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Abstract

We present a detailed study of the evolution of the Galactic black hole transient GRS 1716—249 during its
2016-2017 outburst at optical (Las Cumbres Observatory), mid-infrared (Very Large Telescope), near-infrared
(Rapid Eye Mount telescope), and ultraviolet (the Neil Gehrels Swift Observatory Ultraviolet/Optical Telescope)
wavelengths, along with archival radio and X-ray data. We show that the optical /near-infrared and UV emission of
the source mainly originates from a multi-temperature accretion disk, while the mid-infrared and radio emission are
dominated by synchrotron emission from a compact jet. The optical/UV flux density is correlated with the X-ray
emission when the source is in the hard state, consistent with an X-ray irradiated accretion disk with an additional
contribution from the viscous disk during the outburst fade. We find evidence for a weak, but highly variable jet
component at mid-infrared wavelengths. We also report the long-term optical light curve of the source and find that
the quiescent i’-band magnitude is 21.39 £ 0.15 mag. Furthermore, we discuss how previous estimates of the
system parameters of the source are based on various incorrect assumptions, and so are likely to be inaccurate. By
comparing our GRS 1716—249 data set to those of other outbursting black hole X-ray binaries, we find that while
GRS 1716—249 shows similar X-ray behavior, it is noticeably optically fainter, if the literature distance of 2.4 kpc
is adopted. Using several lines of reasoning,

> NASA Einstein Fellow. we argue that the source distance is further

than previously assumed in the literature,

Original content from this work may be used under the terms likely within 4-17 kpc, with a most likely
B of the Creative Commons Attribution 4.0 licence. Any further range of ~4-8 kpc.

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Unified Astronomy Thesaurus concepts: Astrophysical black holes (98); Accretion (14); Jets (870); X-ray binary
stars (1811); Low-mass x-ray binary stars (939); Black hole physics (159)

Supporting material: machine-readable tables

1. Introduction

Black hole X-ray binaries (BHXBs) are interacting binary
systems composed of a black hole (BH) accreting matter from a
secondary companion star. The accreted matter forms a
differentially rotating disk around the BH known as an
accretion disk (Shakura & Sunyaev 1973). A large fraction of
the accretion energy is often channeled into relativistic,
collimated outflows known as jets (e.g., Blandford &
Konigl 1979; Fender et al. 2004). Many BHXBs are transient
in nature, alternating between periods of quiescence (typically
lasting years to decades, with the X-ray luminosities in the
range of 10°° ergs™') and outburst (typically lasting weeks
to months, with X-ray luminosities reaching 10 ergs ™',
e.g., Corral-Santana & Casares 2016; Tetarenko et al. 2016).

During an outburst, many BHXBs undergo hysteresis in the
spectral state transitions following a q—shaped evolutionary
pattern in the hardness-intensity diagram (HID; Miyamoto et al.

1995; Homan et al. 2001; Homan & Belloni 2005;
Belloni 2010). The rise of the outburst is generally dominated
by a hard, power-law-like spectral component (with photon
index I' < 2) with a high-energy cutoff at 50-100 keV. This is
known as the hard state (HS), which is usually associated with
thermal Comptonization due to Compton up-scattering of soft
disk photons by a corona of hot electrons (e.g., Thorne &
Price 1975; Sunyaev & Titarchuk 1980; Done et al. 2007).
During the HS, collimated compact jets are launched, emitting
self-absorbed synchrotron emission that dominates radio
though infrared (IR) wavelengths (e.g., Corbel et al. 2000;
Fender et al. 2004), in analogy with those observed in active
galactic nuclei (Blandford & Konigl 1979; Hjellming &
Johnston 1988). Many BHXBs in the HS follow a nonlinear
radio/X-ray luminosity correlation, where Lg o ng with
(5~0.5-0.7 (e.g., Corbel et al. 2003, 2013; Gallo et al.
2018), which extends to active galactic nuclei through the
fundamental plane of BH activity (Merloni et al. 2003; Falcke
et al. 2004; Saikia et al. 2015, 2018), suggesting scale
invariance of compact jets.

During the peak and decay of an outburst, when the system
is said to be in the soft state (SS), the spectra are dominated by
a soft, blackbody-like spectral component due to an optically
thick, geometrically thin accretion disk (Shakura &
Sunyaev 1973). The jets are suppressed in this state (e.g.,
Tananbaum et al. 1972; Fender et al. 1999; Coriat et al. 2011;
Russell et al. 2011; Koljonen et al. 2018; Russell et al. 2019;
Carotenuto et al. 2021). During the transition between these
two states, the system enters the intermediate state (IS),
dominated by a thermal disk component with a color
temperature of 0.1-1keV, which is further classified based
on the X-ray timing properties into hard-intermediate and soft—
intermediate states (e.g., Homan & Belloni 2005; Belloni 2010).
Depending on the source state, fast variability can be observed,
including quasi-periodic oscillations (QPOs), that have been
classified into three types: A, B, and C (e.g., Ingram &
Motta 2019). A number of BHXBs remain in the HS for the
entire duration of the outburst (or only transition to the hard-
intermediate state). These are referred to as “hard-only state
outbursts” (Tetarenko et al. 2016), “low /hard state outbursts”

(Belloni et al. 2002), “failed outbursts” (e.g., Capitanio et al.
2009; Curran & Chaty 2013), “failed state transition outbursts”
(Bassi et al. 2019), or “failed-transition outbursts” (Alabarta
et al. 2021).

1.1. GRS 1716249

In 1994 September, GRS 1716—249 had a series of several
X-ray re-flares or mini-outbursts, as observed by both SIGMA
and BATSE at the level of ~10% of its peak value in 1993
(Revnivtsev et al. 1998). During this period, the X-ray light
curve was dominated by at least four sawtooth-like re-
brightening events with slow rise (~30-70 days) and dramatic
decay (~10 days), accompanied by simultaneous radio flares
following the onset of decays (Hjellming et al. 1996). This re-
brightening event lasted ~400 days and had at least four
separate peaks in hard X-rays.

The source had another outburst after almost 21 yr in
quiescence, and was detected by the Monitor of All-sky X-ray
Image (MAXI) on 2016 December 18 (MJD 57740, Negoro
et al. 2016), with a photon index of I' =1.62 £ 0.06 on 2016
December 21 (MJD 57743, Masumitsu et al. 2016). It was
found to be in the hard spectral state with Chandra X-ray
Observatory observations on 2017 February 6 (MJD 57790,
Miller et al. 2017) and International Gamma-Ray Astrophysics
Laboratory (INTEGRAL) observations on 2017 February 10
(MID 57794, Del Santo et al. 2017). The source was then seen
transitioning to the hard-intermediate state for some time with
Neil Gehrels Swift Observatory (Swift) observations on 2017
March 27 and April 2 (MJD 57839 and MJD 57845, Armas
Padilla & Munoz-Darias 2017), and then returning to the hard
state after a failed-transition outburst to the soft state on 2017
May 5 and 11 MJD 57878 and MJD 57884, Bassi et al. 2017),
as was also the case in the 1993 event (Revnivtsev et al. 1998).
Bassi et al. (2019) studied the HID of the source and found that
it had three softening events when the source transitioned from
the hard to the hard-intermediate state. Along with the three
softest points (MJD 57854.2, 578959 and 57960.7), we
consider all the dates with hardness ratio <0.7, which lies in
the range of 2017 July 6 and August 13 (MJD 57940-57978)
as the hard-intermediate state. The source was found to be one
of the “outlier” BHXBs (Bassi et al. 2019) in the radio/X-ray
correlation plane (which are radio fainter by 1-2 orders of
magnitude, and tend to have a steeper correlation index, with
B~ 1.4, e.g., Corbel et al. 2004; Coriat et al. 2011; Gallo et al.
2012). A type-C quasi-periodic oscillation (QPO) was also
detected in the hard state (Bharali et al. 2019), and signatures of
a hot and dense accretion disk wind (with terminal velocity
~2000 km sfl) were observed (Cuneo et al. 2020). From the
broadband spectral fitting of the source, the irradiated accretion
disk was found to dominate the optical emission, while a hint
of an excess near-IR emission above the prediction of the
irradiated disk model was observed, likely due to synchrotron
emission originated in the jet (Rout et al. 2021).
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1.2. System Parameters of GRS 1716—249

The system parameters of GRS 1716—249 are not well
constrained. From the 1993 outburst, della Valle et al. (1994)
proposed that the system contains a low-mass main-sequence
star with spectral type K (or later), at a possible distance
between 2.2kpc (lower limit obtained from the equivalent
width of the NaD absorption lines) and 2.8 kpc (upper limit
based on an incorrect maximum luminosity of an X-ray
transient). But in light of several arguments we explore in
Section 4.2.2., we find that the estimated upper limit of 2.8 kpc
is not a reliable constraint for its distance. Masetti et al. (1996)
discovered super humps in the light curve (although these
could also be due to irradiation modulation, see Section 4.2.1
for a discussion). Assuming that the donor is a main-sequence
star, they estimated the companion star mass to be ~1.6 M,
and inferred an orbital period of ~0.6127 days or ~14.7 hr for
a Roche lobe-filling star. Then they used the maximum mass
ratio criterion for having super humps, which is about 3:1, and
proposed that the mass of the accreting compact object is >4.9
M., hence classifying it as a black hole. They also suggested
that a 1.6 M, main-sequence star at 2.4 + 0.4 kpc would
exceed the quiescent luminosity of the binary substantially
(although it is important to note that the quiescent luminosity
limit of the source was not confidently known, see Section 3.6).
Despite all the crude assumptions employed, these limits on the
mass of the compact object and the distance to the source have
been used for all subsequent studies on the source, until this
paper.

During the 2016-2017 outburst, GRS 1716—249 was
extensively studied in the X-ray wavelengths. Tao et al.
(2019) used spectral fits of three NuSTAR and Swift data sets
in its hard-intermediate state, and constrained the black hole
mass to be <8 M, at a 90% confidence level under the
assumption that the distance to the source is 2.4 & 0.4 kpc.
Using the same assumption, they also inferred the inclination
angle of the inner disk to be in the range of 40°-50° by
performing joint modeling of the continuum and the reflection
components. An analysis of the broadband (1-78 keV) X-ray
spectra of the source taken by NuSTAR and Swift constrained
the accretion disk density parameter of GRS 1716—249 to be in
the range of 10"°-10%° cm ™~ (Jiang et al. 2020). Recently, the
black hole mass was claimed to lie in the range of 4.5-5.9 M,
according to a two-component advective flow (TCAF) model
(Chatterjee et al. 2021), although this method uses model-
dependent spectral fitting of the source to obtain these values.

In this paper, we present a detailed multiwavelength study of
GRS 1716—249 during its 20162017 outburst, with particular
focus on its UV /optical /IR emission to investigate the physical
mechanisms contributing to the emission in these wave bands,
and reveal the system parameters of the source. In Section 2,
we describe in detail the observations and the analyses of the
data used for this study. In Section 3, we present the
characteristics of the outburst using various tools like the light
curves, variability of the source during the peak of the outburst
using fractional rms values, the optical/UV spectra of the
source, the broadband spectral energy distributions (SEDs), the
color-magnitude diagrams to study the color evolution of the
source during the outburst, and the optical/UV /X-ray correla-
tions to explore the various emission mechanisms. We also
report long-term (~10 yr) monitoring of the source and discuss
its quiescent optical magnitude, which is important as the
optical brightness of BHXBs in quiescence has minimal

Saikia et al.

contribution from the accretion disk and is dominated by the
companion star (Chevalier et al. 1989). In Section 4, we
interpret and discuss our results, including the implications of
our analyses on the system parameters of the source, and
present new estimates for the distance to the source. Finally, we
present our conclusions in Section 5.

2. Observations and Data Reduction
2.1. Optical Observations
2.1.1. LCO Optical Data

We monitored GRS 1716—249 during its 2016-2017 out-
burst extensively with the Las Cumbres Observatory (LCO)
between 2017 January 28 and October 21 MID
57781-58046). Observations were made using the 1 m LCO
telescopes at Siding Spring Observatory, Australia, Cerro
Tololo Inter-American Observatory, Chile, and the South
African Astronomical Observatory (SAAQO), South Africa, as
well as the 2 m Faulkes Telescopes at Haleakala Observatory,
Maui, Hawai ‘i, USA and Siding Spring Observatory, Australia.
The source was also monitored during quiescence, before and
after the 2016-2017 outburst, for 11 yr since 2006 February, as
part of an ongoing monitoring campaign of ~50 low-mass
X-ray binaries (LMXB) coordinated by the Faulkes Telescope
Project (Lewis et al. 2008; Lewis 2018).

Imaging data were primarily taken in the Sloan Digital Sky
Survey (SDSS) g/, ¥/, i/, and the Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS) Y-band filters,
with some data also taken in Bessel B and V bands. The data
were initially processed using the LCO BANZAI pipeline
(McCully et al. 2018). The multi-aperture photometry on the
reduced data was performed using “X-ray Binary New Early
Warning System (XB-NEWS)”, a real-time data analysis
pipeline that aims to detect and announce new X-ray binary
outbursts within a day of the first optical detection of an
outburst (e.g., Russell et al. 2019; Goodwin et al. 2020;
Pirbhoy et al. 2020). The XB-NEWS pipeline downloads new
images of all targets of interest from the LCO archive along
with their associated calibration data and performs several
quality control steps to ensure that only good quality images
are analyzed. XB-NEWS then computes an astrometric solution
for each image using Gaia DR2 positions,”® performs aperture
photometry of all the stars in the image, solves for zero-point
calibrations between epochs (Bramich & Freudling 2012), and
flux calibrates the photometry using the ATLAS All-Sky
Stellar Reference Catalog (ATLAS-REFCAT?2, Tonry et al.
2018). The pipeline also performs multi-aperture photometry
(azimuthally averaged PSF profile fitting photometry, Stet-
son 1990). Light curves are produced in near real-time. If the
location of the source is well-known, but the source is fainter
than the formal detection threshold, the pipeline performs
forced photometry on the position. Magnitude errors larger
than ~0.25 mag are considered as marginal detections and are
not included in our study.

We detected the source during outburst in a total of 192
images between 2017 January 28 (MJD 57781) and 2017
October 21 (MJD 58046), generally at a cadence of every 2-3
days during the brighter phase of the outburst, and every ~75 s
for the high cadence images taken on 2017 May 9 (MJD
57882). A detailed observation log containing information

36 https: //www.cosmos.esa.int/web/gaia/dr2
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Figure 1. The left panel shows the optical finding chart of GRS 1716—249 during outburst (MJD 57874.7) with the 2 m LCO telescope in the i’-band with 200 s
exposure time. Previously, a lower-resolution optical finding chart during outburst is available in the V band (Masetti et al. 1996). The target is indicated with hash
mark in both the panels. The right panel shows the quiescent optical finding chart (MJD 58388.4) with the 2 m LCO telescope in the i’ band with 100 s exposure time
(an image taken under excellent conditions, with seeing of 0”82). The counterpart is just 176 from a star of similar magnitude to the north of GRS 1716-249.

about the LCO epochs, filters and magnitudes, is summarized
in the Appendix. From our XB-NEWS optical analysis, the
accurate optical position of the source was found to be R.A.:
17:19:36.917 and decl.: —25:01:04.20 (J2000), consistent with
the VLBI coordinates to within <0”1 (Atri et al. 2019). The
optical finding charts in the i band during both outburst and
quiescence, are shown in Figure 1. The systematic error in the
position measurement is small (<0”3) and has better precision
than previously reported optical measurements (~1” in della
Valle et al. 1994). To convert the multi-aperture photometry
magnitudes obtained from the XB-NEWS pipeline to the
intrinsic de-reddened flux densities, we use the absorption
column density Ny = (0.70 £ 0.01) x 1022 cm ™2, as reported in
Bassi et al. (2020). Using the relation between optical
extinction and hydrogen column density (Foight et al. 2016),
the V-band absorption coefficient is inferred as
Ay =244 +0.11 mag. There are different determinations of
the relation between extinction and hydrogen column density in
the literature (see, e.g., Guver & Ozel 2009; Watson 2011;
Willingale et al. 2013), but we use the Foight et al. (2016)
value as they provide the most recent estimates using updated
abundances and hence are likely more reliable. We note that
Bahramian et al. (2015) also arrive at a similar relation using
the updated abundances, while including X-ray binaries in their
sample. This leads to a color excess of E(B— V)~ 0.8 mag
(assuming a mean value of Ay/E(B — V)~ 3.1 for the diffuse
interstellar medium, Fitzpatrick 1999), which is consistent with
the historical value of E(B— V)~ 0.9 £+ 0.2 mag (della Valle
et al. 1994) obtained based on multiple lines of reasoning. The
wavelength-dependent extinction terms, used for de-reddening
in other bands, are obtained from the extinction curve of
Cardelli et al. (1989).

2.1.2. Archival Optical Data

We also use the archival data of the source obtained in the G
spectral filter with the Gaia telescope’’ during the recent
outburst. Gaia first detected the source on 2017 January 27
(MIJD 57780.8) at G = 16.44. Prior to that, the last observation
it had on 29 October 2016 (MJD 57690) was a non-detection

37 http: //gsaweb.ast.cam.ac.uk /alerts /alert/ Gaial 7agz/

(typical detection limit of Gaia is ~20.7 mags, Brown et al.
2016). Gaia detected GRS 1716—249 on 13 days during the
outburst, with the last detection on 2017 September 23 (MJD
58019). We use these public data in Figure 2, while studying
the optical light curve of the source.

2.1.3. Archival Historical Optical Data

To compare the 2016-2017 outburst of the source with its
discovery outburst from 1993, we include the simultaneous
optical detections taken on 1993 October 8 (MJD 49268) in the
B, V, and R filters as 17.7+0.1, 16.7 £0.1, and 16.0 £0.1
mags, respectively (della Valle et al. 1994). We also use the
historical B- and V-band observations from Masetti et al.
(1996). We use these data in the spectral energy distribution
study (see Section 3.3) and the detailed analysis of the
evolution of the source through the color—magnitude diagram
(see Section 3.5).

2.2. Infrared Observations
2.2.1. VISIR Mid-IR Observations

We acquired targeted observations of GRS 1716—249 with
the Very Large Telescope (VLT) in mid-IR wavelengths on
three nights during the 2016-2017 outburst, using the VLT
Imager and Spectrometer for the mid-IR (VISIR; Lagage et al.
2004) instrument on the VLT’s UT3 (Melipal). The observa-
tions were made under the programs 098.D-0893 and 099.D-
0884 (PI : D. Russell) in the M band (4.15-5.19 um), J8.9
(8.00-9.43 um), B10.7 (9.28-12.02 ym), and PAH2 _2
(11.5-12.3 um) filters on 2017 March 25 (MJD 57837), April
21 MJID 57864), and April 22 (MJD 57865), for approxi-
mately 40—45 minutes total telescope time on each date. The
integration time on source was usually 25 minutes, with
additional substantial overheads due to the chopping and
nodding pattern. The observing conditions were photometric
during the observations of GRS 1716—249 on March 25 and
April 22, and were clear with some humidity on April 21.
Nevertheless, standard stars taken just before and after
GRS 1716—249 were used to achieve accurate flux calibration
on April 21. The detailed VISIR observing log and the
photometric results are reported in Table 1.
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Figure 2. Light curves of the 2016-2017 outburst of GRS 1716—249 in different wavelengths. The three vertical dashed lines depict the softest points in each of the
three softening events when the source transitioned from the hard to the hard-intermediate state, as reported by Bassi et al. (2019), on MJD 57854.2 (green), MJD
57895.9 (blue), and MID 57960.7 (yellow). (a) The optical light curves from the LCO telescopes in B, V, g/, r, i/, and Y bands, and from the Gaia telescope in G band.
(b) The UV light curves represent Vega magnitudes from Swift UVOT in UVW2, UVM2, UVW1, U, B, and V filters. (c) The near-IR light curves with vega magnitudes
obtajned with the REM telescope; here we show the J, H, and K magnitudes of the source blended with a non-variable 2MASS star with magnitudes J = 15.33 % 0.06,

= 14.46 £ 0.06, and K =

14.16 £ 0.08 (see text). (d) The soft X-ray fluxes obtained from Swift/XRT in the 2-10 keV and MAXI/GSC in the 2-20 keV range,

plotted ina loganthnuc scale. (e) The hard X-ray fluxes obtained with Swift/BAT and NuSTAR in the 15-50 keV telescopes, plotted in a logarithmic scale. We only
plot the So detections in the X-rays, converting the source count rate to fluxes, assuming a photon index of I' = 1.68 £ 0.01 and Ny = (0.70 & 0.01) x 102

(Bassi et al. 2020). (f) X-ray hardness from Swift/XRT showing the ratio of X-ray fluxes in the ranges

The data were reduced using the VISIR pipeline in the using a large e
gasgano environment. We combined the raw images from the

chop/nod cycle and performed aperture photometry in IRAF

of 2-10 keV and 0.6-2 keV.

nough aperture to minimize the effect of small

seeing variations on the fraction of flux in the aperture (the
method is the same as that used in Baglio et al. 2018). To flux
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Table 1
Observation Log and Results of the Mid-IR Photometry Performed on GRS 1716—249 with the VISIR Instrument in 2017 March and April, Tabulating the Start of
Observing Time, Filter Used and the Central Wavelength, Weather Condition, and Airmass at Mid-observation, the Exposure Time for Each Observation, Flux
Density of the Detections and the 30 Upper Limits for Non-detections, and a List of the Standard Stars Observed within a Month of Our Observation

Epoch (UT) Filter Wavelength Weather Airmass Exposure Flux Density Standard Stars
Start Time (MJD) ( pm) Conditions (s) (mly) Within a Month
2017.03.25 06:29:22 (57837) B10.7 10.64 Photometric 1.398 1500 <1.35 1-9
2017.03.25 07:30:25 (57837) J8.9 8.70 Photometric 1.165 1500 <1.37 10
2017.03.25 08:18:47 (57837) PAH2_ 2 11.68 Photometric 1.066 1500 <3.16 10
2017.04.21 08:59:26 (57864) J8.9 8.70 Clear, humid 1.029 1500 3.22+0.59 11, 12
2017.04.22 08:24:43 (57865) PAH2 2 11.68 Photometric 1.007 1200 <2.36 11,13-16
2017.04.22 09:03:19 (57865) M-band 4.67 Photometric 1.035 1500 <2.71 11,15,16

Note. The reported fluxes are not de-reddened. Standard stars used are 1, HD039523; 2, HD046037; 3, HD047667; 4, HD061935; 5, HD075691; 6, HD097576; 7,
HD099167; 8, HD111915; 9, HD133774; 10, HD145897; 11, HD151680; 12, HD178345; 13, HD082668; 14, HD108903; 15, HD123139; and 16, HD163376.

calibrate the photometry and estimate the flux density of the
source, we used all the standard star observations taken within
one month of the observation night in the same filter during
clear sky conditions. All the standard stars used are listed in the
final column of Table 1. At mid-IR wavelengths, the zero-point
corrections rarely vary much. In fact, we found that the ADU/
flux conversion factor measured from different standard star
observations within a month varied only by 5%—-10% when the
airmass is less than 1.5. For all the filters for which we had only
one standard star available within one month of the observa-
tion, we use an error of 5% in the ADU to calculate the
uncertainty on the flux density of the source.

The source was only detected on one date, April 21, in the
J8.9 filter, with a magnitude of 18.24 +0.19, or a flux density
of 3.22 £ 0.59 mJy (the detection has a signal-to-noise ratio of
6.2). Although the photometric error for the detection is small,
the uncertainty in the flux density is increased due to systematic
errors arising from the limited number of available standard
stars within a month of the detection. On the other two dates
when the source was not detected, we derive 3¢ upper limits
from the root mean square (rms) in a region centered on the
position of GRS 1716—249. The closest WISE catalog star is
12" away from the position of GRS 1716—249 (outside the
field-of-view of VISIR), with a flux density of 2.24 mly
at 12 pm.

2.2.2. REM Near-IR Observations

We observed GRS 1716—249 in the near-IR wavelengths (J,
H, and K bands, one filter at a time) with the REMIR camera
mounted on the Rapid Eye Mount (REM; La Silla, Chile)
telescope between 2017 February 8 and October 1 (MJD
57792-58027). For each epoch, the reduction of the images was
performed by subtracting the sky contribution; this was
obtained as the median of five misaligned exposures of 60 s
and 30s in the J and H filter, respectively, and of 10 x 15s
exposures in the K band. Once the sky was subtracted, we
registered and averaged the exposures to enhance the signal to
noise.

We performed aperture photometry on each reduced image
using IRAF. The magnitudes were then calibrated against a
group of five 2MASS reference stars in the field. We note that a
2MASS star is observed at a distance of ~3”5 from the target
in the REM images. Considering the spatial resolution of
REMIR (1722 pixel ') and the seeing, the two stars are
therefore blended together in all images. Under the reasonable
hypothesis that the 2MASS star is not variable, we subtract the

contribution of the 2MASS star from the flux extracted with
our analysis to build spectral energy distributions. The
magnitudes of the 2MASS star are tabulated in the 2MASS
catalog (J=15.33 £0.06; H=14.46 £0.06;
K=14.16 +0.08). To double check, we found and down-
loaded archival J-band images of the field taken with the SOFI
instrument at the New Technology Telescope (NTT; La Silla,
Cile) during quiescence in 1999 (July 5 and 7; Program ID: 63.
H-0232). The J-band magnitude of the 2MASS star, after
calibration, is J=15.38 £0.05, entirely consistent with the
value reported in the 2MASS catalog (which suggests that
source has probably been stable over the years). We tabulate
the REM epochs, filters, and magnitudes in the Appendix (see
Table A2).

2.2.3. Archival Near-IR Observations

We use the archival near-IR photometric observations of
GRS 1716—249 during the outburst. Bassi et al. (2020)
reported near-IR detections of the source obtained with the
Rapid Eye Mount telescope (REM) on 2017 February 9 (MJD
57793) of J=14.18+0.22, H=13.81+£0.14, and
K=13.84+0.29 and 13.59 +0.16, with exposure times of
300s, 150s, 75 s, and 75 s, respectively (the same observation
is also included in the data set presented in Section 2.2.2).
Later, Joshi et al. (2017) observed the source with the Mount
Abu 1.2 m telescope and the Physical Research Laboratory
(PRL) near-IR Imager/Spectrograph, and reported near-IR
magnitudes on 2017 March 20 (MJD 57832) of J=14.3,
H=14.0, and Kg= 13.7, with typical errors of 0.1 magnitude,
for a total integration time of 15, 15, and 17.5 minutes,
respectively. These magnitudes are consistent with those
derived in our analysis of the REM data during the
2016-2017 outburst, before the subtraction of the contribution
from the nearby 2MASS star (see Section 2.2.2 for a detailed
discussion).

We also use the historical IR data of the source from its mini-
outburst in 1994, taken on 1994 July 8 (MJD 49541) in the J
and K filters of 16.2 +0.3 and 15.5 &+ 0.3, respectively (Chaty
et al. 2002), especially for the spectral energy distribution study
(see Section 3.3).

2.3. Archival Swift/UVOT Observations

We gathered publicly available Swift UV /Optical Telescope
(UVOT) pointing observations of the source during its entire
outburst from the NASA/HEASARC data center. We used the
pipeline processed images and obtained the magnitude of the
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source using the uvotsource HEASOFT routine, with an
aperture of 5 arcsec centered on the source. An empty region
close to GRS 1716—249 was chosen as the background region.
We select only those 81 pointings where the source flux
estimate is at least So above the sky background. Although the
UVOT observations of this source were available in all the
filters, most of the significant and usable detections were found
to be in the V (0.546 pm), B (0.439 pm), and U (0.346 pm)
bands, with a smaller amount of detections in the UVWI1
(0.260 pm) bands.

Similar to the optical flux values, we de-reddened the UV
data. We use the absorption column density
Ny =1(0.70£0.01) x 10 cm 2, reported in Bassi et al.
(2020), the generic relation between optical extinction and
hydrogen column density (Foight et al. 2016), and the
wavelength-dependent extinction terms using the extinction
curve of Mathis (1990).

2.4. Archival Radio Detections

We use the radio observations of the source during its
outburst with the Karl G. Jansky Very Large Array (VLA; 5.25,
7.45, 8.8 and 11.0 GHz), Australia Telescope Compact Array
(ATCA; 5.5 and 9.0 GHz) and Australian Long Baseline Array
(LBA; 8.4 GHz) as reported in Bassi et al. (2019) and Atri et al.
(2019). Radio detections of the source are available for 2017
February 9 and 11 (MJD 57993 and 57795), April 22 MJD
57865), August 12 and 13 (MJD 57977 and 57978). We use all
the radio detections for which more than one quasi-simulta-
neous (within 24 hr) optical/UV measurement is available, to
study the broadband spectral energy distribution (SED) of the
source (see Section 3.3).

2.5. Archival Data from X-Ray Telescopes

We acquired X-ray monitoring data of GRS 1716—249 from
the Swift/BAT and Swift/XRT telescopes. Swift/BAT has
observed the source almost daily from 2016 December 1 (MJD
57723) in the 15-50keV flux range. We extracted the daily
average light-curve data of this source from the Swift/BAT
transient monitor>® (Krimm et al. 2013). To convert the count-
rates to flux, we used the hydrogen column density
Nu=(0.70£0.01) x 10** cm™? and a photon index of
I'=1.68+£0.01, as reported in (Bassi et al. 2020). Swift/
XRT observations were made every few days between 2017
January 28 (MJD 57781) and 2017 October 20 (MJD 58046),
mostly in the window timing mode, with target IDs 34924 and
88233 (see Table 1, of Bassi et al. 2019, for a detailed
observation log). We used the on-line Swift/XRT products
generator39 (Evans et al. 2007, 2009) to extract the 2—10keV
count rate of GRS 1716—249 from each XRT observation, after
correcting for instrumental artefacts.

GRS 1716—249 was also observed with Nuclear Spectro-
scopic Telescope Array (NuSTAR) during the 2016-2017
outburst. We calculate the NuSTAR flux density of the source
using NUPIPELINE V0.4.6 in HEASOFT V6.25, with the
calibration file version v20171002. Both Science Mode and
Spacecraft Mode data were considered. The flux was calculated
in the Swift BAT energy band (15-50 keV) using the best-fit
spectral models provided in Jiang et al. (2020). A relativistic

3 hitps: //swift.gsfc.nasa.gov /results /transients
¥ https: //www.swift.ac.uk /user_objects/
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Figure 3. Zoom-in of the (a) optical and (b) near-IR light curve of GRS 1716
—249 during the peak of the 2016-2017 outburst to show the optical/IR
variability.

disk reflection model with a variable disk density parameter
was used (Ross & Fabian 2007). Detailed descriptions of
spectral modeling can be found in Jiang et al. (2020).

We also gathered daily X-ray monitoring data of GRS 1716
—249 from MAXI/GSC* (Matsuoka et al. 2009) in the 2
—20keV range covering the complete outburst.

3. Results
3.1. Multiwavelength Light Curve

The light curves of the entire outburst are plotted in Figure 2
including data in near-IR (REM), optical (LCO and Gaia), UV
(UVOT), and X-ray (NuSTAR, Swift XRT, and BAT, MAXI)
wavelengths.

The first optical detection of GRS 1716—249 during the
2016-2017 outburst was obtained by LCO on MJD 57781,
when the optical magnitude was already bright, with
i’ =15.97 £0.01. Since that time, we regularly monitored the
source in i, g/, ¥/, and Y bands until its optical emission faded
back to quiescence. There are also some scattered observations
taken in the B and V bands. A zoom-in of the optical light curve
during the peak of the outburst between 2017 January 28 and
May 27 (MJD 57800-57900) is shown in Figure 3(a). The
general trend of the LCO light curve is an almost constant

40 http:/ /maxi.riken.jp/top/lc_bh.html
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plateau in all the optical bands during the outburst, until ~2017
May 27 (MID 57900), followed by a slow and steady decline
to quiescence until 2017 October 20 (MJD 58046). The same
behavior was also observed in the Gaia optical light curve in
the G band. At the end phase of the decline, we find a small
amplitude optical brightening of the source, with i/ magnitudes
changing from 17.80 & 0.01 on 2017 October 7 (MJD 58033)
to 17.45£0.01 on October 15 (MJD 58041) and then again
back to 18.10 4= 0.01 on October 18 (MJD 58044).

The optical/UV light curves obtained with Swift/UVOT in
the U, B, V, UVW1, UVW2, and UVM2 bands, show a similar
outburst profile as the LCO and Gaia light curves. The
complete outburst, including the decay toward quiescence, is
well covered by the U-band data. The brightening observed in
optical wavelengths during the decline of the outburst is not
evident in the UV data.

The near-IR REM light curve is approximately constant,
with some scatter and flickering, until 2017 June 21 (MJD
57925). A zoom-in of the near-IR light curve during the peak
of the outburst is shown in Figure 3(b). After MJID 57925, the
flux starts to show a decreasing trend in all bands until ~2017
September 4 (MJD 58000), when the flux experiences a plateau
that lasts until the end of the observations. This behavior is
similar to that of the higher energy light curves.

The X-ray light curves in both the hard (Swift/BAT and
NuSTAR) and the soft (Swift/XRT and MAXI) energy ranges
follow the morphology of the near-IR/optical light curve,
indicating a correlated behavior, which is explored in detail in
Section 3.4.

3.2. Optical/IR Variability
3.2.1. Optical Variability

Figure 3(a) shows the zoom-in of the optical light curve
during the peak of the outburst. On longer timescales, the four
LCO optical filters (g’, 7/, i, and ¥ band) are clearly correlated.
We also took higher cadence optical observations on 2017 May
9 (MJD 57882; 15 detections in ~17.5 minutes with a time
resolution of ~75 s) of the source with LCO i band. The
optical fractional rms deviation in the flux on such short
timescales (minutes; i.e., a frequency range of 0.0010-0.013
Hz) during the hard state, evaluated following the method
described in Vaughan et al. (2003) and Gandhi et al. (2010), is
found to be 1.3% + 0.4%, reflecting on a very weak variability.

The observed rms is substantially lower than the optical
fractional tms of BHXBs like GX339-4 and
SwiftJ1357.2-0933 in the hard state and V404 Cyg in the
flaring state, which are ~5%-20% on similar and shorter
timescales (Gandhi 2009; Gandhi et al. 2010; Cadolle Bel et al.
2011; Gandhi et al. 2016; Paice et al. 2019). The variability
seen in GRS 1716—249 is similar to the lower optical fractional
rms values of ~3%-5% seen in the hard accretion states of
SwiftJ1753-0127, XTEJ11184480 and MAXIJ1535-571
(Gandhi 2009; Hynes et al. 2009; Baglio et al. 2018). Such
variability is also observed in the soft accretion states of
GX 3394 and GROJ1655-40 (Hynes et al. 1998; O’Brien
et al.