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Using the High Resolution Camera onChandra, we have obtained the most accurate X-ray po-

sitions known for IGR J16393−4643 and for IGR J17091−3624. The obscured X-ray pulsar

IGR J16393−4643 lies at R.A. (J2000)= 16h 39m 05s
.47, and Dec.= −46◦ 42′ 13′′.0 (error

radius of 0′′.6 at 90% confidence). This position is incompatible with the previously-proposed

counterpart 2MASS J16390535−4642137, and it points instead to a new counterpart candidate

that is possibly blended with the 2MASS star. The black hole candidate IGR J17091−3624 was

observed during its 2011 outburst providing coordinates ofR.A. = 17h 09m 07s
.59, and Dec.

= −36◦ 24′ 25′′.4. This position is compatible with those of the proposed optical/IR and radio

counterparts, solidifying the source’s status as a microquasar. The other three targets of our ob-

servations, IGR J14043−6148, IGR J16358−4726, and IGR J17597−2201, were not detected

with 3σ upper limits of, respectively, 1.7, 1.8, and 1.5 (in 10−12erg cm−2 s−1) on their observed

X-ray fluxes (2–10 keV).
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1. Introduction

Surveys byINTEGRALhave enabled the discovery of hundreds of new high-energy sources
[1, 2]. While the softγ-ray imager has proven adept at finding new sources dubbedINTEGRAL
Gamma-Ray sources or IGRs1, the position error radii are on the order of a few arcminutes. These
are clearly too large to permit the identification of a singlecounterpart in the optical and infrared
(IR) bands. A sub-arcsecond X-ray position obtained withChandrawill help localize the cor-
rect counterpart enabling follow-up spectral studies to beperformed in the optical/IR, which will
eventually help lead to a source classification.

Here, we present the results fromChandrasnapshot observations of five IGRs located along
the Galactic Plane: IGR J14043−6148, IGR J16358−4726, IGR J16393−4643, IGR J17091−3624,
and IGR J17597−2201. These objects were previously observed withRXTE, Swift, or XMM-
Newton, and so some of their spectral and timing behavior is known. They share a common trait in
that the identity of the optical/IR counterpart was not firmly established when theChandraobser-
vations were proposed.

The fields of these sources were observed for∼1 ks each by the High Resolution Camera
(HRC) aboardChandra. These observations were scheduled between 2010 December and 2011
March. In addition to these X-ray observations, on 2011 July19, we observed IGR J14043−6148
with the National Optical Astronomy Observatory (NOAO) Extremely Wide Field Infrared Imager
(NEWFIRM) in theJ, H, andKs broadband filters.

2. Detected sources

2.1 IGR J16393−4643

Our Chandraobservation of IGR J16393−4643 [3, 4] provides the most precise position for
this absorbed X-ray pulsar: R.A. (J2000)= 16h 39m 05s

.47 and Dec. = −46◦ 42′ 13′′.0 with
an error radius of 0′′.6 (90% confidence). The HRC position is consistent with thoseobtained
with XMM-Newtonand with INTEGRAL[5]. However, this position is incompatible with the
position of 2MASS J16390535−4642137 which is located 1′′.4 away and which has an error radius
of 0′′.12 (at 90% confidence). Thus, we conclude that the 2MASS source, whose optical/IR analysis
led to diverging conclusions about its spectral class [6, 7], is unlikely to be the counterpart to
IGR J16393−4643. None of the four candidate counterparts proposed in [6] are consistent with
theChandraposition.

This suggests that the true counterpart to IGR J16393−4643 might be a distant (and reddened)
star that is blended with the bright 2MASS star. We combined deep near-IR images of the field
of IGR J16393−4643 with the NOAO/NEWFIRM telescope with those of archivalSpitzer-IRAC
observations from the GLIMPSE campaign in the mid-IR [8]. These images are presented in Fig. 1.
What appears as a single object in theJ band is revealed as two distinct peaks in the counts map of
the 5.8µm band: one corresponds to the 2MASS object, and the other could be a deeply-reddened
star situated on the wings of the PSF of the 2MASS star. At 8µm (not displayed), neither source
candidate can be disentangled from the tail of a cloud-like region of diffuse emission.

1a comprehensive list can be found at http://irfu.cea.fr/Sap/IGR-Sources
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Figure 1: Image of the field of IGR J16393−4643 as captured by the NOAO/NEWFIRM telescope in the
J andKs bands (left and middle panels), and at 5.8µm (right panel) fromSpitzer-IRAC [8]. Coordinates
are given as equatorial R.A. and Dec. (J2000) where North is up and East is left. The 90%-confidence error
circles corresponding to the HRC position from this work, the XMM-Newtonposition [5], and that of the
previously-proposed infrared counterpart 2MASS J16390535−4642137 are indicated.

If this candidate is real, and if it represents the true counterpart to IGR J16393−4643, then it
has been effectively isolated at 5.8µm. There are no objects listed in the GLIMPSE catalog [8]
consistent with theChandraposition. The sensitivity limit of the GLIMPSE survey wouldplace
an undetected supergiant O9 star (Teff ∼ 30,000 K, andR∼ 20R⊙) with AV ∼ 20 at a minimum
distance of 25 kpc, which is probably too far to be plausible.On the other hand, for an undetected
main-sequence B star (Teff ∼ 24,000 K, andR∼ 10R⊙), the sensitivity limit implies a large, but rea-
sonable distance (∼12 kpc away). We point out that IGR J16393−4643 is positionally coincident
with the edge of an active, massive star-forming (H II) region situated at a distance of 12.0±0.3 kpc
[9]. If the blended counterpart to IGR J16393−4643 is a main-sequence B star that originated from
this H II region, then this would suggest a distance of∼12 kpc to the X-ray source, consistent with
our estimate from the sensitivity limit.

2.2 IGR J17091−3624

Our Chandraobservation of the microquasar IGR J17091−3624 [10, 11] coincided with the
2011 outburst so we were able to detect the source at a position of R.A. (J2000)= 17h 09m 07s

.59
and Dec.= −36◦ 24′ 25′′.4 with an error radius of 0′′.6 (90% confidence). This is the most accurate
X-ray position known for this object and it is 0′′.5 away from, and is consistent with, the XRT
position which has an uncertainty of 3′′

.5 [12].

As illustrated in Fig. 2, the IR [13] and radio [14] positionsare only marginally compatible
with each other at the 90% confidence limit. Nevertheless, they are both inside the HRC error
circle so the coordinates from the three energy bands (radio, IR, and X-rays) can be considered to
be consistent which further solidifies the source’s status as a microquasar.

Adopting an absorbed power law model with spectral parameters fixed to those of the XRT
observation (NH = 7.8×1021 cm−2, andΓ = 1.6) [12], the HRC count rate of 37 count s−1 (0.3–
10 keV) converts to an absorbed flux of 2.1× 10−9 erg cm−2 s−1 (2–10 keV). This is a factor 35
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Figure 2: The field of IGR J17091−3624 in theI band as captured by the IMACS imaging spectrograph
on the 6.5-m Magellan Baade Telescope at the Las Campanas Observatory during 2011 Feb. 6 [13]. Coor-
dinates are given as equatorial R.A. and Dec. (J2000) where North is up and East is left. The error circles
corresponding to theChandra-HRC position (this work), and that of the proposed infrared[13] and radio
[14] counterparts are indicated. TheSwift-XRT error circle of [12] is larger than the image. Also indicated
are the general locations of the two counterpart candidates(“C1” and “C2”) from [6], and the locations
(represented by diamonds) of nearby infrared sources.

times the 2–10-keV flux recorded by XRT (6×10−11 erg cm−2 s−1) [12], and nearly two orders of
magnitude larger than the average flux measured by IBIS/ISGRI when translated to the 2–10-keV
band (3.5×10−11 erg cm−2 s−1) [1]. The peak intensity measured bySwift-BAT2 on 2011 Feb. 15
(MJD 55607) is 2.5×10−9 erg cm−2 s−1 (2–10 keV). The HRC count rate converts to an observed

luminosity of 1.0×1038
[

d
20 kpc

]2
erg s−1.

3. Undetected sources

3.1 IGR J14043−6148

We did not detect IGR J14043−6148 [1] during our observation, nor were any other sources

2http://heasarc.nasa.gov/docs/swift/results/transients
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detected inside the IBIS/ISGRI error circle of 4′
.5 radius. The 3σ upper-limit on the source count

rate is 0.008 counts s−1 in the 0.3–10 keV band. A power law whose parameters are fixed to those
derived from the XRT observation (NH = 7× 1022 cm−2, andΓ = 1.8) [15] yields an absorbed
2–10-keV flux≤ 1.7×10−12 erg cm−2 s−1 which is less than the flux measured with XRT (2.9×
10−12 erg cm−2 s−1) [15] or with IBIS/ISGRI (4.6×10−12 erg cm−2 s−1) [1] when translated to the
same energy range (2–10 keV). This suggests that the source is variable in the X-rays which rules
out a SNR, and points instead towards the AGN scenario proposed originally by [1] and by [15].

3.2 IGR J16358−4726

Unfortunately, IGR J16358−4726 [16] was not active (or it was very faint) during our 1-ks
observation and so it was not detected. No other sources weredetected in the field. The non-
detection is not surprising given that monitoring observations with RXTE3 show few periods of
activity in the last 7–8 years. We set a 3σ upper limit of 0.005 counts s−1 on the 0.3–10-keV flux
from IGR J16358−4726. An absorbed power law with parameters fixed to those from anXMM-
Newtonobservation in which the source was detected (NH = 2× 1023 cm−2 and Γ = 1.5) [17]
gives an observed flux≤ 1.8× 10−12 erg cm−2 s−1 in the 2–10-keV band. This upper limit from
Chandrais less than the average flux observed with IBIS/ISGRI when translated to the 2–10-keV
band (3.9×10−12 erg cm−2 s−1) [1]. For comparison, [17] usedXMM-Newtonto measure a flux of
(3.1±0.6)×10−13 erg cm−2 s−1 during detections, with 3σ upper limits of 4×10−14 erg cm−2 s−1

during non-detections.

3.3 IGR J17597−2201

IGR J17597−2201 [18] was not active during our 1-ks observation, and so it was not detected.
The 3σ upper limit on the X-ray flux (0.3–10 keV) at the [19] source position is 0.009 counts s−1.
For comparison,Chandra recorded 0.19 counts s−1 in 2007 when the source was active [19].
Adopting the spectral parameters from theXMM-Newtonobservation of [20], i.e.,NH = 4.5×
1022 cm−2 andΓ= 1.7, the upper limit converts to an absorbed flux (2–10 keV) of≤ 1.5×10−12 erg cm−2 s−1.
This is well below the average flux (2–10 keV) extrapolated from IBIS/ISGRI (3.5×10−11 erg cm−2 s−1)
[1]. The long-term light curve of IGR J17597−2201 fromRXTEmonitoring shows that the source
was active during 2001–2008 (mostly concurrent with the IBIS/ISGRI observations), and has been
dormant since then. Therefore, thisChandraupper limit represents a boundary on the quiescent
flux for this source. The distance to the source is not known, but [21] propose a distance of between
5 and 10 kpc, while [22] suggest an upper limit of 16 kpc from the X-ray bursts. TheChandraupper

limit corresponds to an observed quiescent X-ray luminosity of ≤ 1.8×1034
[

d
10 kpc

]2
erg s−1.

4. Summary & Conclusions

OurChandraobservations enabled us to derive sub-arcsecond X-ray coordinates for IGR J16393−4643
and IGR J17091−3624. The refined X-ray coordinates that we obtained for IGR J16393−4643 ex-
cludes the 2MASS star that we had previously proposed as the optical/IR counterpart (whose spec-
tral class was the subject of disagreement), and points instead to a new (and probably distant) coun-
terpart candidate in the mid-IR that is blended with the bright 2MASS star. For IGR J17091−3624,

3http://asd.gsfc.nasa.gov/Craig.Markwardt/galscan
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we provide a precise X-ray position that is consistent with the reported optical/infrared and ra-
dio counterparts, cementing its status as a microquasar. Three of our targets were not detected:
IGR J14043−6148, IGR J16358−4726, and IGR J17597−2201. Nevertheless, the upper lim-
its that we derived for their fluxes helps to establish the range of dynamic variability, which can
prove useful for clarifying their nature. The non-detection of IGR J14043−6148 suggests an active
galactic nucleus rather than a supernova remnant. The upperlimit for IGR J17597−2201 sets the
boundary on the quiescent flux from a probable low-mass X-raybinary that has been dormant since
2008. These results were published as Bodaghee et al. (2012), ApJ, 751, 113 [23].

References

[1] Bird, A. J., Bazzano, A., Bassani, L., et al. 2010, ApJS, 186, 1

[2] Krivonos, R., Tsygankov, S., Revnivtsev, M., et al. 2010, A&A, 523, 61

[3] Sugizaki, M., Mitsuda, K., Kaneda, H., et al. 2001, ApJS,134, 77

[4] Bird, A. J., Barlow, E., Bassani, L., et al. 2004, ApJL, 607, L33

[5] Bodaghee, A., Walter, R., Zurita Heras, J. A., et al. 2006, A&A, 447, 1027

[6] Chaty, S., Rahoui, F., Foellmi, C., et al. 2008, A&A, 484,783

[7] Nespoli, E., Fabregat, J., & Mennickent, R. E. 2010, A&A,516, 94

[8] Benjamin, R. A., Churchwell, E., Babler, B. L., et al. 2003, PASP, 115, 953

[9] Russeil, D. 2003, A&A, 397, 133

[10] Kuulkers, E., Lutovinov, A., Parmar, A., et al. 2003, ATel, 149, 1

[11] Altamirano, D., Belloni, T., Linares, M., et al. 2011, ApJL, 742, L17

[12] Kennea, J. A., & Capitanio, F. 2007, ATel, 1140, 1

[13] Torres, M. A. P., Jonker, P. G., Steeghs, D., & Mulchaey,J. S. 2011, ATel, 3150, 1

[14] Rodriguez, J., Corbel, S., Caballero, I., et al. 2011, A&A, 533, L4

[15] Landi, R., Malizia, A., Bazzano, A., et al. 2011, ATel, 3184, 1

[16] Revnivtsev, M., Tuerler, M., Del Santo, M., et al. 2003,IAUC, 8097, 2

[17] Mereghetti, S., Esposito, P., Tiengo, A., et al. 2006, A&A, 450, 759

[18] Lutovinov, A., Walter, R., Belanger, G., et al. 2003, ATel, 155, 1

[19] Ratti, E. M., Bassa, C. G., Torres, M. A. P., et al. 2010, MNRAS, 408, 1866

[20] Walter, R., Zurita Heras, J., Bassani, L., et al. 2006, A&A, 453, 133

[21] Lutovinov, A., Revnivtsev, M., Molkov, S., & Sunyaev, R. 2005, A&A, 430, 997

[22] Galloway, D. K., Muno, M. P., Hartman, J. M., et al. 2008,ApJS, 179, 360

[23] Bodaghee, A., Rahoui, F., Tomsick, J. A., & Rodriguez, J. 2012, ApJ, 751, 113

6


