 20.58 +0.84 2008 Feb 14, 11.48 h UT 4698
J18259–0706 7528 23.64 +2.35 2008 Feb 14, 9.70 h UT 4698
J18325–0756 7518 23.72 +0.56 2008 Feb 26, 22.79 h UT 5061
J18539+0727 7529 39.85 +2.85 2007 Feb 19, 11.23 h UT 4656
aGalactic longitude in degrees.
bGalactic latitude in degrees.

TABLE 2
ChandraIDENTIFICATIONS

IGR Namea Chandra Chandra Chandra/ACIS
R.A. (J2000) Decl. (J2000) Count Rate

J00234+6141 00h22m57s.64 +61◦41′07′′.5 0.446
J06074+2205 06h07m26s.62 +22◦05′47′′.6 0.064
J09026–4812 09h02m37s.33 –48◦13′34′′.1 0.235
J10101–5645 10h10m11s.87 –56◦55′32′′.1 0.055
J11305–6256 11h31m06s.95 –62◦56′48′′.9 0.203
J11435–6109 11h44m00s.31 –61◦07′36′′.5 0.074
J14515–5542 14h51m33s.15 –55◦40′38′′.4 0.223
J17200–3116 17h20m05s.92 –31◦16′59′′.4 0.215
J18214–1318 18h21m19s.76 –13◦18′38′′.9 0.197
J18256–1035 18h25m43s.83 –10◦35′01′′.9 0.057
J18259–0706 18h25m57s.58 –07◦10′22′′.8 0.487
J18325–0756 18h32m28s.32 –07◦56′41′′.7 0.0059
aFor all sources, the largest contribution to the uncertainties in theChandrapositions are due to pointing systematics. The pointing uncertainties are 0′′.64 at

90% confidence and 1′′ at 99% confidence (Weisskopf 2005). The statistical position uncertainties are between 0′′.02 and 0′′.11.
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TABLE 3
ChandraSOURCE LIST FOR CASES WITHOUT A CLEAR COUNTERPART

CXOU Namea ChandraR.A. ChandraDecl. Chandra/ACIS
(J2000) (J2000) Count Rate

IGR J01363+6610
J013609.9+661157 01h36m09s.99±0s.03 +66◦11′57′′.5±0′′.2 0.0010
J013621.2+660928 01h36m21s.22±0s.06 +66◦09′28′′.7±0′′.2 0.0012
J013632.8+660924 01h36m32s.84±0s.07 +66◦09′24′′.3±0′′.2 0.0019

IGR J17285–2922
J172830.1–292334 17h28m30s.18±0s.02 –29◦23′34′′.7±0′′.2 0.0019
J172830.5–291946 17h28m30s.59±0s.01 –29◦19′46′′.6±0′′.2 0.0013
J172831.1–292250 17h28m31s.17±0s.02 –29◦22′50′′.9±0′′.2 0.0023
J172834.2–292458 17h28m34s.22±0s.01 –29◦24′58′′.0±0′′.2 0.0016
J172836.5–291926 17h28m36s.52±0s.02 –29◦19′26′′.2±0′′.2 0.0018
J172837.8–292133 17h28m37s.80±0s.01 –29◦21′33′′.6±0′′.1 0.0030

IGR J17407–2808
J174024.9–281243 17h40m24s.95±0s.03 –28◦12′43′′.5±0′′.3 0.0023
J174031.5–281326 17h40m31s.58±0s.02 –28◦13′26′′.8±0′′.3 0.0013
J174032.3–281042 17h40m32s.34±0s.04 –28◦10′42′′.0±0′′.2 0.0031
J174036.4–280840 17h40m36s.41±0s.04 –28◦08′40′′.3±0′′.3 0.0026
J174043.2–281601 17h40m43s.27±0s.02 –28◦16′01′′.3±0′′.3 0.0026
J174044.7–281159 17h40m44s.74±0s.02 –28◦11′59′′.5±0′′.2 0.0012
J174054.6–280949 17h40m54s.60±0s.01 –28◦09′49′′.5±0′′.5 0.0011

IGR J17445–2747
J174427.3–274324 17h44m27s.33±0s.03 –27◦43′24′′.1±0′′.4 0.0008
J174435.4–274453 17h44m35s.40±0s.01 –27◦44′53′′.3±0′′.2 0.0017

IGR J17507–2856
J175036.7–285452 17h50m36s.76±0s.02 –28◦54′52′′.6±0′′.3 0.0030
J175045.3–285817 17h50m45s.30±0s.02 –28◦58′17′′.0±0′′.4 0.0012
J175049.7–285510 17h50m49s.74±0s.02 –28◦55′10′′.7±0′′.2 0.0033
aFor all sources, the position errors given in the table are the 1-σ statistical errors calculated by thewavdetect software. A systematic pointing uncertainty

should be added to this. The pointing uncertainties are 0′′.64 at 90% confidence and 1′′ at 99% confidence (Weisskopf 2005).

TABLE 4
ChandraSPECTRALRESULTS

NH X-ray PSF Fit GalacticNH/NH2

IGR Namea (×1022 cm−2) Γ Fluxb
α

c Fractiond Statistice (×1022 cm−2)f

J00234+6141 0.17+0.05
−0.04 0.87±0.09 8.6±0.5 – – 631.8/660 0.73/0.0009

J06074+2205 7.2+2.5
−2.0 0.9±0.5 3.5+0.8

−0.5 – – 548.1/660 0.61/0.01
J09026–4812 1.9+0.6

−0.4 1.1+0.5
−0.3 13+23

−2 0.66+0.30
−0.24 0.85+0.03

−0.00 778.3/658 1.0/0.8
J10101–5645 3.2+1.2

−1.0 1.0+0.5
−0.4 2.03+0.35

−0.25 – – 465.9/660 1.8/0.8
J11305–6256 0.32+0.28

−0.22 0.33+0.40
−0.28 44+20

−34 0.78+0.22
−0.20 0.91+0.09

−0.06 783.6/658 1.5/0.06
J11435–6109 15+5

−4 1.1±0.6 9.1+4.8
−1.7 – – 474.4/660 1.0/0.02

J14515–5542 1.0+0.4
−0.3 1.5+0.9

−0.6 14+15
−7 0.66+0.34

−0.14 0.91+0.07
−0.05 790.8/658 0.53/0.002

J17200–3116 1.9+0.6
−0.5 0.8+0.5

−0.4 26+39
−16 0.45+0.55

−0.10 0.87+0.03
−0.02 727.7/658 0.49/0.07

J18214–1318 11.7+3.0
−2.7 0.7+0.6

−0.5 60+317
−35 0.36+0.64

−0.10 0.87+0.04
−0.02 634.2/658 1.6/0.4

J18256–1035 3.1+1.6
−1.2 0.1+0.5

−0.4 2.9+0.5
−0.4 – – 503.5/660 1.4/0.2

J18259–0706 1.7±0.2 1.02±0.13 14.3±0.6 – – 682.9/660 0.71/0.4

J18325–0756 34+44
−23 2.8+5.4

−2.7 6.0+1.8×107

−5.5 – – 155.4/660 1.8/1.7
aThe parameters are for power-law fits to theChandra/ACIS spectra and include photoelectric absorption with Wilms, Allen & McCray (2000) abundances. A

pile-up correction was applied in the cases where pile-up parameters are given. We performed fits without re-binning thedata and using Cash statistics. Errors in
this table are at the 90% confidence level (∆C = 2.7).

bUnabsorbed 0.3–10 keV flux in units of 10−12 erg cm−2 s−1.
cThe grade migration parameter in the pile-up model (Davis 2001). The probability thatn events will be piled together but will still be retained after data

filtering isα
n−1.

dThe fraction of the point spread function (PSF) treated for pile-up (see Davis 2001). This parameter is required to be in the range 0.85–1.0.
eThe Cash statistic and degrees of freedom for the best fit model.
fThe atomic hydrogen column density through the Galaxy from Dickey & Lockman (1990). We also give the molecular hydrogen column density through the

Galaxy, using a CO map and conversion toNH2 (Dame, Hartmann & Thaddeus 2001).
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TABLE 5
COMPARISON BETWEENINTEGRALAND ChandraFLUXES

Marked as Transient Flux measured Flux Extrapolated Flux
IGR Name in the IBIS Catalog byINTEGRALa from ChandraSpectrab Ratioc

J00234+6141 N (3.8±0.8)×10−11 (2.3±0.4)×10−11 0.61±0.17
J06074+2205d Y (1.3±0.4)×10−10 (2.6±0.7)×10−12 0.021±0.009
J09026–4812 N (9.8±0.8)×10−11 (2.2+4.3

−1.8)×10−11 0.22+0.44
−0.18

J10101–5645 N (8.3±0.8)×10−11 (4.2±3.4)×10−12 0.05±0.04
J11305–6256 N (3.0±0.1)×10−10 (3.1±2.4)×10−10 1.0±0.8
J11435–6109 N (9.1±1.5)×10−11 (1.5+2.0

−1.5)×10−11 0.17+0.23
−0.17

J14515–5542 N (6.8±0.8)×10−11 (9.9+20.3
−9.9 )×10−12 0.15+0.30

−0.15
J17200–3116 Y (2.1±0.1)×10−10 (7.9+13.5

−7.9 )×10−11 0.38+0.64
−0.38

J18214–1318 Y (1.3±0.1)×10−10 (2.2+11.8
−2.2 )×10−10 1.7+5.4

−1.7
J18256–1035 N (7.6±0.8)×10−11 (3.0±2.2)×10−11 0.39±0.29
J18259–0706 N (7.6±0.8)×10−11 (2.8±0.7)×10−11 0.37±0.10
J18325–0756 Y (1.9±0.1)×10−10 <5×10−12e <0.03

aThe 20–40 keV (or 3–10 keV in the case of IGR J06074+2205)INTEGRALfluxes in ergs cm−2 s−1 from the IBIS Catalog (Bird et al. 2007).
bThese fluxes, in ergs cm−2 s−1, are calculated by extrapolating the power-law fits to theChandraspectra from Table 4 into the 20–40 keV band (or into the

3–10 keV band for IGR J06074+2205).
cThe ratio of the extrapolated flux from theChandraspectra to the flux measured byINTEGRAL.
dThis source was detected as a transient by JEM-X (Chenevez etal. 2004) in the 3–10 keV band. It has not been detected by IBIS, and does not appear in the

IBIS catalog.
eIn this case, the large errors on theChandrapower-law parameters make a robust extrapolation into the 20–40 keV band impossible. This upper limit

corresponds to the case ofΓ = 0.1, which is the hardest power-law index consistent with theChandraspectrum.
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TABLE 6
OPTICAL/INFRARED IDENTIFICATIONS

Catalog/Sourcea Separation Magnitudes
IGR J00234+6141/CXOU J002257.6+614107

2MASS J00225764+6141075 0′′.090 J = 15.122±0.048 H = 15.046±0.082 Ks = 14.770±0.124
USNO-B1.0 1516–0012283 0′′.325 B = 18.0±0.3 R= 16.3±0.3 I = 15.6±0.3

IGR J06074+2205/CXOU J060726.6+220547
2MASS J06072661+2205477 0′′.227 J = 10.491±0.021 H = 10.189±0.022 Ks = 9.961±0.019
USNO-B1.0 1120–0112757 0′′.467 B = 12.7±0.3 R= 11.3±0.3 I = 10.2±0.3

IGR J09026–4812/CXOU J090237.3–481334
2MASS J09023731–4813339 0′′.181 J = 15.568±0.081 H = 13.863±0.071 Ks = 12.687±0.040
DENIS J090237.3–481334 0′′.451 — J = 15.831±0.17 Ks = 13.011±0.15

IGR J10101–5654/CXOU J101011.8–565532
2MASS J10101186–5655320 0′′.006 J = 12.617±0.044 H = 11.480±0.041 Ks = 10.669±0.029
DENIS J101011.8–565532 0′′.413 I = 15.632±0.06 J = 12.506±0.07 Ks = 10.657±0.07

IGR J11305–6256/CXOU J113106.9–625648
2MASS J11310691–6256489 0′′.243 J = 8.048±0.023 H = 8.067±0.031 Ks = 8.009±0.029
DENIS J113106.9–625649 0′′.279 I = 8.977±0.04 J = 8.154±0.05 Ks = 8.111±0.05
USNO-B1.0 0270–0309619 0′′.246 B = 8.2±0.3 R= 8.2±0.3 I = 8.2±0.3

IGR J11435–6109/CXOU J114400.3–610736
2MASS J11440030–6107364 0′′.082 J = 13.003±0.022 H = 12.338±0.021 Ks = 11.852±0.019
DENIS J114400.2–610736 0′′.397 I = 14.507±0.03 J = 13.019±0.08 Ks = 11.808±0.10
USNO-B1.0 0288–0337502 0′′.494 B = 16.6±0.3 R= 15.7±0.3 I = 14.8±0.3

IGR J14515–5542/CXOU J145133.1–554038
2MASX J14513316–5540388 0′′.140 J = 11.142±0.066 H = 10.045±0.045 Ks = 9.736±0.050
USNO-B1.0 0343–0472749 0′′.195 B = 16.3±0.3 R= 12.7±0.3 I = 12.8±0.3

IGR J17200–3116/CXOU J172005.9–311659
2MASS J17200591–3116596 0′′.269 J = 13.581±0.056 H = 12.334±0.057 Ks = 11.983±0.043
DENIS J172005.9–311659 0′′.353 I = 16.212±0.07 J = 13.553±0.09 Ks = 11.938±0.08

IGR J18214–1318/CXOU J182119.7–131838
2MASS J18211975–1318388 0′′.075 J = 12.786±0.052 H = 11.657±0.099 Ks = 10.359
DENIS J182119.7–131838 0′′.255 I = 17.007±0.11 J = 12.757±0.12 Ks = 10.639±0.14
USNO-B1.0 0766–0475700 0′′.574 — R= 20.3±0.3 I = 17.0±0.3

IGR J18256–1035/CXOU J182543.8–103501
2MASS J18254409–1035059 5′′.698 J = 15.015±0.091 H = 13.935±0.077 Ks = 13.520±0.078

IGR J18259–0706/CXOU J182557.5–071022
2MASS J18255759–0710229 0′′.279 J = 15.213±0.151 H = 13.900±0.151 Ks = 12.994±0.093

IGR J18325–0756/CXOU J183228.3–075641
2MASS J18322828–0756420 0′′.625 J = 16.398±0.177 H = 15.267±0.131 Ks = 14.490
aThe catalogs are the 2 Micron All-Sky Survey (2MASS), the Deep Near Infrared Survey of the Southern Sky (DENIS), and the United States Naval Observatory

(USNO-B1.0). For IGR J18256–1035 we did not find a good 2MASS/Chandraassociation, and we listed the closest 2MASS source.
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TABLE 7
SUMMARY OF RESULTS FORSOURCES WITHChandraCOUNTERPARTS

IGR Name la bb J-band Source Spectral NH,local
c

Magnitude Typed Type (1022 cm−2)
Chandracycle 8

J00234+6141 119.62 –1.00 15.12±0.05 CV Low Mass <0.22
J06074+2205 188.39 +0.80 10.49±0.02 HMXB Be 5–10
J09026–4812 268.88 –1.09 15.57±0.08 HMXB? ? <2.5
J10101–5645 282.24 –0.67 12.62±0.04 HMXB Early Giant <4.4
J11305–6256 293.87 –1.49 8.05±0.02 HMXB B0IIIe <0.60
J11435–6109 296.05 +0.97 13.00±0.02 HMXB Be 10–20
J14515–5542 319.34 +3.29 11.14±0.07 AGN Seyfert 2 0.2–1.4
J17200–3116 355.02 +3.35 13.58±0.06 HMXB High Mass 0.8–2.5
J18214–1318 17.73 +0.47 12.79±0.05 HMXB? ? 7–15
J18256–1035 20.58 +0.84 >15.0 ? ? 0.1–4.7
J18259–0706 23.64 +2.35 15.21±0.15 AGN Seyfert 1 <1.9
J18325–0756 23.72 +0.56 16.26±0.04 HMXB? ? 6–78

Chandracycle 6
J16167–4957e 333.06 +0.50 14.86±0.06 CV Low Mass <0.8
J16195–4945d 333.56 +0.34 13.57±0.03 HMXB? ? 1.1–12
J16207–5129d 332.46 –1.05 10.44±0.02 HMXB Early Supergiant <5.1
J17195–4100d 326.98 –2.14 14.1±0.1 CV Low Mass <0.21
aGalactic longitude in degrees.
bGalactic latitude in degrees.
cThe estimate for the column density due to material local to the source based on a calculation of the measuredNH minus the GalacticNH minus two times the

GalacticNH2 . An upper limit indicates no evidence for local absorption,and a range indicates evidence for slight or significant local absorption.
dCV = Cataclysmic Variable, HMXB = High-Mass X-ray Binary, AGN = Active Galactic Nucleus.
eWe obtainedChandraobservations for these 4 sources in cycle 6, and we reported the results in Tomsick et al. (2006). We include these here to allow for

comparison to the cycle 8 results, which are the focus of thispaper. For 3 of these sources, the source type has been confirmed spectroscopically (Masetti et al.
2006b).

TABLE 8
SUMMARY OF RESULTS FOR8 SOURCES WITHOUTCLEAR ChandraCOUNTERPARTS

IGR Name la bb ChandraFlux Number of Source
Upper Limitc Sources Detectedd Typee

J01363+6610 127.45 +3.70<(3.2–4.1)×10−14 3 HMXB? Be?
J17285–2922 357.64 +2.88<(5.5–6.4)×10−14 6 BHC?
J17331–2406 2.61 +4.93 <(1.0–1.5)×10−14 0 BHC?
J17407–2808 0.10 +1.34 <(6.0–7.2)×10−14 7 SFXT?
J17445–2747 0.86 +0.81 <(4.1–4.5)×10−14 2 ?
J17507–2856 0.58 –0.96 <(7.4–8.4)×10−14 3 ?
J18193–2542 6.51 –4.91 <(0.9–1.4)×10−14 0 ?
J18539+0727 39.85 +2.85 <(1.7–2.0)×10−14 0 BHC
aGalactic longitude in degrees.
bGalactic latitude in degrees.
cUpper limit on the 0.3–10 keV unabsorbed X-ray flux in units ofergs cm−2 s−1. In each case, the spectral shape assumed to calculate the upper limit is

an absorbed power-law with the column density at the Galactic value. The range of upper limits correspond to a range of assumed power-law photon indeces
betweenΓ = 1 and 2.

dThe number ofChandrasources detected in the 90% confidenceINTEGRALerror circle.
eHMXB = High-Mass X-ray Binary, BHC = Black Hole Candidate, SFXT = Supergiant Fast X-ray Transient.



14 Tomsick et al.

(b) IGR J06074+2205(a) IGR J00234+6141 (c) IGR J09026-4812

(d) IGR J10101-5654 (e) IGR J11305-6256 (f) IGR J11435-6109

(g) IGR J14515-5542 (h) IGR J17200-3116 (i) IGR J18214-1318

(j) IGR J18256-1035 (k) IGR J18259-0706 (l) IGR J18325-0756

FIG. 1.— Chandra0.3–10 keV images of the 12 IGR-source fields taken with the ACIS instrument. The 90% confidenceINTEGRALerror circles are shown
in each case, and their radii are (a) 4′.8, (b) 2′, (c) 2′, (d) 2′.8, (e) 1′.2, (f) 2′.6, (g) 3′.4, (h) 1′, (i) 2′.3, (j) 3′.7, (k) 3′.2, and (l) 1′.3. The images have been
re-binned by a factor of 4, giving 2′′ pixels. The images are oriented so that North is up and East isto the left. Arrows point to the brightestChandrasource
detected in each observation, and these are very likely the soft X-ray counterparts to the IGR sources. For the brightestand faintest sources, respectively, 2,200
and 30 counts were detected byChandra.
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FIG. 2.— Chandra0.3–10 keV spectra of the 12 IGR sources taken with the ACIS instrument. The spectra are fitted with an absorbed power-law model, and
photon pile-up must be included in the modeling for 5 of the sources. The model (and pile-up) parameters are given in Table4.
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(a) IGR J00234+6141 (b) IGR J06074+2205 (c) IGR J09026-4812

(d) IGR J10101-5654 (e) IGR J11305-6256 (f) IGR J11435-6109

(g) IGR J14515-5542 (h) IGR J17200-3116 (i) IGR J18214-1318

(j) IGR J18256-1035 (k) IGR J18259-0706 (l) IGR J18325-0756

FIG. 3.— 2MASSJ-band images of the 12 IGR-source fields. The white circle marks the 90% confidence 0′′.64 Chandraerror circle. The images are oriented
so that North is up and East is to the left. The pixel sizes for the 2MASS images are 1′′, and the size of each image is 34′′ in the East-West direction and 22′′ in
the North-South direction.
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FIG. 4.— Ks-band image of the IGR J18325–0756 field taken with the SofI instrument on the 3.5 meter New Technology Telescope (NTT). The image is
oriented so that North is up and East is to the left. The pixel size is 0′′.288. The white circle marks the position of theChandrasource CXOU J183228.3–075641,
and its position is consistent with that of 2MASS J18322828–0756420, which has aKs-magnitude of 14.27±0.08.


