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Abstract

We analyzed multiwavelength observations of the previously identified Galactic center X-ray binary CXO
174528.79–290942.8 (XID 6592) and determine that the near-infrared counterpart is a red supergiant based on its
spectrum and luminosity. Scutum X-1 is the only previously known X-ray binary with a red supergiant donor star
and closely resembles XID 6592 in terms of X-ray luminosity (LX), absolute magnitude, and IR variability (LIR,var),
supporting the conclusion that XID 6592 contains a red supergiant donor star. The XID 6592 infrared counterpart
shows variability of ∼0.5 mag in the Wide-field Infrared Survey Explorer-1 band (3.4 μm) on timescales of a few
hours. Other infrared data sets also show large-amplitude variability from this source at earlier epochs but do not
show significant variability in recent data. We do not expect red supergiants to vary by ∼50% in luminosity over
these short timescales, indicating that the variability should be powered by the compact object. However, the X-ray
luminosity of this system is typically ∼1000× less than the variable luminosity in the infrared and falls below the
Chandra detection limit. While X-ray reprocessing can produce large-amplitude fast infrared variability, it typically
requires >>LX LIR,var to do so, indicating that another process must be at work. We suggest that this system may
be a supergiant fast X-ray transient (SFXT), and that a large (∼1038 ergs s−1), fast (102-4 s) X-ray flare could
explain the rapid IR variability and lack of a long-lasting X-ray outburst detection. SFXTs are normally associated
with blue supergiant companions, so if confirmed, XID 6592 would be the first red supergiant SFXT, as well as the
second X-ray red supergiant binary.

Unified Astronomy Thesaurus concepts: X-ray binary stars (1811); Late-type supergiant stars (910); Infrared
astronomy (786); Infrared sources (793); X-ray astronomy (1810); X-ray sources (1822)

1. Introduction

The Galactic center (GC) is a region of extremely high stellar
density. The central 2°×0°.8 of the Galaxy includes ∼1% of
stellar mass in the Galactic disk (Launhardt et al. 2002), and the
central 50 pc contains ∼0.1% of the total stellar mass and ∼2%
of the Galactic population of young, massive stars (e.g.,
Figer 2004). The GC environment also differs significantly
from the rest of the Galaxy, as the region is in the vicinity of
Sgr A*, the 4.02 (±0.16±0.04)×106 Me supermassive
black hole (Boehle et al. 2016, and references therein). The GC
was originally seen in the X-rays as a very diffuse source, but
high-resolution instruments (particularly Chandra) resolved
most of this emission into over 10,000 X-ray point sources
(Muno et al. 2009). Using X-ray hardness ratios, authors such
as Muno et al. (2009) determined that the majority of the
sources are in the GC (or beyond it), as opposed to in the
foreground. While the number of X-ray sources here is very
large, their nature remains largely unknown (Wang et al. 2002;
Muno et al. 2003). This is partially because many of these
sources are too faint to be seen at energies below 1.5 keV
owing to the large amount of absorption between us and
the GC.

Chandra observations of the GC show populations of
cataclysmic variables (CVs), late-type stars with active coronae,
and unknown source classes likely to be compact object (white
dwarf, neutron star, or black hole) accreting binaries (Morihana
et al. 2016). NuSTAR (Nuclear Spectroscopic Telescope Array;

Harrison et al. 2013) observed the GC at higher energies (albeit
lower angular resolution) and found many hard X-ray point
sources (Hong et al. 2016), as well as an excess of unresolved
hard (20–60 keV) X-ray emission in the central few arcseconds
(Perez et al. 2015), potentially produced by different populations
such as millisecond pulsars (MSPs), quiescent low-mass X-ray
binaries (qLMXBs), or intermediate polars (IPs) (which are
magnetic CVs).
Hailey et al. (2018) report finding a “density cusp” of a

dozen qLMXBs (which they suggest are black holes) within
1 pc of the GC, compared to the nonthermal diffuse hard X-ray
emission in the inner 8 pc dominated by IPs (Perez et al. 2015).
From the luminosity function and spatial distribution of the
potential qLMXBs, Hailey et al. (2018) also inferred that there
could be hundreds of such binary systems—and even more
isolated black holes—in the GC. In another recent paper, Zhu
et al. (2018) identified 1300 new Chandra sources, which they
classify as both magnetic and nonmagnetic CVs, but claim that
qLMXBs are only a minor population in the GC. However, all
these interpretations rely almost solely on comparing the X-ray
properties of these sources to previously studied major X-ray
source populations in the broader Milky Way. Because the GC
is such an unusual environment compared with the rest of the
Milky Way, we expect to see new and interesting sources with
atypical properties. In that case, improved understanding of the
X-ray source population in the GC may depend on multi-
wavelength studies (particularly in the infrared, due to the
extreme reddening toward the GC) to reveal the host star types,
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binary periods, mass functions, and other key properties of the
systems. As we show here, XID 6592 appears to be one such
highly unusual source.

DeWitt et al. (2013) identified possible near-infrared (NIR)
counterparts to Chandra X-ray sources in the GC (Muno et al.
2009) with high probabilities of being true counterparts as opposed
to chance matches, where the two sources are at the same location
on the sky but at different distances. They determined that XID
6592 has a true NIR counterpart and is therefore an X-ray binary.
XID 6592 is located near the GC at R.A.=17 45 28. 79h m s and

=-  ¢ decl. 29 09 42. 8 (l=359°.791396, b=−0°.091492). A
spectrum of the NIR counterpart taken with OSIRIS (Ohio State
InfraRed Imager/Spectrometer; Depoy et al. 1993) on the Cerro
Tololo Inter-American Observatory 4m telescope (shown in
Figure 1) shows a Brackett-γ emission line that is characteristic of
an accretion disk in an X-ray binary system, as normal stars do not
typically show emission lines. Other types of stars such as red
supergiants (RSGs) and Mira variables have stellar winds that
can produce this emission line, but these stars do not have
significant X-ray luminosities, whereas XID 6592 does (LX-ray∼
1033 ergs s−1; see Section 2.5 and 2.6). The spectrum also shows
broad CO absorption bands that are characteristic of late-type stars.
DeWitt et al. (2013) determined this to be close to an M7-type star
through spectral fitting.

Matsunaga et al. (2009) made photometric measurements of
XID 6592 with SIRIUS (Simultaneous-color InfraRed Imager
for Unbiased Surveys; Nagayama et al. 2003) and ISPI (the
Infrared SidePort Imager; van der Bliek et al. 2004) in
2005–2006 (Figure 2) and concluded that this source is a long-
period variable (LPV). However, they were unable to find the
periodicity. The ISPI photometry from DeWitt et al. (2013) was
an apparent outlier compared to the SIRIUS measurements, but
they verified their analysis and interpreted this event as a
possible flaring episode. This prompted us to search the
archives for any other instances of NIR and X-ray variability in
XID 6592.

In Section 2 we describe the data and the data reduction
procedure. In Section 3, we examine the light curves in both
X-ray and infrared bands and discuss the results. Lastly, in
Section 4 we summarize the results of our temporal analyses.

2. Observations and Data Analysis

We searched for and analyzed archival infrared images and
X-ray data. Because this source is very bright in Ks band, we
searched not only Ks-band data but also mid-IR data (such as
Wide-field Infrared Survey Explorer [WISE] and Spitzer) for
variability. We looked at both soft and hard X-ray missions,
searching for any variability at softer energies and potential
outbursts at harder energies.

2.1. WISE Infrared Observations

We searched the ALLWISE Multiepoch Photometry (MEP)
Catalog (Wright et al. 2010; Cutri et al. 2013) in a 20″ region
around the position of XID 6592 and found measurements for
two epochs in 2010 March and 2010 September. To reduce the
images and obtain magnitudes for this catalog, WISE observes
a given location multiple times in all four filters at once to build
up sensitivity (and also enabling a search for variability). The
four bands (W1, W2, W3, and W4) are centered on 3.4, 4.6, 12,
and 22 μm, respectively, with exposure times of 7.7 s for W1
and W2 and 8.8 s for W3 and W4. The field of view (FOV) is
47×47 arcmin with a point-spread function (PSF) FWHM of
6″. The individual single exposures are combined in the
Multiframe Pipeline to produce co-added images and a
database of sources. The pipeline also performs a PSF chi-
squared minimization in all bands simultaneously to obtain
positions and mean fluxes for each detected source. The final
fluxes are calculated by holding the position constant while
fitting for the PSF amplitude.
Using the data from the MEP Catalog, we show the final

light curves for two epochs in the WISE 1 band (3.4 μm) and
WISE 2 band (4.6 μm) in Figures 3 and 4. We find significant
variability particularly in the second epoch—there is a change
in magnitude of ∼0.5 mag in a few hours between 1.4 and
1.6 days, shown by the third and fourth points in Figure 4.
There is no significant variability in the WISE 2 band light
curves. The catalog contained data for the WISE 3 and 4 bands,
but at these longer wavelengths blending becomes an issue, so
these data are not very reliable. In the first two bands, blending
is not an issue, indicating a higher likelihood of the reality of
the observed variability.
To determine whether the variability we see is real and to

quantify the variability of XID 6592, we calculated a reduced
χ2 value and corresponding probabilities for three sets: the
entire light curve as a whole and each epoch individually. We
found that the W1 data were not consistent with a constant flux
(reduced χ2=5.5, equivalent to 6.5σ). These results are
discussed further in Section 3.

Figure 1. Figure 7 from DeWitt et al. (2013). OSIRIS K-band spectrum of the
counterpart to XID 6592. Also shown is the best-fit M7III spectrum and the
best-fit M1-2 I spectrum.

Figure 2. Figure 8 from DeWitt et al. (2013). Data span 2005–2006. H- and Ks-
band light curve of the NIR counterpart of XID 6592 observed with SIRIUS
(Matsunaga et al. 2009) plotted with diamonds. The ISPI measurement is
overplotted using a triangle symbol.
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2.2. Spitzer Infrared Observations

We searched the Spitzer Enhanced Imaging Products (SEIP)
source list and the Infrared Science Archive (IRSA) for a
10 arcsec radius around the coordinates of XID 6592. We
found both images and photometry of XID 6592 (SSTSL2
J174528.79–290942.9 in this catalog). The data were taken
with the Infrared Array Camera (IRAC; Fazio et al. 2004) on
Spitzer (Werner et al. 2004) in four different infrared bands
(I1=3.6 μm, I2=4.5 μm, I3=5.8 μm, and I4=8.0 μm) at
resolutions of ∼2 arcseconds. We converted fluxes to magni-
tudes using the zero-points given in the Spizter IRAC
Instrument Handbook,7 and the results are shown in Table 1.

The I1 measurement (∼8.3 mag) is brighter than the W1
measurement (∼9 mag); however, the Spitzer measurement
may be averaged across multiple observations, and we do not
know when any of the images were originally taken. This
difference is not outside other IR variations seen (see below in
Section 2.3). The I2 measurement is within the variations of
W2, and we do not have another WISE measurement to
compare with I3. In the I4 image, XID 6592 is visible but

confused with the brighter background, which resulted in no
photometric measurement in this band.
We also searched for XID 6592 in MIPSGAL data.

MIPSGAL is a Galactic plane survey using the Multiband
Infrared Photometer (Rieke et al. 2004) on Spitzer. The data
were taken at 24 μm with a resolution of 6 arcseconds. There
was no photometry available for XID 6592 in this band, as the
image at the location of XID 6592 shows an excess nearby, but
XID 6592 is not visible.

2.3. VVV NIR Observations

The VVV (VISTA Variables in the Via Lactea; Minniti et al.
2010; Saito et al. 2012) data were taken on the 4 m VISTA
telescope at Cerro Paranal Observatory in Chile in the JHKsYZ
bands with VIRCAM, the VISTA InfraRed CAMera. VIR-
CAM has 16 chips that cover a 1.65-°-diameter FOV (Dalton
et al. 2006; Emerson et al. 2006). VVV used exposure times of
16 s on the GC, where the typical FWHM is ∼0.5″ and
saturation occurs at ∼11 mag. By searching for archival VVV
data of XID 6592, we found both cataloged magnitudes (by
searching by IAU name, J174528.78–290942.77) and raw
pawprint images containing XID 6592 (by searching for 20″
radius around the coordinates of XID 6592 and by region,
b333). There are only a few data points available in the ESO
VVV Multi-Epoch Ks Band Photometry in the Via Lactea
catalog (Source ID=515535440768) that cover 2010–2011,
shown in Figure 5. In the VVV catalog data, we see a change of
∼1 mag in the Ks band over approximately 10 days (as
compared to the few-hour timescale in the WISE 1 data at
3.4 μm, at a different epoch).
We found over 500 raw images in the VVV archives

containing XID 6592 that cover 2010–2017. However, XID
6592 saturates in many of the images, so we developed a method
for regaining the information lost as a result of saturation. We
describe the method here briefly (see A. M. Gottlieb et al. 2020,

Figure 3. First epoch of the WISE 1 and 2 band light curves that occurred on
2010 March 17–18.

Figure 4. Second epoch of the WISE 1 and 2 band light curves that occurred
on 2010 September 12–13.

Table 1
Spitzer IRAC Fluxes and Magnitudes

I1 I2 I3

Flux (Jy) 0.1390(3) 0.1426(3) 0.1524(4)
Zero point (Jy) 280.9±4.1 179.7±2.6 115.0±1.7
Magnitude 8.264±0.015 7.751±0.016 7.194±0.016

Figure 5. Full VVV light curve from catalog (2010/8–2011/10). Errors are all
approximately 0.002 mag.

7 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
iracinstrumenthandbook/17/
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in preparation, for a detailed description). In short, we use a set of
Zernike polynomial base functions to model the unsaturated
stellar PSFs in the image and create a normalized model PSF. We
then fit the model PSFs to the data on XID 6592 after applying a
mask (to ignore the bad, saturated pixels) to find the best-fit PSF
amplitude and thus obtain the flux of the saturated star.

To create the model PSFs, we first run Source Extractor on
the detector chip that contains XID 6592 to obtain a list of
candidate sources, and then we filter out bad sources. The code
examines all the stars in the catalog and selects stars that:

1. are not too close to the edge of the image (a 27×27 pixel
stamp centered on the star must be completely within the
image);

2. are point-like as opposed to elliptical (Source Extractor
uses the pixel scale and seeing FWHM as inputs to a
Neural Network that is trained to discriminate between
stars and galaxies and outputs a number between 0 (very
elliptical) and 1 (perfectly circular); our stars must have a
minimum value of 0.9 for this shape requirement);

3. have fluxes greater than the minimum flux requirement of
50,000 ADU; and

4. have zero flags from Source Extractor (these flags show
which objects are bad in some way, e.g., blended,
saturated, close to the edge, or close to another
bright star).

We ultimately want nine model PSFs with different subpixel
centers in a 3×3 grid to obtain fractional pixel accuracy
consistent with Source Extractor. Once we have the final
filtered catalog of nonsaturated stars, they are assigned a
position in the 3×3 PSF tile based on the subpixel center of
the star. Finally, we apply three iterations of 3σ clipping to the
set of stars in each tile, take the average of stars that are left,
and normalize each tile (divide by the sum of the average) to
get the final model PSF for each tile with different subpixel
centers.

In order to determine how well the model PSF fits the data
(e.g., XID 6592 and other stars in the image), we first applied
the fitting to both saturated and nonsaturated stars without any
mask and compared it to aperture photometry. We selected
over 200 relatively isolated stars (noting that the GC is a very
crowded region) with a large range in brightness with which to
test this method. We initially filtered these stars by location
(they should not be too close to the edge of the image as
described above) and then found their centers and obtained
stamps and subpixel centers. These stars are later filtered by
flux to select those that lie in a reliably linear regime. For each
star, we fit each of the nine model PSFs by first unraveling the
star and the model PSF and then finding the best scale and
offset to minimize the χ2 (equation given below), defined as the
difference between the data and the model that includes a scale
factor and offset:

( ( )) ( )åc = - ´ +D s M o , 12 2

where D is the unraveled star data, s is the scale factor, M is the
unraveled model PSF, and o is the offset. We then take the PSF
that resulted in the lowest χ2 (closest to zero).

To obtain the final flux from the PSF fitting, the best-fitting
scale and offset are applied to the best-fitting PSF, and we
perform aperture photometry on this scaled-up model (i.e.,
applying the scale and offset to the model: s×M + o) with the
Python aperture photometry package, with the background

subtracted as follows:

( )= - ´F A B N , 2

where F is the final flux, A is the aperture photometry
calculated from the Python package, B is the median
background within the annulus, and N is the number of pixels
within the aperture, which is equal to p ´ r.
For each image, we determine the appropriate mask for XID

6592 and ignore all of these “bad” pixels when fitting by
setting them to NANs (Not A Number). These bad pixels are
produced by “supersaturation.” where the source reaches near
saturation in the first read of the IR detectors. In correlated
double sampling and similar readout schemes, this results in a
near-zero or even negative apparent flux.
Once we determine the appropriate mask for XID 6592, we

apply it to all the stars that passed the filtering by flux above
and repeat the fitting with the masked pixels set to NAN. From
the fit process, we obtain the best-fitting PSF model (from the
nine in the 3× 3 grid) and corresponding scale and offset. We
then perform aperture photometry on the best-fitting unmasked,
scaled-up model to get the final masked PSF-fitting
photometry.
Finally, to calculate the final aperture photometry flux of

XID 6592, we plug the masked PSF-fitting photometry value
into the masked linear fit. To calculate the error bars on the
magnitude of XID 6592, we take the rms of the percent
differences of the 20 brightest stars. We only use the 20
brightest stars because as flux increases, the scatter should
decrease, so the scatter of the brighter stars is a better
representation of the error in XID 6592, which is also bright.
After obtaining fluxes for XID 6592 in each of the images,

we obtain a raw unbinned light curve. We need to account for
other effects that could cause variability, such as atmospheric
transmission. We correct for this by dividing the flux of XID
6592 by the sum of fluxes of other fainter, relatively isolated,
unsaturated stars in the same image. Because the unsaturated
stars are fainter, we select many of them to boost the signal-to-
noise ratio (S/N). The same set of stars must be used for all
images for consistency. This was an issue for these particular
observations because there is no set of stars that appears in
every image owing to the VVV dithering pattern. In some
images, XID 6592 is on the far right of the chip, and in others
on the far left. Therefore, we split the image into quadrants and
selected 20 stars in each quadrant.
Once we corrected for atmospheric effects, we then averaged

all of the data points in one day together to produce the final
light curve of XID 6592 shown in Figure 6 as the uppermost
light curve. We performed the same analysis on two other field
stars similar in brightness to XID 6592 (described below),
shown in the middle and bottom light curves. To calculate the
errors on the binned data, we use the larger of (1) the scatter of
the data points within each bin (all on the same day) or (2) the
average of the error bars of all the data points within each bin.
We then picked two relatively isolated field stars (denoted

star 3 and star 4) of similar brightness and repeated this entire
process. Star 3 has Ks=10.41±0.03 mag, and star 4 has
Ks=9.83±0.03 mag (from the Two Micron All Sky Survey
[2MASS]; Skrutskie et al. 2006), compared to XID 6592,
which had Ks 9.893±0.039 mag in 2MASS. The final light
curves of all three stars are shown in Figure 6. To determine
whether XID 6592 is more variable than these other two
reference stars, we calculated the reduced c2 for each star (∼3
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for XID 6592, ∼3 for star 3, and ∼13 for star 4). The errors in
our measurements are likely dominated by systematics;
however, it would not change our conclusion that XID 6592
is not significantly variable compared to the reference stars.
The c2 for star 4 is dominated by a few points that are far from
the mean and also have small error bars. While the exact cause
of this behavior is unclear, the conclusion remains the same: we
do not see any significant variability in XID 6592 in this data
set, which has many defects and problems.

2.4. CIRCE NIR Observations

On 2016 July 22 and 23, we observed XID 6592 with the
NIR instrument CIRCE (Canarias InfraRed Camera Experi-
ment; Eikenberry et al. 2018) at the Gran Telescopio Canarias
(GTC) 10.4 m telescope. The exposures were dithered and had
3 s exposures at each position in the Ks band. We reduced the
images with SuperFATBOY, which performs normal reduction
methods including dark and sky subtraction, flat-fielding,
removing cosmic rays, and aligning and stacking the images, as
well as some other finer corrections such as masking bad
pixels, applying a linearity correction, and deboning the image
to remove the underlying herringbone structure (Warner et al.
2012, 2013).

We show an example of one of the final processed images in
Figure 7. We performed aperture photometry on XID 6592 and
10 other fainter stars in the image using the Python package
aperture photometry within photutils. We compared these with
the 2MASS catalog magnitudes by fitting a line to aperture
photometry versus 2MASS photometry to determine the
instrumental magnitude offset. After fitting the line, we
calculated the percent difference between the calculated
magnitudes and the fitted line and then took the rms of this
value as the error bar for XID 6592, as we did for the VVV
analysis. We calculated the magnitude of XID 6592 to be
9.705±0.017 mag and 9.692±0.016 mag on 2016 July 22
and 23, respectively.

2.5. Chandra X-Ray Observations

By searching the Chandra Data Archive for observations
covering the position of XID 6592, we compiled a list of X-ray
observations of the GC taken by the Advanced CCD Imaging
Spectrometer (ACIS) on Chandra (Weisskopf 1999; Weisskopf
et al. 2002). ACIS has a very high angular/spatial resolution of
0.5–1 arcsecond compared to other X-ray detectors and a
relatively small (0.5° in diameter) FOV. It is an imager that
detects individual photons and records their positions, energies,
and arrival times. We obtained high-level products in the form
of FITS files processed by the standard pipeline from the
archive, which only contain position and counts information,
not energy and arrival time.
We obtained images containing the R.A. and decl. of XID

6592 in the FOV using the FOVFiles tool. Chandra detected
XID 6592 in the following observations: ObsID 1561, 2291,
2293, 4683, 4684, 5950, 5951, and 7037, with nondetections in
5950, 5953, 7037, 7557, and 9173 (but its position was located
on a chip). An example of a Chandra ACIS image containing
XID 6592 is shown in Figure 8.
We used CIAO tools and the following process to analyze

the images and obtain counts s−1. First, we used celldetect to
find sources in the image and obtain the dimensions of the
source and background regions. While wavdetect is more
commonly used in crowded regions like the GC, XID 6592 is
in a relatively isolated area near the GC. Therefore, the use of
celldetect is acceptable. Celldetect calculates the S/N of
“source” counts to background counts at each place where a
sliding square cell the size of the instrument PSF is placed. The
source is recorded as a candidate if the S/N is above a
detection threshold. Once the source was detected and we
obtained the dimensions of the source and background regions,
we used the analysis tool to obtain the number of counts within
each region. There were a total of 1693 counts across 13
observations, with an average of 0.003 counts s−1. Then, we
used the aprates tool to calculate the rate of the source and the
bounds on the rate given the number of source and background
counts, the area of the regions containing the number of source
and background counts, and the exposure time of the image.

Figure 6. Light curve of XID 6592 in blue (top) and two reference stars in
green (middle) and red (bottom) obtained by using the PSF-fitting photometry
method (aperture photometry on the fitted PSF model). The reference stars
were shifted for clarity. The dashed and solid lines are the averages with errors
taken into account and without errors taken into account, respectively.

Figure 7. Final reduced CIRCE image of the NIR counterpart to XID 6592,
shown in the green circle (radius=3″).
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Finally, we converted the rates to unabsorbed 0.2–8 keV flux
using the PIMMS simulation tool with = ´N 9.6 10H

22 cm−2

(which corresponds to an extinction, AV, of ∼53 mag) and a
power law with Γ=1.5 as used in DeWitt et al. (2013). Given
the large bandpass, using Γ=0.5 and 2.5 only changes the
flux by a factor of 3, and using an NH corresponding to
∼40 mag of extinction in the V band only results in 10% lower
fluxes.

We converted flux to luminosity using a GC distance of
8.12±0.03 kpc (Gravity Collaboration et al. 2018) and then
used these data to create light curves. We assume that XID
6592 is at the GC because its location and extinction are
consistent with the GC. There is also a much higher density of
X-ray binaries in the GC than outside of it, making the
probability of XID 6592 being in foreground very low. The full
light curve is shown in Figure 9, and zoomed-in views of the
brightening events are shown in Figures 10 and 11. It is
possible to obtain a spectrum of sources in the center of the
image on the chips where events (containing position, arrival
time, and energy as opposed to just position and number of
photons) are recorded. However, because XID 6592 is
relatively faint in the X-rays, the spectrum would have a low
S/N. Also, we were only interested in the brightness, so we did
not analyze any event files.

2.6. XMM X-Ray Observations

We obtained fluxes of XID 6592 from 2000 to 2015 in the
0.2–12 keV band by searching the 3XMM-DR8 Catalog
(Rosen et al. 2016) within the XMM-Newton (X-Ray Multi
Mirror Mission; Turner et al. 2001; Strüder et al. 2001) Science
Archive by R.A./decl. The data were taken with the European
Photon Imaging Camera, which is made up of three CCD
cameras, one PN (back illuminated) camera and two Metal
Oxide Semi-conductor cameras, and has an FOV of 30 arcmin.
It also has moderate angular resolution, with a 6 ″ FWHM PSF.
This is a much larger FOV but a much worse angular resolution

compared with Chandra. The raw data were run through the
Pipeline Processing System, and final fluxes for each observa-
tion were made available in the catalog. We used a GC distance

Figure 8. Chandra image where XID 6592 is within the green circle, which is
20″ in radius.

Figure 9. Full Chandra light curve (2001 April—2008 March) assuming
a power law with Γ=1.5 and = ´N 9.6 10H

22 cm−2. The luminosity was
calculated using a GC distance of 8.12±0.03 kpc. Red points are upper limits
where the source was not significantly detected.

Figure 10. Zoom-in on the short brightening event in Chandra light curve.

Figure 11. Zoom-in on the long brightening event in Chandra light curve.
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of 8.12±0.03 kpc to convert to luminosity. The final light
curve is shown in Figure 12.

2.7. Other X-Ray Missions

We searched for other X-ray observations and all sky
surveys containing XID 6592, including the Rossi X-ray
Timing Explorer (Bradt et al. 1993), which covers the energy
range 2–12 keV, the INTErnational Gamma-Ray Astrophysics
Laboratory (Winkler et al. 2003), which covers the energy
range 3 keV–1MeV, the Monitor of All Sky X-ray Image
(MAXI; Matsuoka et al. 2009), which covers the energy range
2–20 keV, and the Burst Alert Telescope (BAT) and the X-ray
Telescope (XRT) on board the Neil Gehrels Swift observatory
(Gehrels et al. 2004; Barthelmy et al. 2005), which cover the
energy ranges 15–150 keV and 0.3–10 keV, respectively. We
searched across all time and in particular around the time of the
WISE 1 fast variability (2010 September 12–13), but we did
not find XID 6592 in any of the observations or catalogs using
the recommended search radius for each instrument. We found
MAXI observations of the GC at the beginning and end of the
day on the 12th that show no significant variability or flaring.
The 3σ upper limit on the daily light-curve flux in the 4–10 keV
energy range is 10−9 erg s−1 cm−2, which corresponds to a
luminosity of ∼8×1036 ergs s−1 using a GC distance of
8.12 kpc. If this source produced a flare, it must have faded in
less than a day.

3. Results and Discussion

3.1. Luminosity Class of XID 6592

In order to determine the luminosity class of XID 6592, we
created a color–color plot (shown in Figure 13) using IR
photometry from WISE and ISPI and a modified version of
EzGal (Mancone & Gonzalez 2012) called EzMag (S. Jeram
et al. 2020, in preparation) to obtain magnitudes of a variety of
different stellar spectral templates from Coelho (2014) with
Teff=3000–4250 K and log g=−0.5–5.5 cgs, as well as
known RSGs from Yang & Jiang (2011).

We expect XID 6592 to be located within the locus of
known star colors, but it is far too red to match any template
stars, due to the high extinction toward the GC. Instead of
applying the extinction law of Nishiyama et al. (2006), which
preferentially relies on stars on the near side of the GC

(D. Stelter et al. 2020, in press), we used the extinction law of
Cardelli et al. (1989) to calculate the reddening vector. In order
for XID 6592 to be located near known stars along this vector,
the extinction in the V band, AV, must be 39.5 3mag,
corresponding to = A 4.5 0.3Ks mag. This extinction is
higher than the typical GC value of ~A 3Ks mag (Gao et al.
2013). However, D. Stelter et al. (2020, in preparation) found
that there is a broad range of extinction values with a bimodal
distribution, peaking at AKs of ∼4 and ∼7.5 mag. Therefore, we
conclude that XID 6592 may lie in a region of slightly higher-
than-average extinction. We then calculated the absolute
magnitude of XID 6592 to be = - M 9.4 0.3Ks mag using
this extinction value, a GC distance of 8.12±0.03 kpc, and an
apparent magnitude of mKs=9.692±0.016 mag (our CIRCE
measurement). As stated earlier, we assume that XID 6592 is at
the GC because its location and extinction are consistent with
the GC. There is also a much higher density of X-ray binaries
in the GC than outside of it, making the probability of XID
6592 being in the foreground very low.
In Figure 14, the black data points are those that are closest to

the reddening vector. These templates have colors of H–K=
0.1–0.3, Teff=3000–4250K, and log g of −0.5 to 1 cgs and
4.5–5.5 cgs. However, the log g of 4.5–5.5 corresponds to dwarf/
main sequence stars, which are orders of magnitude fainter than
XID 6592 in the K band (MKs,XID=−9.4± 0.3mag), so we are
left with Teff=3000–3400K and log g=−0.5 to 1. While the
spectral templates do not span the complete range of log g, this is
supplemented by the photometry of known RSGs, and the bright
absolute magnitude, color, and temperature are all consistent with
an RSG.

3.2. Infrared Fast Variability

In this section, we discuss potential explanations for the
significant fast IR variability observed in XID 6592. The
variability we observe in the WISE 1 light curve is unusual for
RSG stars, as they should not be capable of varying on short

Figure 12. Full XMM light curve of XID 6592 (2000–2015) in the 0.2–12 keV
band using a distance of 8.12±0.03 kpc. Figure 13. Color–color plot using H, Ks, and the first two WISE bands W1 and

W2. The cyan data point is XID 6592ʼs measured photometry, the black line is
the reddening vector, the orange data point is XID 6592 dereddened by ∼40
mag of extinction in the V band (which corresponds to ∼4.5 mag in Ks band),
the red points are photometry of known RSGs from Yang & Jiang (2011), and
the blue data points are photometry of synthetic stellar spectra from Coelho
(2014) obtained using a modified version of EzGal (Mancone &
Gonzalez 2012).

7

The Astrophysical Journal, 896:32 (11pp), 2020 June 10 Gottlieb et al.



timescales at this amplitude. RSGs (later than spectral type M0)
have very large radii (⪆500 R ; Cox & Pilachowski 2000;
K-type SGs have radii –~200 500 R ), so any variation would
take ∼60 light-minutes to propagate across the photosphere. As
a quick check, we calculated the percentage change in radius
that would be required to cause the change in brightness that
we observe. A change in magnitude of 0.5 corresponds to a
change in luminosity of ~50%. If this is due to a change in
radius, it would require a change in radius of 25%. Cooler
starspots also cannot account for the variation we see, because
while they can cover a decent amount of the star’s surface, they
only cause brightness variations of ~1%, whereas we see
brightness variations of ~50%. RSGs have observed photo-
metric periodicities of ∼100–1500 days with amplitudes of
∼0.5–6 mag in the Ks band (Kiss et al. 2006). If we calculate a
rate of change (how many magnitudes these stars vary per day),
we find that RSGs vary by ∼0.01 mag day–1 compared with
XID 6592, which varies at a rate of ∼5 mag day−1; this rate is a
factor of ∼1000 larger, which implies that the variability is not
intrinsic to the RSG. In short, we do not know of any intrinsic
physical mechanisms that would cause this large of a change in
an RSG over such a short period of time, which implies that it
must be produced by the compact object.

Because we know that this source is an X-ray binary, the IR
variability could be caused by the compact object, which we
assume is producing the X-ray emission from the system. One
class of explanations is that the compact object is either
ionizing the RSGʼs wind or directly driving an outflow. The
high velocity seen in the Brγ line is more consistent with an
outflow driven from an accretion disk around the binary
companion than by the ionization of the wind from the RSG. In
X-ray binaries, the observed IR variability is typically driven
by X-ray-emitting accretion processes. In this scenario, some
fraction of the X-rays produced by the accretion disk around
the compact object will interact with the companion star and be
reprocessed into infrared photons. However, this requires that
the X-ray luminosity be larger than the IR variability
luminosity—in other systems the X-ray luminosity is typically
10–1000× larger than the IR luminosity, while in XID 6592
this ratio is ∼0.001.

Alternately, this source could also be a neutron star
symbiotic X-ray binary or a hard spectrum white dwarf
symbiotic binary as discussed in DeWitt et al. (2013), or the IR

variability could be produced by a relativistic jet. We compared
the XID 6592 IR flux with that of the black hole binary GX
339–4 (Gandhi et al. 2011), which contains a jet outflow. GX
339–4 changes by ∼0.9 mag over 6 hr, which is approximately
the same variability timescale and (relative) amplitude as XID
6592. However, at ∼1038 ergs s−1, its X-ray luminosity is
orders of magnitude larger than XID 6592. Furthermore, the
ratio of X-ray to IR luminosities ‐LX ray/LIR∼100 for GX
339–4, compared to 0.001 for XID 6592. In microquasars such
as SS 433 (Fabrika 2004), relativistic jets can cause large IR
and quick variations and have an IR excess. In these systems,
the IR luminosity can match and even exceed the X-ray
luminosity. According to Russell et al. (2008), the IR flux is
related to the X-ray flux by µFIR ‐

aFX ray,where the power-law
index α is ∼−0.6–0.7 for sources containing jets. However,
α∼−0.3 for XID 6592, which is not consistent with a jet.

3.3. X-Ray Fast Variability

After analyzing archival Chandra and XMM observations, we
find variability in the X-rays on timescales of days with
amplitudes ´5 the quiescent luminosity in Chandra, as well as
multiple points in time where the source went below the detection
limit. We also see brightening events in XMM on timescales of
tens to hundreds of days. The weighted average luminosity seen in
the XMM data, (1.81±0.03)×1033 ergs s−1, is not completely
consistent with the luminosity seen by Chandra, (1.27±0.07)×
1033 ergs s−1. However, XMM has a broader energy range
(0.2–12 kev) compared to Chandra (0.2–8 keV), and XID 6592 is
more luminous at higher energies, which may explain this
apparent discrepancy.
This source was also observed by NuSTAR in Hong et al.

(2016) (source 63). They obtained 420±61 net counts in the
3–40 keV energy range with a hardness ratio of 0.02±24 and
a photon index of Γ=0.69±36 assuming an NH of
6×1022 cm−2. The calculated fluxes and luminosities are
shown in Table 2. The source is very hard in X-rays, meaning
that there are more photons at higher energies than lower
energies, but its flux at low energies is consistent with their
Chandra 2–8 keV flux of 13.3×10−6 photons s−1 cm−2.
The X-ray variability in the Chandra data comes from the

compact object (which could be either a black hole or a neutron
star). There are several possible mechanisms that could explain the
X-ray variability. For instance, fluctuations in the accretion
disk, potentially due to a variable mass accretion rate, could cause
the X-ray variations. However, comparing the IR and X-ray
luminosities, we find that the IR variability luminosity of
2×1036 ergs s−1 is ∼1000× brighter than the maximum
measured X-ray luminosity of ∼3×1033 ergs s−1. Even if this
source reached the MAXI upper limit of LX-ray∼8×
1036 ergs s−1, this is still not enough to power the IR variability
given reasonable X-ray reprocessing efficiencies. This implies that
X-ray reprocessing is not responsible for the IR flux variations.

Figure 14. Zoom-in on Figure 13.

Table 2
NuSTAR Results from Hong et al. (2016)

Energy Range Flux Luminosity
(keV) (×10−6 photons s−1 cm−2) (×1032 ergs s−1)

3–10 11.5 (4.7) 9.0 (3.7)
10–40 25.7 (4.2) 72 (12)
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3.4. A Possible SFXT?

Another possible explanation is that this system is a super
(giant) fast X-ray transient (SFXT). SFXTs can be in
quiescence for the majority of their lifetimes. They can have
very low duty cycles (percentage of time spent as bright in
X-rays)—as low as 0.1%, with typical quiescent luminosities of
1033–1034 ergs s−1. XID 6592ʼs quiescent behavior matches
fairly well with the SFXT behavior, as it has a similar
luminosity and stays in quiescence for long periods of time.
SFXTs typically host neutron stars as the compact object. They
also exhibit flares that have a large dynamic range: they can
span ´-102 6 the quiescent luminosity, sometimes reaching
1038 ergs s−1 (which would be needed to explain the IR
variability in XID 6592). These flares are relatively short and
typically last 10–10,000 s (Sidoli 2017).

One of the current theories of the physical mechanism
behind SFXTs is the gating mechanism proposed by Bozzo
et al. (2008) and Grebenev & Sunyaev (2007). In this model,
neutron stars/pulsars with very slow spin periods (>1000 s)
and very high, magnetar-like magnetic fields (1014 G) prevent
accretion onto the neutron star via a magnetic barrier. Without
material accreting onto the neutron star, the X-ray luminosity is
low. However, an X-ray flare can occur if a clump of material
from the wind of the supergiant is dense enough that it
overcomes the barrier and manages to be accreted onto the
neutron star—though it is still unclear how or why this works.
This is not the only explanation, as there are also cases where
accretion disks exist around magnetars (Zhang & Dai 2010;
Bernardini et al. 2013; Tong 2015). One caveat of this theory is
that the companion stars in SFXTs are typically O/B-type
stars, whereas we clearly have a red M/K-type star in XID
6592. Another caveat is that the Chandra brightening events we
see in XID 6592 reach only 6× the quiescent luminosity and
last for much longer (0.5 days and ∼50 days). However, it is
entirely possible that we may have missed an outburst from
XID 6592 if/when it went into a much brighter but shorter
outburst. If it reached 1038 ergs s−1 when the source changed
by ∼0.5 mag in the WISE 1 band, this would explain the very
fast IR variability we see. However, as stated in Section 2.7, we
do not see any significant flares in the X-rays at the beginning
or end of this day. Therefore, if there was a flare, it must have
faded on a timescale of hours, which is consistent with SFXT
flares.

3.5. Does XID 6592 Really Contain an RSG Donor?

In order for the color of XID 6592 to match any stars in the
H–Ks and W1–W2 color plane (e.g., Figures 13 and 14), this
requires more than the currently accepted average extinction in
the GC at the location of XID 6592. This is plausible because
as Stelter et al. (2020, in preparation) found, the extinction in
the GC is clumpy and varies across the GC, so it is plausible
that XID 6592 could lie in a region of higher-than-average
extinction. However, it is also possible that this source lies in a
region of average extinction but with another angularly
unresolved bright source very close by that has an even redder
color (e.g., a red giant). While the GC region is very crowded,
any unresolved source bright enough to change the observed
colors would also have to participate in the large-amplitude
variability. We are unaware of any physical scenario consistent
with that, leaving us with the RSG scenario.

We can consider the possibility that XID 6592 is a
foreground red giant star. For a typical absolute magnitude of
MKs=−1 mag (Salaris & Girardi 2002) and an extinction of
AKs=4.5 mag (derived from the NIR and MIR colors above),
we would arrive at a distance estimate of ∼100–250 pc.
However, interstellar extinctions do not reach such high levels
over such short distances. To have such a high extinction, XID
6592 would have to be embedded in a (previously unknown)
dense molecular cloud. Not only is such a cloud not known to
exist at this location, but it would also be highly improbable to
have a highly evolved star like a red giant embedded in such a
molecular cloud core—such a situation is not known elsewhere
in the Galaxy. Thus, while this scenario would significantly
impact the IR and X-ray luminosities we discuss above in
relation to the variability of XID 6592, we consider the
possibility that XID 6592 is a foreground red giant star to be
very unlikely.
Another possible explanation for the donor star is a carbon

asymptotic giant branch (AGB) star, the most luminous of
which reach >MKs −8.0 mag (Held et al. 2010). At
MKs=−9.4 mag, XID 6592 is more luminous than this by
1.4 mag (i.e., a factor of 4), so for this source to be an AGB
star, it would require some veiling by an accretion disk
emission component. Oxygen AGB stars have similar colors to
RSGs (Wood et al. 1983), and there are super-AGB stars that
have similar brightnesses to RSGs. However, Doherty et al.
(2017) state that it is generally difficult to distinguish the super-
AGB stars from the RSGs. Therefore, we will simply include
the super-AGB scenario as an option alongside the RSG
scenario.
It is also possible that this source is some other type of object

that exhibits fast IR variability, but XID 6592 has shown a Brγ
emission line in earlier observations, which is indicative of an
accretion disk. It is also a variable hard X-ray source. Thus, the
coincidental overlap of two such rare objects has a very low
probability. Therefore, while it is possible that this source could
be something other than an RSG in an X-ray binary, given our
results, it seems unlikely.
Scutum X-1 is an X-ray binary system within our Galaxy

that contains a late-type giant or supergiant and a neutron star
with a 112 s pulse period (Kaplan et al. 2007), and its
properties are very similar to XID 6592 in terms of absolute
magnitude, X-ray luminosity, and variability. The late-type
companion is both very bright (Ks=6.55) and red
(J–Ks=5.51), and the closest spectral type match is with late
K to early M stars of luminosity classes I–III. The X-ray
luminosity of Sct X-1 in the 0.5–10 kev band is ´ d1.4 1033

kpc
2

ergs s−1 (d 4 kpc), the same order of magnitude as XID 6592.
Furthermore, the overall X-ray flux has decreased by a factor of
4 over ∼15 yr, and over several months the pulsed amplitude
varied by as much as a factor of 10 (XID 6592 shows X-ray
variability of a factor of 6 across tens of days). Given the
similarities between XID 6592 and Sct X-1, it is possible that
XID 6592 may also host a neutron star compact object with a
late-type supergiant companion.
RSG donors exist outside our Galaxy as well. Lau et al.

(2019) searched for Spitzer/IRAC mid-IR counterparts of
ultraluminious X-ray sources (ULXs), which are thought to be
X-ray binaries with luminosities equal to or above the
Eddington luminosity of a stellar-mass black hole. This
luminosity is powered by accretion onto a compact object.
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Lau et al. (2019) found 12 counterparts with SG-like fluxes,
where 4 sources were “red” ([3.6]–[4.5]∼0.7) and 5 were
“blue” ([3.6]–[4.5]∼0) based on the IRAC colors. These
correspond to sgB[e] and RSG companions, respectively. They
compared infrared spectral energy distributions (SEDs) to SG
template SEDs to further confirm the classification of spectral
types. The remaining 3 companions were not previously
detected in the mid-IR and are variable. After correcting for
extinction, the [3.6]–[4.5] color of XID 6592 is consistent with
the “bluer” objects, or the RSGs. XID 6592 could be a ULX
that is heavily shrouded similar to SS 433, where the source has
a luminosity of ∼1038-39 ergs s−1 and X-ray reprocessing is still
occurring, but we only see a small fraction of the total X-ray
luminosity because the emission is not beamed toward us.

4. Summary and Conclusions

The X-ray binary system XID 6592 is like no system we
have seen before: it shows fast variability of ∼0.5 mag in only
a few hours in the IR in the WISE 1 band. We see slower
variability in VVV catalog, and none is seen in our VVV light
curve. We also see significant variability in the X-rays in both
Chandra and XMM. We hypothesize that this system is an
SFXT, which would make it the first SFXT to have an RSG for
a companion star. However, more observations are needed to
determine what part of the system is causing the large, fast IR
variations, and in general the physical characteristics of the
system. This can be accomplished through spectroscopy. We
have observations from EMIR (Especrografo Multiobjeto Infra-
Rojo; Garzón & EMIR Team 2016) and FLAMINGOS-2
(Eikenberry et al. 2012), where we will search for spectral
variability. We plan to determine which part of the spectrum is
varying: the continuum, the Brγ line (which would indicate
variations in the accretion disk), or the CO bands (which would
indicate that the companion star is varying).
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