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ABSTRACT

Aims. V404 Cyg, Cyg X-3, V4641 Sgr, and GRS 19154105 are among the brightest X-ray binaries and display complex behavior in
their multiwavelength emission. Except for Cyg X-3, the other three sources have large accretion disks, and there is evidence of a
high orbital inclination. Therefore, any large-scale geometrical change in the accretion disk can cause local obscuration events. On
the other hand, Cyg X-3 orbits its Wolf-Rayet companion star inside the heavy stellar wind obscuring the X-ray source. We study
here whether the peculiar X-ray spectra observed from all four sources can be explained by local obscuration events.

Methods. We used spectra obtained with the Nuclear Spectroscopic Telescope Array and Rossi X-ray Timing Explorer to study the
spectral evolution of the four luminous hard X-ray sources. We fit the time-averaged spectra, and also time-resolved spectra in case
of V404 Cyg, with two physically motivated models describing either a scenario where all the intrinsic emission is reprocessed in the
surrounding matter or where the emitter is surrounded by a thick torus with variable opening angle.

Results. We show that the X-ray spectra during specific times are very similar in all four sources, likely arising from the high-density
environments where they are embedded. The fitted models suggest that a low-luminosity phase preceding an intense flaring episode
in the 2015 outburst of V404 Cyg is heavily obscured, but intrinsically very bright (super-Eddington) accretion state. Similar spectral
evolution to that of V404 Cygis observed from the recent X-ray state of GRS 19154105 that presented unusually low luminosity.
The modeling results point to a geometry change in the (outflowing) obscuring matter in V404 Cygand GRS 1915+105, which is
also linked to the radio (jet) evolution. Within the framework of the models, all sources display obscured X-ray emission, but with
different intrinsic luminosities ranging from lower than 1% of the Eddington luminosity up to the Eddington limit. This indicates that
different factors cause the obscuration. This work highlights the importance of taking the reprocessing of the X-ray emission in the

surrounding medium into account in modeling the X-ray spectra. This may well take place in other sources as well.

Key words. accretion, accretion disks — binaries: close — stars: black holes — stars: winds, outflows — X-rays: binaries

1. Introduction

Cyg X-3, V4641 Sgr, V404 Cyg and GRS 1915+105 are unique
sources even in the fairly non-homogenous group of X-ray
binaries (XRBs). They present very different companion stars:
Cyg X-3 harbors a Wolf-Rayet companion (van Kerkwijk et al.
1996; Koljonen & Maccarone 2017), making it a high-mass
XRB, while V4641 Sgr, V404 Cyg, and GRS 1915+105 are low-
mass XRBs with a late B-type (Orosz et al. 2001) star, a K-type
subgiant (Casares etal. 1992; King 1993; Khargharia et al.
2010), and a K-type giant star (Greiner et al. 2001) as donors,
respectively. However, they share some similarities that are
unique among the XRB population. They are all very pow-
erful X-ray emitters, with CygX-3 persistently emitting a
luminosity of 10®ergs™' in the X-ray band, V4641 Sgr and
V404 Cyg exhibiting luminous outbursts where the X-ray lumi-
nosity can exceed the Eddington luminosity for a 10 solar
mass black hole (Revnivtsev et al. 2002; Motta et al. 2017a),
and GRS 19154105 being in outburst for the past 27 years
(Castro-Tirado et al. 1994; Fender & Belloni 2004), with Iumi-
nosities reaching and surpassing the Eddington limit (e.g.,
Done et al. 2004).

Article published by EDP Sciences

Except for Cyg X-3, all these sources have long orbital peri-
ods and thus large accretion disks, and there is evidence of
a high orbital inclination. Therefore, any large-scale geometri-
cal change in the accretion disk such as puffing-up or warp-
ing of the accretion flow, or an equatorial outflow can cause
local obscuration events. Evidence of this could be seen in the
June 2015 outburst of V404 Cyg, which showed highly variable
high column density material absorbing the X-ray continuum
that remained hard throughout the outburst (Motta et al. 2017a).
Especially so-called X-ray plateaus with diminished X-ray lumi-
nosity and softer spectra suggested a heavy obscuration of the
intrinsic emission (Motta et al. 2017b; Sanchez-Fernandez et al.
2017). Similarly, the high-luminosity active accretion phases
of V4641 Sgr can be very rapid with a heavily absorbed hard
X-ray continuum (Mufioz-Darias et al. 2018; Revnivtsev et al.
2002). In both systems, there is evidence that the intense likely
super-Eddington X-ray emission drives a strong disk wind, thus
expelling a significant amount of mass to surround the systems
(King et al. 2015; Munoz-Darias et al. 2018).

On the other hand, Cyg X-3 orbits its companion star at a
close distance with a short 4.8 h orbital period (Parsignault et al.
1972). Because the companion is a Wolf-Rayet star exhibiting
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Table 1. Observation log.

Source Instrument Pointing Date @ MID ® Obs. length  Exposure  Count rate )
(s) (s) (ctss™)
Cyg X-3 NuSTAR 10102002002 2015/11/13  57339.53742 20789 10168 113 (51-188)
V404 Cyg NuSTAR 90102007002 2015/06/24  57197.93615 64383 17721 588 (10-8305)
GRS 1915 NuSTAR 90501321002 2019/05/05 58608.30055 63813 28700 31 (9-68)
30502008002 2019/05/19  58622.52845 52451 25403 15 (4-51)
30502008004 2019/07/31 58695.87901 53420 23243 17 (1-81)
V4641 Sgr RXTE/PCA 70119-01-01-14 2002/05/23  52417.81503 736 736 73 (65-87)
80054-08-01-01 > 2003/08/06  52857.43170 2992 2992 67 (45-90)

Notes. ) Year/month/day of data start time. ”’Modified Julian Date of data start time. “Mean countrate in 3-79 keV band (NuSTAR) and 3—40 keV
band (RXTE/PCA) with the data range in parenthesis. ”Only the second part of the lightcurve were studied here.

a heavy stellar wind that extends much farther than the
binary orbit, CygX-3 is constantly embedded in a high-
density environment that affects its X-ray spectra in all accre-
tion states (Szostek & Zdziarski 2008; Zdziarski et al. 2010;
Koljonen et al. 2018). This material is optically thick in X-rays
as a result of the absorption of metals and Compton scatter-
ing, causing iron absorption edges (Koljonen et al. 2018) and
Compton downscattering (Zdziarski et al. 2010) and/or Comp-
ton scattering out of the line of sight to the intrinsic X-ray con-
tinuum. Highly ionized iron lines are resolved with Chandra
and reveal a distinct component of gas at much higher ioniza-
tion, in addition to a component from fluorescence by neutral
or near-neutral material. Attempts to unify the iron emission
with that of lower-Z elements implied a need for an additional
absorption component, possibly associated with a disk wind
(Kallman et al. 2019).

GRS 19154105 is known to have ionized accretion disk
wind (Neilsen & Lee 2009), but a high obscuration like that
in the other three sources has not been observed. However,
GRS 1915+105 recently entered a new accretion state that
presents lower fluxes throughout its spectral energy distribution
than ever before during its 27 year-long outburst. In this state,
sporadic X-ray flares have been observed (e.g., Iwakiri et al.
2019; Neilsen et al. 2019; Jithesh et al. 2019) in addition to
the X-ray spectra, indicating heavy obscuration (Miller et al.
2019). Strong radio flares were also observed in the flaring
period (Motta et al. 2019; Trushkin et al. 2019; Koljonen et al.
2019), indicating episodic jet emission that is also similar to
the multiwavelength evolution of V404 Cygand Cyg X-3. The
similarity of the X-ray spectra in Cyg X-3 and GRS 1915+105
has previously been noted by Vrtilek & Boroson (2013) and
Zdziarski et al. (2016), who studied the color-color-intensity dia-
grams of XRBs and found that GRS 1915+105 and Cyg X-3
occupy an area that is different from that of other black hole or
neutron star XRBs. This underlines the connection between the
two and their likely “messy” surroundings.

In this paper, we study spectra obtained with the Nuclear
Spectroscopic Telescope Array (NuSTAR) and Rossi X-ray Tim-
ing Explorer (RXTE) of the four luminous hard X-ray sources
Cyg X-3, V404 Cyg, V4641 Sgr, and GRS 1915+105, which are
all likely surrounded or occluded in the line of sight by dense
material that affects the intrinsic X-ray emission at specific
times. The data processing of all sources is described in Sect. 2.
In Sect. 3 we show that the X-ray spectra are very similar and
peculiar at specific times in the evolution in all four sources,
which is caused by the high-density environments in which
they are embedded. The mutual spectral characteristics include
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a low-energy cutoff of the hard X-ray spectra, absorption edges
of highly ionized iron, ionized or Doppler-shifted iron emis-
sion or absorption lines, and high absorption. We furthermore
fit the time-averaged spectra, and also time-resolved spectra in
case of V404 Cyg, with two physically motivated models that
either describe a scenario in which all the intrinsic emission is
reprocessed in the surrounding matter or in which the emitter is
surrounded by a thick torus with variable opening angle. This
underlines the assumption of X-ray obscuration in all sources.
Using the results from both fits, we discuss in Sect. 4 that the
(outflowing) obscuring matter in V404 Cygand GRS 1915+105
shows a change in geometry that is linked to the radio (jet) evo-
lution observed from the sources, in addition to a change in the
intrinsic X-ray emission. The sources display X-ray obscura-
tion with varying intrinsic luminosities from lower than 1% of
the Eddington luminosity up to the Eddington limit within the
framework of the models. This indicates that different factors
cause the obscuration. We therefore further discuss the effect of
these results for other sources. Finally, we conclude in Sect. 5.

2. Observations and data reduction
2.1. NuSTAR

In the case of V404 Cyg, we selected the NuSTAR observation
that was taken during the June outburst of 2015 nearing the end
of the 12 day flaring activity that contained both a plateau spec-
tral state with slow spectral evolution and low flux density and
a flaring state with rapid spectral changes and highly variable
flux density (pointing 90102007002). This observation was pre-
viously analyzed in Walton et al. (2017), although they mostly
concentrated on analyzing the low-absorption flaring periods
with high count rates. For GRS 1915+105, we selected obser-
vations that were taken when the source descended to a very
anomalous low-flux state in June 2019 that was interspersed
by very luminous flares (pointings 90501321002, 30502008002,
and 30502008004). For CygX-3, we selected the only NusS-
TAR observation that was taken in the hard state (pointing
10102002002). All observations used in this paper are tabulated
in Table 1.

We reduced the NuSTAR data from the two focal plane mod-
ules (FPMA and FPMB) using NUPIPELINE. We used a cir-
cular source region with a 100arcsec radius centered on the
location of the source, and circular background regions with a
100 arcsec radius that were selected from a sourceless region
in the detector image. The source region size was a compro-
mise of including most of the point-spread function but avoiding
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to confuse it with the possible contribution from the scattering
halo that is present in the data of V404 Cyg (Beardmore et al.
2016; Heinz et al. 2016; Vasilopoulos & Petropoulou 2016). The
pipeline was run with the parameters TENTACLE = “YES” and
SAAMODE = “OPTIMIZED”. The former requires a simultane-
ous increase in the CdZnTe detector event count rates and the
observed shield single rates, and the latter allows identification
and flagging of time intervals in which the CdZnTe detector
event count rates show an increase when the spacecraft enters
the South Atlantic Anomaly (SAA). The data reduction was per-
formed with HEASOFT 6.26.1.

We extracted an averaged spectrum from the two detec-
tors using whole pointings in the case of CygX-3 and
GRS 19154105, and spectra with several intervals in the case
of V404 Cyg (see below). The broadband (3-79keV) NuSTAR
count rate ranged between 51-188ctss™! for Cyg X3, which
mostly arises from the orbital modulation (a factor of 2-3).
The total exposure (~21ks) is longer than the orbit (~17.3 ks),
therefore we can expect the effect of orbital modulation on the
spectral components to average out. For GRS 1915+105, the
NuSTAR count rate was found to vary between 1 and 81 ctss™!
during the ~30-60ks long pointings, which is considerably
lower than usually observed. GRS 1915+105 is famous for
its plethora of X-ray variability states (Belloni & Altamirano
2013); the flux and hardness vary on short timescales. For
the observations considered here, the hardness ratio between
3-5keV and 10-79keV remained relatively constant with
0.8+0.1, 0.22 +£0.03, and 0.2 + 0.1 for pointings 90501321002,
30502008002, and 30502008004, respectively. We therefore
consider the averaged spectrum as a relatively accurate repre-
sentation of the spectral shape, although we cannot rule out fast
changes in the source spectrum.

For V404 Cyg, we concentrated on analyzing the times
preceding and in between the intense X-ray flaring with the
total count rate not exceeding ~1000ctss™! in order to study
spectral characteristics when the intrinsic X-ray emission was
likely obscured (the low-absorption intense flaring spectra were
studied in detail in Walton et al. 2017). Because the spectrum
changed rapidly during the pointing, we analyzed the spec-
tral evolution in several ways. We divided the pointing into
70 segments, where the extracted spectrum has 30000 counts
to ensure sufficient spectral quality. We excluded spectra from
the analysis that contained count rates exceeding 1050 ctss™!
in order to fully include the preflaring period (the first ~21ks
of the pointing) and periods with low count rates between the
luminous flares. This resulted in 25 individual time bins rang-
ing from 420s to 3980s in exposure time. We furthermore
binned time-resolved spectra that were similar in shape to spec-
tral epochs in order to increase the spectral quality for detailed
modeling.

For X-ray modeling, we binned the data to a minimum
signal-to-noise ratio (S/N) of 30 in the full band 3-79keV.
The spectral fitting was performed using the Interactive Spec-
tral Interpretation System (ISIS; Houck 2002). In the modeling,
a constant factor was added to account for the flux difference
of the NuSTAR detectors. In some pointings (e.g., 30502008004
of GRS 1915+105), the discrepancies in the FPMA and FPMB
data cannot be explained by a simple constant, especially in
the 6-10keV region. This can affect the fit quality significantly.
Therefore we also fit the same models to the spectra from a sin-
gle detector and present its fit quality as well. However, all the
model parameters we present here are estimated from fits to data
from both detectors. All the NuSTAR fluxes are normalized to
the FPMA detector.

For the X-ray timing analysis, we extracted 27 s light curves
from three energy bands: 3—10keV, 10-79keV, and 3-79 keV.
The cospectra, which can be used as a proxy for white-noise-
subtracted power spectral densities (PSDs), were calculated from
512 s long segments averaged over each good time interval (GTI)
using Matteo’s Libraries and Tools in Python for NuSTAR timing
(MALTPYNT; Bachetti 2015). The cospectrum is used to mitigate
instrumental effects in the NuSTAR light curves (Bachetti et al.
2015). We used the rms normalization and binned the cospectra
geometrically by a factor of 1.1-1.5 before importing them to
IS1S for model fitting.

2.2. RXTE

We downloaded all the proportional counter array (RXTE/PCA)
data from the High Energy Astrophysics Science Archive
Research Center (HEASARC) during outbursts of V4641 Sgr
in 1999, 2002, 2003, and 2005, and selected two representative
observations for spectral modeling that resemble the data from
Cyg X-3 and V404 Cyg (pointings 80054-08-01-01 and 70119-
01-01-14). The former was taken during the outburst of 2003
and was analyzed in Maitra & Bailyn (2006). However, only the
first ~2 ks were studied in their paper, and here we concentrate
on the latter part of the light curve. The other selected pointing
was taken during the outburst of 2002, and we are not aware that
this spectrum has been studied in detail elsewhere. The point-
ing 80054-08-01-01 was taken at MJD 52857.37 with an expo-
sure of 2.9 ks and a mean count rate of the proportional counter
unit 2 (PCU2) of 67 ctss~!, while the pointing 70119-01-01-14
was taken at MJD 52417.81 with an exposure of 0.7ks and a
mean PCU2 countrate of 73 ctss~'. Because neither light curve
presented significant spectral changes during the pointings, we
extracted the average spectrum for spectral modeling in both
cases.

RXTE/PCA data were reduced using the methods described
in the RXTE cookbook with HEASOFT 6.26.1. The 128-channel
energy spectra were extracted from the standard-2 data using
all available PCUs and all layers. For the spectral fitting, we
ignore bins below 3keV and above 40keV, binned the data
to S/N = 5.5, and added 0.5% systematics to each channel.
For the timing analysis, we extracted 0.125 s light curves from
standard-1 data. We calculated the averaged PSD using 512s
light-curve segments and binned them geometrically by a fac-
tor of 1.1 before importing them to ISIS for model fitting.

3. Results
3.1. X-ray spectra: Overview

Figure 1 shows some of the X-ray spectra from the observa-
tions tabulated in Table 1. In the top panel, the hard-state spec-
tra of V404 Cyg (from the beginning of the pointing before
spectral softening, see Sect. 3.3.2), Cyg X3, and a 2002 out-
burst peak spectrum of V4641 Sgr show a striking similarity in
spectral shape with a similar absorption profile, a broad peak
at the iron line region, a sharp drop at the iron edge ener-
gies, and a low-energy cutoff in the hard X-rays. This type
of spectrum is not observed from any other XRB. The clos-
est comparison can be found in Compton-thick active galactic
nuclei (AGN; e.g., Balokovic et al. 2014; Bauer et al. 2015). The
GRS 19154105 spectrum from the anomalous low-luminosity
X-ray state before the X-ray or radio flaring shows similar fea-
tures, but with a prominent iron absorption line and a higher
X-ray cutoff energy. The spectra in Fig. 1 (top panel) display
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Fig. 1. Collection of X-ray spectra from the four sources ordered into
two panels according to their spectral shape. Top: NuSTAR spectra
(FPMA/FPMB data both included) of V404 Cygduring the outburst
period of 2015 (preceding intense X-ray flaring period), Cyg X-3 in
the hard state, GRS 1915+105 during the anomalous low-luminosity
state of 2019-2020 (preceding a period of sporadic X-ray and radio
flaring), and the RXTE/PCA spectrum of V4641 Sgr during the out-
burst period of 2002. Bottom: NuSTAR spectra of V404 Cyg during the
outburst period of 2015 (in between intense X-ray flaring), RXTE/PCA
spectrum of V4641 Sgr during the outburst period of 2003, and NuSTAR
spectra of GRS 19154105 from the anomalous low-luminosity state
(after the intense X-ray and radio flaring period). Note the spectral sim-
ilarity between sources. The spectra of GRS 1915+105 and V4641 Sgr
are renormalized by the amount shown for illustrative purposes.

different flux densities: the V404 Cygis a factor of ~2, ~6, and
~20 brighter than CygX-3, GRS 19154105, and V4641 Sgr,
respectively. However, when the distances (see Table 2) are taken
into account, the X-ray luminosity of V404 Cygis a factor of ~3
brighter than V4641 Sgr, but a factor of ~2 and ~4 dimmer than
GRS 1915+105 and Cyg X-3, respectively, in this state.

In the bottom panel of Fig. 1, a harder X-ray spectrum is
shown for V404 Cyg (during X-ray flaring) and V4641 Sgr (2003
outburst peak spectrum), which share approximately the same
shape, in addition to a spectrum of GRS 1915+105 after a high-
intensity X-ray and radio-flaring period in the low-luminosity
state. However, no similar spectrum can be found for Cyg X-3
because all the other spectral states are softer (see all the different
spectra from different accretion states in Koljonen et al. 2010).
This might therefore indicate that these accretion states are less
absorbed or obscured, and the spectral shape might be explained
by strong reflection from the accretion disk surface. However, we
show here that the observed spectral evolution is also compatible
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with a change in the geometry of the obscuring material, or with
a change in the ionization structure.

All the spectra show a strong iron line with a line width
above 200eV. This has been resolved as a combination of a
neutral iron Ka line (6.4keV) and ionized iron lines, with the
strongest component arising from the Fe XXV Ka line (6.7 ke V)
and possibly from Fe XXVI Ly« line (7.0 keV) with Chandra in
the case of Cyg X-3 (Paerels et al. 2000; Kallman et al. 2019)
and V404 Cyg (King et al. 2015). The energy band from ~7 keV
to ~10keV appears to be affected by the absorption of the above-
mentioned species of iron in all sources. Their ionization ener-
gies are 7.1keV, 8.8keV, and 9.2keV for Fe Ka, Fe XXV K,
and Fe XX VI Lya, respectively. In addition, there is a strong vis-
ible iron absorption line around 6.5 keV in the preflare spectrum
of GRS 1915+105, and a weaker line in the preflare spectrum
of V404 Cyg. Moreover, there might be an indication of emis-
sion from an iron Fe XXV Kg line (7.8 keV) or Ni XXVII K«
(7.8keV) in the Cyg X-3 spectrum and the Fe XXVI Lyg line
(8.3keV) in the GRS 1915+105 preflare spectrum. Curiously,
some of the V404 Cyg spectra show iron line centroids close to
6.3keV, similar to findings of Motta et al. (2017a), indicating
that the redshifted neutral iron Ko line arises either very close to
the compact object (gravitational redshift) or in a medium mov-
ing away (Doppler redshift). The strong photoionized emission
and absorption lines point to a significant amount of absorbing
matter in the line of sight to all sources.

All spectra exhibit a strong curvature or a cutoff in the hard
X-rays around 20-30keV. This is atypical for a hard-state XRB.
This cutoff might be caused by a heavy absorption of the intrinsic
(cutoff) power-law spectrum, or by a Compton downscattering
in the accretion disk (i.e., reflection spectrum) or the surround-
ing medium. In addition, the spectra shown in Fig. 1 (top panel)
present a rather sharp upturn at ~10keV, possibly indicating a
location where two model components meet that can have very
different spectral slopes. In the following, we consider these sce-
narios by fitting the data with appropriate spectral models.

3.2. X-ray spectra: Initial modeling

In the hard X-ray spectral state, the hard X-ray spectrum of
XRBs can typically be fit with a cutoff power law or a Comp-
tonized continuum with a power-law photon index in the range
of I'=1.5-2.0 and cutoff energy of ~100keV. The spectra pre-
sented in Fig. 1, especially in the top panel, are quite unlike
typical XRB hard-state spectra. Thus, we started by finding and
fitting curved models to the hard X-ray data (above 10keV) of
V404 Cyg (preflare or plateau spectrum, as shown in Fig. 1, top
panel). The resulting model parameters are tabulated in Table 3
and the models are shown in Fig. 2 (left panel).

To model the strong spectral curvature, we first tried a cutoff
power-law model (C1 in Fig. 2 and Table 3). The best-fit model
is highly inverted, with a low-energy cutoff (power-law index,
I' ~ —1.6, cutoff energy, E.,; ~ 6keV), and the fit is poor (sze q=
2.6). Obviously, the power-law index is too low for any reason-
able physical scenario. Next, we tried a thermal Comptonization
model in a spherical plasma cloud (COMPTT; Titarchuk 1994).
The resulting model (C2 in Fig. 2 and Table 3) has an elec-
tron temperature of k7. ~ 24keV, a seed photon temperature
of kT; ~ 5keV, and an optical depth of 7 ~ 0.7. Model C2
provides a better fit to the data (,\/fe 4= 1.8) than model C1,
but it is still poor. A tendency for a high seed-photon tempera-
ture in fitting thermal Comptonization models to the hard X-ray
data of V404 Cyg has been noted earlier by Jenke et al. (2016),
Roques et al. (2015), and Natalucci et al. (2015), who discussed
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Table 2. Source parameters.

Source Distance Mass Period Inclination ISM abs.
(kpe) (Mo) (days) (deg) (10”2 cm™2)
Cyg X-3 7.4+1.1(1) 2.4f2:1 2) 0.2 (3) 30-50 (2,4,5) 3.5(6,7)
V404 Cyg 2.39+0.14 (8) 9.0f6'£ © 6.5 (10) 67f? © 0.83 (11)
GRS 1915+105 8.6’:%:‘6) (12) 12.4f%§ (12) 33.9(13) 60+5(12) 3.5(14)
V4641 Sgr 6.2+0.7(15) 64+0.6(15) 2.8(16) 72 (15) 0.23 (17)

References. (1) McCollough et al. (2016); (2) Zdziarski et al. (2013); (3) Parsignault et al. (1972); (4) Vilhu et al. (2009); (5) Zdziarski et al.
(2012); (6) Koljonen et al. (2018); (7) Kallman et al. (2019); (8) Miller-Jones et al. (2009); (9) Khargharia et al. (2010); (10) Casares et al. (1992);
(11) Motta et al. (2017b); (12) Reid et al. (2014); (13) Steeghs et al. (2013); (14) Chapuis & Corbel (2004); (15) MacDonald et al. (2014); (16)

Orosz et al. (2001); (17) Maitra & Bailyn (2006).

Table 3. Model parameters from the initial fits to the V404 Cyg preflare hard X-ray spectrum (10-79keV).

Pure continuum model

Absorbed continuum model

Reprocessed continuum model

CUTOFFPL COMPTT POWERLAW CUTOFFPL COMPTT PEXRAV RELXILL RELXILLCP
Param. Unit (C1) (C2) (A1) (A2) (A3) (R1) (R2) (R3)
Nu 102 cm™> 363+7 290 + 15 299 + 13
Seov 0.931+£0.002 0.86+0.01 0.89+0.01
r -1.64+0.05 3.85+0.03 22+0.3 1.84+£0.04 1.1 lfg:gg 1.96f8182
Eeu keV 56+0.1 18+3 20+1  233+06
kT seea keV 4.6’:8;83 0.1
kT, keV 24742 10+1 13.7+08
T O.7f(1):2 3.6+0.5
Ry >411 >480 -2
Oinc deg 67 <11 <8
a 0.2+0.2 0.6:’85
log £ 2.305% 20005
y*d.of. 713/279 491/278 429/278 293/277 299/277 356/278 314/275 340/276
Xy 2.56 1.77 1.54 1.06 1.08 1.28 1.14 123

that the high-temperature seed photons might arise from a syn-
chrotron emission in the jet base. However, the radio luminosity
during the time of the V404 Cyg preflare observation was very
low, ~10mJy (Mufioz-Darias et al. 2016; Gandhi et al. 2017),
with a steep spectrum that indicates optically thin emission
from the jet ejecta (Miller-Jones et al. 2019). The core jet there-
fore was likely quenched and the synchrotron scenario is not
plausible.

The considerations above show why the simple models are
not sufficient for modeling the highly unusual hard X-ray spec-
trum. Natalucci et al. (2015) also fit the hard X-ray data from
the INTErnational Gamma-Ray Astrophysics Laboratory with a
pure reflection model and a partially covering absorber model.
The first model was found to fit most of the data only by assum-
ing very high values for the reflection factor, and the latter
by assuming very high column densities for the absorber. The
authors regarded these models as unphysical. However, based
on the analyses of X-ray and optical data as detailed in Sect. 1,
the spectral similarity to the Cyg X-3 hard X-ray state spectrum
and the strong X-ray emission lines indicate that the absorp-
tion and reprocessing and reflection scenarios are plausible at
least for the low-luminosity phases. We therefore continued to
fit the V404 Cyg preflare hard X-ray data with absorption and
reflection models. We first tried an absorbed power-law model,
but found that a fully absorbed model (PHABS X POWERLAW)
is completely inadequate to fit the data (Xfed = 8.2). Instead, a
partially absorbed power law (PCFABS X POWERLAW; model A1

in Fig. 2 and Table 3) fits the hard X-ray data much better

fe 4 = 1.5), although the intrinsic spectrum is very soft (I' ~
3.9) and partially absorbed (f.oy ~ 0.93) by a dense medium
(Ng ~ 3.6 x 10**cm™). An even better fit (,\(rzed = 1.1) can be
found by changing the intrinsic spectrum to a cutoff power-law
model (A2 in Fig. 2/Table 3) with a value for the power-law
photon index more in line with a typical XRB in a hard X-ray
state (I' ~ 2.2) and cutoff energy of E., ~ 18keV. The param-
eters of the absorption component are slightly lower than those
of model Al, but they are still comparable. A similar fit qual-
ity is achieved by changing the intrinsic emission component
to a thermal Comptonization component (model A3 in Fig. 2
and Table 3). The best-fit model has an electron temperature of
kT, ~ 10keV, the seed-photon temperature is fixed to 0.1 keV,
and the optical depth is 7 ~ 3.6. The absorption component has
similar parameter values as models Al and A2.

For the reflection scenario, we began by fitting the data with
PEXRAV (Magdziarz & Zdziarski 1995); a cutoff power-law con-
tinuum reprocessed in a neutral medium (model R1 in Fig. 2
and Table 3). We fixed the inclination to the value presented in
Table 2 and the abundances to solar. The resulting model has a
power-law photon index I' ~ 1.8, a cutoff energy E. ~ 20keV,
and a reflection factor Ry > 400. The fit quality is moder-
ate (Xfe ¢ = 1.3). We also fit the V404 Cyg hard X-ray spec-
trum with a relativistic reflection model (RELXILL; Garcia et al.
2014; Dauser et al. 2014). The resulting model (R2 in Fig. 2 and
Table 3) also has a very high reflection factor (Rf ~ 90) in a
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Fig. 2. Initial modeling of the V404 Cyg preflare spectrum. Left: best-fit models fit to the hard X-ray data (10-79 keV), but plotted in the full
data range. Different models are labeled, and the parameters are tabulated in Table 3. Solid lines refer to pure continuum models, dashed lines
to absorbed continuum models, and dotted lines to reprocessed continuum models. Middle: fitting an absorbed cutoff power-law model to the
full data range. The dot-dashed blue line corresponds to model A2 fit to the hard X-ray data (see left panel), the dotted green line corresponds
to absorption and disk blackbody components added to the model, the dashed yellow line corresponds to partial absorption and smeared edge
components added to the model, and the solid red line shows emission and absorption lines added to the model (parameters of the final model
are tabulated in Table 4). See the text for more details. Right: fitting a reprocessed thermal Comptonization model to the full data range. The
dot-dashed blue line corresponds to model R3 fit to the hard X-ray data (see the left panel), the dotted green line shows an increased value of the
ionization parameter, the dashed yellow line corresponds to absorption and smeared edge components added to the model, and the solid red line
shows partial absorption and an absorption line added to the model (parameters of the final model are tabulated in Table 4). See the text for more

details.

moderately ionized matter (log & ~ 2.3). The intrinsic spec-
trum is a very hard cutoff power law with I' ~ 1.1 and cut-
off energy of E. ~ 20keV. The spin of the black hole is
low: a ~ 0.2. Fixing the inclination to the value presented in
Table 2 did not result in a good fit, therefore we left it free
to vary, which returned rather low values of 6, < 10°. All
the other parameters were fixed in the default values. The fit
quality is slightly better than in model R1 (,\/fed = 1.1). In the
reflection models, the amount of the radiation that ionizes the
reflecting material is typically defined as the ratio of the pho-
ton intensity that illuminates it to the direct photon intensity
that reaches the observer. When instead of the accretion disk,
the reflecting medium is surrounding the X-ray source, the max-
imum reflection factor can be much higher than in the unob-
scured case, where usually Ry < 1. We note, however, that high
values for the reflection factor, Ry < 10, can be accommodated
in the unobscured case as well when strong light bending deep
in the gravitational potential of the compact object is assumed
(Dauser et al. 2016). Clearly, the reflection factors in the fits are
much higher, and we can assume that the majority of the inci-
dent emission is reprocessed in a surrounding medium. From
the RELXILL model family, we also tried the lamppost geom-
etry (RELXILLLP), which resulted in similar parameters as for
model R2 (coronal geometry), but with an even higher reflec-
tion factor. Finally, we selected a model with a Comptonized
incident spectrum: XILLVERCP (model R3 in Fig. 2/Table 3).
Because the reflection factor found above is very high, we fit
only the reflection component to the data. The parameters and
fit quality are very similar to the cutoff power-law RELXILL
model, except for the power-law index, which is I' ~ 2. This
initial model fitting shows that the absorption or reprocessing
models describe the hard X-ray data better than normal contin-
uum models. In addition, when we discard models where the
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incident continuum is not too soft or too hard for a hard X-ray
state, we are left with models A2, A3, R1, and R3.

Next, we included the soft X-ray (3—10keV) data in the
model fitting. Figure 2 (left panel) shows the above models
for the whole data range. It is clear that models with partially
absorbed but soft intrinsic spectra would need further absorption
components to bring the spectrum down to match the data in the
soft X-rays, while models with a hard intrinsic spectrum need an
additional soft component to account for the data. We selected
two models to continue fitting the full data range: an absorbed
cutoff power-law continuum (A2), and a fully reprocessed ther-
mal Comptonization continuum (R3). The reasoning behind this
selection is that models A2 and A3 are likely very similar, there-
fore we selected the slightly better fit of model A2. Model R3
was selected because an ionization parameter is included in the
model, because of relativistic effects to the spectral shape, and
because the fit quality is slightly better.

For the absorbed thermal Comptonization continuum (i.e.,
model A2), we first added a soft component that we modeled
with an absorbed disk blackbody component (PHABS X DISKBB).
However, any model producing a Planckian-type spectrum, for
instance, thermal Comptonization or bremsstrahlung, produced
equally good fits. The absorbed disk with k7T ~ 1.1keV and
Nu ~ 6.2 x 10> cm™ can adequately model the soft X-rays,
but the soft X-ray slope below 6keV is not well fit, and large
residuals can be found in the 9—-10keV region as well (Fig. 2,
middle panel). We therefore added another partial covering
absorber and a smeared edge to improve the model. The result-
ing fit is much better in the soft X-rays, but residuals are still
found in the 5-10keV energy range, likely due to missing line
components. Therefore we added two Gaussian lines to the
model: an emission line fixed to 6.4 keV (neutral iron), and an
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Table 4. Model parameters from the initial fits to the V404 Cyg preflare X-ray spectrum (3-79 keV).

Model: PHABS X SMEDGE X (PCFABS1 X CUTOFFPL + PCFABS2 X DISKBB + GAUSS1 + GAUSS2)

PHABS SMEDGE PCFABS] CUTOFFPL
Ny E T o Nu Jeov Norm r E.u
(102 cm™2) (keV) (keV) (10* cm™?) (keV)
2.8+0.7 8.7+0.1 0.30ﬁ8:8; 05+0.2 24+02 0.92+0.01 33ﬁ%§’ 22+0.2 19+3
PCFABS?2 DISKBB GAUSS1 GAUSS2
Nu Jeov Norm kT E, o Norm E, o Norm
(102 cm™2) (keV) (keV) (keV) (x1073) (keV) (keV) (x1073)
46+3 0.92+0.01 51 8325 1.34+0.03 6.4 0.46 +0.02 36+3 6.5 0.002 -3.6x0.7

Both NuSTAR detectors: y*/d.o.f.=871/617 2 =141 FPMA-only: y*/d.o.f.=347/305 2, =1.14

Model: PHABS X SMEDGE X PCFABS X (GAUSS + RELXILLCP)

PHABS SMEDGE PCFABS GAUSS

Ny E T o Ny Jeov E o Norm

(102cm™2)  (keV) keV) (102 cm™) (keV) (keV) (x1073)

2.7f8;§ 7.4+0.07 0.32f8:82 1 39+2 0.82+0.01 6.5 0.002 —11+2
RELXILLCP

Norm r kT, Gine R¢ Ri, a log ¢ AFfe

(x1073) (keV) (deg) (solar)

27 +2 1.85+0.01 3.9+0.2 203 -2 2.6f&8 —0.998-0.998 3.43+0.03 1.8+0.2

Both NuSTAR detectors: x*/d.o.f. =873/617 x2 =141 FPMA-only: y*/d.o.f. =335/306 x2,,=1.09

absorption line fixed to 6.5keV (ionized iron). This resulted in
a fit quality of )(fe 4 = 1.4. All the parameters of this model can
be found in Table 4. A very similar but physically more accurate
model was fit to all datasets and is discussed in more detail in
the following section.

For the fully reprocessed thermal Comptonization contin-
uum (i.e., model R3), we first fit the same model again for the
whole range. The soft X-rays are better taken into account by
increasing the value of the ionization parameter from log & ~ 2
to log & ~ 3 (Fig. 2, right panel). Thus, there is no need to
add a soft component. Clear residuals are left for the soft X-ray
regions below 4 keV and between 7-10keV. We continued to
add an absorption (PHABS) and a smeared edge (SMEDGE) com-
ponent to bring the model down in these regions. The resulting
fit was already much better with )(fe g = 2.4, but some small resid-
uals remained below 4 keV and around ~6.5 keV. Therefore we
further added a partial covering absorption component (PCFABS)
and an absorption line (GAUSS) to the model, resulting in a fit
quality of y2 , = 1.4. A very similar model was fit to all datasets

red
and is discussed in more detail in the following section.

3.3. X-ray spectra: Physical modeling

Because of the observational evidence of a high-density envi-
ronment described above, we considered the possibility that all
sources are embedded in a dense medium (Ng = 10?325 cm™2)
that surrounds the X-ray source and causes significant absorp-
tion and scattering that affects the X-ray spectrum up to ~30-
40 keV. To facilitate this scenario for spectral fitting, we consid-
ered two models: model (A) consisting of a partially absorbed
thermal Comptonization component reprocessed in a highly ion-
ized plasma (XILLVERCP, or RELXILLCP when relativistic effects
are important) and model (B) consisting of an intrinsic cutoff
power-law component (mimicking the thermal Comptonization
process) reprocessed in a surrounding neutral uniform-density

sphere with polar cutouts of various sizes resembling a torus
of different opening angles (BORUS02; Balokovi¢ et al. 2018).
Model (B) is similar to the Compton-thick AGN scenario where
the X-ray source is surrounded by a thick torus with the emission
received from a highly absorbed line-of-sight component and a
reflected component from the surface of the torus (to follow the
discussion of the resulting torus geometries for each source, we
refer to Fig. 3). In model (A), the reprocessing occurs in a shell
or shells of ionized matter surrounding the X-ray source.

Model A corresponds to a scenario in which the spectra
are dominated by a reflection or scattered component, and the
contribution of the incident continuum is severely diminished.
This model consists of one or two partially absorbed reflection
models (XILLVERCP and/or RELXILLCP), where the incident
photons arise from thermal Comptonization (NTHCOMP). Fol-
lowing the indication from the initial modeling in Sect. 3.2 that
the majority of incident photons are reprocessed in a medium
encompassing the incident photon source, we fixed the reflec-
tion factor to a negative value in the model (all radiation was
reprocessed). The parameters of the two reflection components
(if needed) were kept at the same values, except for the ioniza-
tion parameter and normalization, which were left free to vary
separately for both components. This is to account for changes
in ionization parameter in the scattering component, which
is evident in the high-resolution X-ray spectra observed from
V404 Cyg, Cyg X-3, and GRS 1915+105, which show neutral
as well as ionized iron lines. For V404 Cyg and GRS 1915+105,
we allowed the redshift to vary freely for the scattering com-
ponents in order to fit the iron line centroids of ~6.3keV, indi-
cating either gravitational or Doppler redshift of the neutral
iron line (for CygX-3, we fixed this to 1000kms~!, which
is approximately the wind speed of the Wolf-Rayet compan-
ion, and to zero for V4641 Sgr because the spectral resolu-
tion is far lower). In addition, a narrow iron absorption line
and a smeared iron edge with variable absorption energy are
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Fig. 3. Geometry of the torus-shaped obscuring matter around the intrin-
sic X-ray source according to the parameter 6, in model B fits for all
sources, in addition to a graphical representation of the column densities
(gray, darker for a higher column density), the wind speeds (arrows),
and the lines of sight (dashed lines). The thick dashed line around
V404 Cyg epoch 1 and 2 corresponds to the partially absorbed black-
body component. The model parameters for each source can be found
in Tables 6 and 8.

needed to successfully fit the first two epochs of V404 Cyg, and
epoch 1 of GRS 1915+105. This might indicate an additional
absorbing medium during these epochs. Thus, the total model
can be described as CONSTANT X PHABS X SMEDGE X PCFABS X
(XILLVERCP;/RELXILLCP + XILLVERCP; + GAUSS). Here, con-
stant is the instrument cross-normalization. We did not fix the
inclination of the scattering components because the reflecting
surface might be inclined away from the disk inclination angle,
for example, for an equatorial outflow disk wind with an open-
ing angle of several tens of degrees, or in the case of spheri-
cal obscuration, the reflection angle would correspond to some
mean angle from all scattering processes. To reduce the param-
eter space, we fixed the black hole spin to 0. If it is let free,
the spectral fits do not restrict the parameter well, which has
also been found by Walton et al. (2017) in the case of V404 Cyg,
where the spin was estimated as a > —0.1. It can be also expected
that the reflecting medium can lie farther away than the inner-
most stable circular orbit (ISCO) when reprocessing in the sur-
rounding media is assumed. We therefore fixed the outer radius
to 1000 gravitational radii in all sources.

For model B, we used the BORUSO2 model component
(Balokovic¢ et al. 2018), which instead of a disk reprocessing
allows a variety of geometries from a uniform sphere to torus-like
shapes through polar cutouts. The reprocessing torus in BORUS02
is considered to be cold, neutral, and static. To take a moving
reprocessor into account, we therefore allowed the redshift of the
scattering component to vary. Like in model A, we also introduced
a highly ionized iron edge component and an ionized iron absorp-
tion or emission line component to find acceptable fits to the data.
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We can expect that the reprocessed photons are either redshifted
(behind the source, i.e., moving away) or blueshifted (in front of
the source, i.e., moving toward) because they arise in the fast out-
flow or wind or in the accretion flow. The total model can be des-
cribed as CONSTANTI X PHABS1 X SMEDGE] X (CONSTANT2 X
BORUSO2(RED) + CONSTANT3 X BORUSO2(BLUE) + PHABS2 X
CABS1 X CUTOFFPL + CONSTANT4 X CUTOFFPL). CONSTANTI is
the instrument cross-normalization, CONSTANT2 is the rela-
tive normalization of the redshifted scattered component,
CONSTANTS3 is the relative normalization of the blueshifted scat-
tered component, CONSTANT4 is the relative normalization of the
leaked (unabsorbed) intrinsic spectrum, PHABS2 X CABSI1 is the
line-of-sight absorption including beam-scattering with the col-
umn densities linked between the components, and CUTOFFPL
represents the intrinsic continuum of the accretion flow (mimick-
ing thermal Comptonization spectrum). For the scattered compo-
nent, we fixed the inclination angle according to Table 2 because
the scattering angle is now taken into account in the model. We
also fixed the iron abundance to solar. All the parameters are
linked between BORUSO2(RED) and BORUSO2(BLUE), except for
the redshift for BORUSO2(BLUE), which is determined as being
the negative of the value in BORUSO2(RED). In addition, for the
first two epochs of V404 Cyg, an additional soft component is
needed, which we modeled with a partially absorbed blackbody
component. However, any component resembling a Planckian
spectrum might be inserted instead, such as a low-temperature
thermal Comptonization component (cf. model A), a disk black-
body component, or a Wien spectrum. The physical interpreta-
tion of this component is discussed in Sects. 3.3.2 and 4.1. In
addition, as mentioned above, we added an emission line com-
ponent to the preflare spectrum of GRS 1915+105 and to the
Cyg X-3 spectrum. In the following, we concentrate on the fit-
ting results of these two models for individual sources.

3.3.1. Cyg X-3

The peculiarity of the hard-state spectrum in Cyg X-3 has been
known for more than a decade (Hjalmarsdotter et al. 2004).
The observed low-energy cutoff has previously been attributed
to either strong absorption in the stellar wind, pure Compton
reflection in a medium that covers the emitting source, or
nonthermal Comptonization of a steep electron population by
Hjalmarsdotter et al. (2008). They preferred the latter scenario,
although the former two produce better fits and require either an
unusual accretion state or a very massive black hole as a primary
star. Later, Zdziarski et al. (2010) showed that a low-energy
cutoff in the X-ray spectrum can be obtained when Compton
downscattering is considered in an optically thick plasma cloud,
likely arising from the interaction of the accretion disk and
the strong stellar wind of the Wolf-Rayet companion. In addi-
tion, there is evidence that the primary star in CygX-3 is a
black hole with a relatively low mass (Zdziarski et al. 2013;
Koljonen & Maccarone 2017). Because of the different types
of companion stars in V404 Cyg, V4641 Sgr, GRS 1915+105,
and Cyg X-3, it seems unlikely that the similar X-ray spectra
would be a result of different accretion mechanisms; wind ver-
sus Roche-lobe accretion. In addition, the hard X-ray state of
Cyg X-3 is a relatively stable state that can last up to several
years. Therefore it seems unlikely that it would present a pecu-
liar accretion state for such a long time. Rather, the spectral simi-
larity to V404 Cyg, V4641 Sgr, and GRS 1915+105 likely arises
from some type of radiation reprocessing.
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Table 5. Model A parameters for GRS 19154105, Cyg X-3 and V4641 Sgr.

Model A: C1 X PHABS X SMEDGE X PCFABS X (XILLVERCP1/RELXILLCP + XILLVERCP2 + GAUSS)

GRS 1915+105 CygX-3 V4641 Sgr
Epoch 1 Epoch 2 Epoch 3 Epoch 1 Epoch 2
PHABS X SMEDGE X PCFABS
N1 102 cm™ 55+0.1 5+1 72+04 8.204 6.2+0.6 33£05
0.03
E keV 7'34t3'8‘z‘ - - -
’ 0.15751 - - - - -
o keV 0.01 - - - - -
Nua 102 cm™2 - 41+5 787 44+3 - -
Jeov - 0.58 £0.04 0.57 £0.04 0.54 +0.02 - -
XILLVERCP1/RELXILLCP
Norm x1073 1.24£0.04 22%0.1 3.3703 27+¢ 0.6+0.1 0.47+0.01
Bine deg 70 70 70 59+5 70 70
0.01 43
Rin 39500 - - - 2714 21371
z 0.12470.9% 0.010+0.002 0.021 +0.005 0.003 - -
r 1.85£0.01 1.58 +£0.02 1.64 +0.03 2.39+903 2.17708 1.46 £0.01
log & 3.351002 3.401003 3.371903 3797007 3.05+0.02 2.80002
A 12+02 12+02 23+04 <0.56 1.8+0.2 1.5+0.1
kT, keV 400 15.6+0.6 129404 33+ >75 9.3£0.1
XILLVERCP2
log £ - 2000% 2153 2887088 - -
Norm x1073 - 20+02 1.3+03 33+ - -
GAUSS
0.01
E keV 6.567001 - - - - -
Norm x1073 -0.78 £0.05 - - - - -
Constants )
cl 101 1.02 .01 .01 - -
Fluxes (1078 erg sl em™2)

Abs. 0216+0.005  0.155+0005  0.151+0008  059+005  0.06+0.01 0.10£0.01
Unabs. 0.237£0.005  0.180+0.005 0.20 £0.01 0.93+0.08  0.07+0.01 0.12£0.01
XILLVERCP1/RELXILLCP 100% 65% 88% 58% 100% 100%

XILLVERCP2 - 35% 12% 42% - -
Luminosities ® and Eddington ratio © (3-79 keV)
Abs. 108 ergs™! 0.19+0:12 0.1470.99 0.1370.99 0.4+02 0.03+0.01 0.05+0.01
38 —-1 0.13 0.10 0.10 0.3 0.02
Unabs. 10 erg s 0.21j%811 0. 16”_’%_%89 0. 17j%%610 0.6’:%216 0.03+ g;)?)} 0.05+0:02
L/Lgag 0.013+0011 0.010+5:009 0.010*501¢ 0.10%0:16 0.004+0:000 0.007 +0.002
Both NuSTAR detectors: (A/B) (A/B) (A/B) (A/B)
x/d.of. 787/655 500/431 666/441 919/667 49/47 54/58
X 1.20 1.16 151 1.38 1.05 0.93
Single NuSTAR detector: B) B) (A) (B)
XP/dof. 340/317 208/203 292/223 407/323
Xy 1.07 1.02 131 1.26

Notes. Parameters without errors are kept frozen at the value shown. The dash marks components that are not part of the spectral model in a
particular data set. “c1 is a constant between the NuSTAR detectors FPMA and FPMB and is allowed to vary during the fitting. ’ The following

distance estimates have been used: GRS 1915+105: 8.6ff:2 kpc (Reid et al. 2014), Cyg X-3: 7.4 = 1.1 kpc (McCollough et al. 2016), V4641 Sgr:

6.2+ 0.7kpc (MacDonald et al. 2014). “The following mass estimates have been used: GRS 1915+105: 12.4*29 M,, (Reid et al. 2014), Cyg X-3:
2.4’:%:} M, (Zdziarski et al. 2013), V4641 Sgr: 6.4 + 0.6 M, (MacDonald et al. 2014).

The interstellar absorption for Cyg X-3 is relatively high as
a result of its location in the plane of the Galaxy, and likely
because it is located behind two spiral arms and the Cygnus
X star-forming region (McCollough et al. 2016). We fixed the
lower limit of the hydrogen column to 3.5 x 10%? atoms cm™2,
which is approximately the value found in studies where instru-
ments with softer X-ray response were used (Koljonen et al.
2018; Kallman et al. 2019). Because the reprocessing matter in
the model is neutral, we added a smeared edge in model B to
account for the absorption of highly ionized iron. The energy
of the smeared-edge component is about 9 keV, indicating that
the Fe XXVI Lya line (with an ionization energy of 9.2keV)
is the most dominant absorber. We found that including a nar-
row line at the energy of 7.8keV (either from Fe XXV Kp

and/or Ni XXVII Ka) improves the fit as well. We also fixed
the redshift in both models to 1000km s~ (z = 0.003), which
is approximately the wind speed of the Wolf-Rayet companion
(Koljonen & Maccarone 2017), although this has only a slight
effect on the fit.

The resulting parameters for model A fits can be found in
Table 5. The Cyg X-3 hard-state spectrum can be adequately
described by a rather soft, thermally Comptonized (I' ~ 2.4,
kT, ~ 33keV) spectrum reprocessed in a highly ionized medium
(log ¢ ~ 3.8) and further in a lower ionization medium (log
& ~ 2.9). This probably is a scattering cloud of decreasing ion-
ization parameter. Similar modeling with two ionized absorbers
was successfully used in Kallman et al. (2019) to fit the X-ray
emission lines from Chandra data with a medium-ionization
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Table 6. Model B parameters for GRS 1915+105, Cyg X-3 and V4641 Sgr.

Model B: €1 X PHABS1 X SMEDGE X (C2 X BORUSO2(RED) + C3 X BORUSO2(BLUE) + PHABS2 X CABS X CUTOFFPL
+ CONST4 X CUTOFFPL + GAUSS1 + GAUSS2)

GRS 1915+105 CygX-3 V4641 Sgr
Epoch 1 Epoch 2 Epoch 3 Epoch 1 Epoch 2
PHABS1 X SMEDGE
Nism 102 cm™ 3.5 3.5 3.5 3.5 0.2 0.2
E keV 7.13f8jgg 8.8+0.1 8.47f818§ 8.86f8:82 9.3+0.1 9.2+0.1
T 0851’8:8% 0.48 £0.05 1.07“:8:8? 0‘37“:8:8% 0.78“:8:82 0.46 +0.04
o keV 2.0 2.0 2.7 0.7+0.1 0.5 0.5
BORUS02
log Ny tor 24.37+0.02 24.40 +0.04 24.45f8:8(5) 24.03 +0.02 25-2i8:5 >25.4
c0s(Bor) >0.94 0.80’:8;?; 0.57+£0.02 >0.74 <0.36 0.36 +0.01
c08(Binc) 0.6 0.68’:81(1)2 0.454_'818; 0.754_'8:8421 0.35 0.35
Z 0.057 £ 0.008 0.007f8188§ <0.004 0.003 0.029f8:88;‘ 0.016 +0.002
PHABS2 X CABS X CUTOFFPL
log Ny jos 23.35+0.01 23.67 £0.02 23.71+0.02 23.52+0.01 22.8+0.1 22.2‘:8%
Norm 0.65igjgi 0.20+0.02 0.44i818‘3‘ 5.4i8j§ 0.18 £0.02 0.05+0.01
r 2.27+£0.02 1.60’:8;8% 1.80“:818% 2.32+£0.03 >2.54 1.64“:%8(5’
Ecu keV >388 23.6f81?2 20.8+0.4 26f% >74 20
GAUSS1 + GAUSS2
E, keV 6.56 +0.04 6.76 £ 0.08 6.70 £0.02 6.67 - -
o keV 0.002 0.002 0.002 0.002 - -
Norm x1073 -0.79 £0.04 0.20’:818;‘ 0.551’818;‘ 6+0.2 - -
E, keV 8.36+0.08 - - 7.8 - -
o keV 0.002 - - 0.002 - -
Norm x1073 0.2+0.03 - - 0.6+0.1 - -
Constants
cl 1.01 1.02 1.00 1.01 - -
c2 1.4+0.1 0.92’:8:(1)‘5‘ 2.4’:8§ 0.73“:8:83 - -
c3 <0.18 <0.42 <0.23 0.5+0.1 43ﬂa 30’:2
c4 0.59 +0.02 0.18 £0.01 0.14+0.01 0.26 +0.01 - -
Fluxes (1078 erg s™! cm™2)

Abs. 0.22+0.01 0.15+0.02 0.15+0.02 0.60 = 0.04 0.07 £0.02 0.12+0.02
Unabs. 0.31+0.01 0.24 +£0.02 0.28 £0.02 1.11+£0.05 0.08 £0.02 0.13+0.02
LOS 52% 55% 58% 67% 26% 20%
Scattered 17% 35% 32% 16% 74% 80%
Leaked 31% 10% 10% 17% 0% 0%

Luminosities > and Eddington ratio ® (3-79keV)
Abs. 108 ergs™! 0. 19i8j},§ 0.13’:8;82 0. 13“_’8182 0.4i8f 0.03i8:8% 0.06:’38;
Unabs. 10’ ergs™! 0.27“:8:(')8 0.21’:8:(1)@ 0.25“:8:}8 0.7f8; 0.03“:818% 0.06 +£0.01
L/Lggq 0.02 +0.01 0.013f818(')é 0.016f8:8(1)§ 0. 12f8:(')§ 0.004f8:83§ 0.007f8:88§
Both NuSTAR detectors: (A/B) (A/B) (A/B) (A/B)
x?*/d.of. 818/650 440/427 716/439 907/663 50/44 64/56
X?ed 1.26 1.03 1.63 1.37 1.13 1.15
Single NuSTAR detector: B) (B) (A) (B)
x*/d.of. 348/312 180/198 244/220 392/318
szea 1.12 0.91 1.11 1.23

Notes. Parameters without errors are kept frozen at the value shown. The dash marks components that are not part of the spectral model in
a particular data set. “The following distance estimates have been used: GRS 1915+105: 8.6">% kpc (Reid et al. 2014), Cyg X-3: 7.4+ 1.1kpc

-1.6

(McCollough et al. 2016), V4641 Sgr: 6.2 + 0.7 kpc (MacDonald et al. 2014). ®The following mass estimates have been used: GRS 1915+105:
12.4ﬁ:g M, (Reid et al. 2014), Cyg X-3: 2.4ﬁ:} My, (Zdziarski et al. 2013), V4641 Sgr: 6.4 0.6 M, (MacDonald et al. 2014). For Cyg X-3 we
use Eddington ratio that is twice the normal due to the accreting matter being helium-dominated.

component having log ¢ ~ 2.9 and a high-ionization com-
ponent fixed to log & ~ 4.2-5.0. The emission is further
partially absorbed in a relatively dense environment (Ng ~
4 x 10?3 atoms cm™2) with a covering fraction of f.,, ~ 0.5.
This is consistent with the estimates of the wind column of
~10% atoms cm ™2 acquired from fitting the X-ray emission lines
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(Kallman et al. 2019). Furthemore, the covering fraction can be
understood as half of the emission back-scattering and passing
through the cloud.

Model B (parameters can be found in Table 6) delivers simi-
lar results, with the surrounding dense torus essentially a sphere
(cos(Bor) > 0.96, Nygor ~ 10%* atoms cm™2; see also Fig. 3). The
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Fig. 4. NuSTAR 3-79keV light curve of V404 Cyg divided into GTIs that total 30 000 counts (numbered). The numbers for GTIs that include
count rates exceeding 1050 cts s™! are not shown (excluding GTIs 13 and 14), and the data points are shown in gray with a reduced point size. The
coloring scheme corresponds to the spectral shape shown in Fig. 5, with every other GTI shown in a different hue for clarity.
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Fig. 5. Changes in the spectral shape of V404 Cyg during the GTIs
shown in Fig. 4. All the spectra have been normalized to the 7keV flux
in the first spectrum to show the difference in the spectral shape.

incident spectrum is very similar to that of model A (I' ~ 2.4),
with a cutoff energy at 28keV (although if the mechanism is
thermal Comptonization, this corresponds to an electron tem-
perature of k7. ~ 9-14keV). The line-of-sight component is
absorbed by a column of Ny ~ 3 x 10?* atoms cm™ and com-
prises 65% of the flux received, while the 17% and 18% of the
flux come from the scattered and leaked (or direct) component,
respectively. The unabsorbed 3—79 keV luminosity is similar for
both models and corresponds to ~10% of the Eddington lumi-
nosity' for a 2.5 solar mass black hole, which is fairly high and
corresponds to values found for V404 Cyg. However, because
Cyg X-3 is orbiting the Wolf-Rayet star inside its photosphere,
there is always ample matter to accrete and sustain the high
luminosity. On the other hand, assuming a 10 solar mass black
hole (an upper limit for the allowed mass of the compact object;
Koljonen & Maccarone 2017), the luminosity would be ~2-3%
of the Eddington luminosity, which is similar to what has been
observed from Cyg X—1 (Basak et al. 2017).

3.3.2. V404 Cyg

V404 Cyg (GS 2023+338) is one of the closest XRB
(2.39 £ 0.14 kpc; Miller-Jones et al. 2009) with a relatively long

! Because most of the accreted matter from the Wolf-Rayet companion

is helium, the Eddington limit is twice the value of the pure hydrogen
Eddington limit.

orbit (6.473 +0.001d; Casares et al. 1992), implying a large
accretion disk and a long outburst recurrence time. Overall, two
outbursts have been detected from V404 Cyg with X-ray instru-
ments in 1989 (Kitamoto et al. 1989; Oosterbroek et al. 1997,
Zycki et al. 1999) and 2015 (Rodriguez et al. 2015; Motta et al.
2017a,b; Sanchez-Fernandez et al. 2017; Walton et al. 2017,
Kajava et al. 2018; considering the June and December 2015
flaring events to be parts of the same outburst), although in ret-
rospect, additional optical outbursts have been detected in 1938
and 1956 (Richter 1989; Wagner et al. 1991). The two X-ray
outbursts in 1989 and 2015 were both hard-state outbursts with
no excursion into a soft X-ray state, although the luminosities
reached or exceeded the Eddington luminosity. During the 2015
outbursts, a plethora of X-ray spectral behavior was observed
from V404 Cyg, with some applicable to absorption events with
intermediate flux densities and X-ray spectra not consistent with
a Comptonization model, and some to intrinsic variations with
very high or low flux densities consistent with a Comptonization
model (Mottaetal. 2017a,b; Sanchez-Fernandez et al. 2017,
Kajava et al. 2018; Walton et al. 2017; Hynes et al. 2019). In
both cases, the X-ray spectra exhibit fast changes from one state
to another in a matter of seconds to minutes (Motta et al. 2017a;
Kajava et al. 2018; Sanchez-Fernandez et al. 2017; Walton et al.
2017).

We identify three different spectral states in the set of
30000 cts spectra during the NuSTAR pointing (Figs. 4 and 5).
At the beginning of the pointing, the source presents Cyg X-3
hard-state-like spectra, that is, spectra that likely exhibit strong
absorption or reprocessing, as evidenced by the curved hard
X-ray spectra (epoch 1 in Fig. 4, blue spectra in Fig. 5). This
spectrum was used in the initial model fitting in Sect. 3.2. The
spectrum further evolves to a softer state with an increase in the
fluxes below 6keV and a decrease in the fluxes above 10keV
(epoch 2 in Fig. 4, yellow spectra in Fig. 5). Both epochs are
approximately 10ks long, and the change takes place in a gap
between spectra 6 and 7 (Fig. 6). During the transition, the
energy region between 7 and 10keV remains remarkably con-
stant. This might be interpreted as the soft and hard part of
the spectrum arising from two different components that are
anticorrelated (spectral pivoting is not enough to explain the
whole spectral change). After epochs 1 and 2, V404 Cyg entered
into a high count rate flaring period and presented significantly
harder spectra and a variable cutoff energy higher than that
of the preflare spectra (epochs 3-5 in Fig. 4, green spectra in
Fig. 5).

We fit the averaged spectra from epochs 1-5 and the indi-
vidual GTIs with models A and B. The model parameters,
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Fig. 6. Spectra of V404 Cyg from GTIs 6-9 in Fig. 4, showing the
change from a harder (6) to a softer spectrum (7-9) preceding the flar-
ing period. The spectra are not normalized, thus showing the variable
regimes below 6 keV and above 10keV.

corresponding fluxes, and the fit quality for the averaged spec-
tra can be found in Table 7 for model A and in Table 8 for
model B, while a selection of the model parameters and fluxes is
shown for the individual GTIs in Figs. 7 and 8 (with a fit qual-
ity ranging between szed =0.9-1.6 with a mean of /\(fed =1.2).
In addition, the average spectra and the corresponding model B
fits divided into different model components (both absorbed and
unabsorbed) are shown in Fig. 9.

Considering model A fits, the spectra of all epochs can be
fit with the fully reprocessed thermal Comptonization emission;
a model that is essentially very similar to the basic model used
in Walton et al. (2017, their Table 3), except that here we used
the version of RELXILL with a spherically symmetric corona
and an intrinsic emission arising from thermal Comptonization
(RELXILLCP) instead of a lamp-post geometry and an intrinsic
emission modeled as a cutoff power-law spectrum (RELXILLLP).
In Sect. 3.2 the lamppost model fit to the epoch 1 hard X-ray
spectrum (essentially very similar to the fit with coronal geom-
etry) would require a very steep incident power-law spectrum.
In addition, we used a simple absorption component instead of
an XSTAR reprocessor. We also let the ionization parameter and
the redshift of the XILLVERCP component vary freely instead of
fixing them to 1 and 0, respectively, to fit the redshifted iron
line with energies ~6.3 keV. The results of the model A fits are
very similar to those in Walton et al. (2017) for epochs 3-5 (the
flaring state), as expected, with low intrinsic absorption, an incli-
nation close to 30°, a photon index of ~1.6 on average, and an
ionization parameter of ~1000. Some differences do arise, how-
ever, with the iron abundance close to solar in our fits except
for a few GTIs in epoch 4, compared to twice the solar value in
Walton et al. (2017). On another note, our fits for the epoch 1-2
averaged spectra also show elevated abundances (for individ-
ual GTIs, the abundances were fixed to the averaged value of
the epoch because they were not well constrained in the fits).
Because the geometry and intrinsic emission were modeled dif-
ferently, the remaining parameters are more difficult to compare,
but Walton et al. (2017) reported very high values for the reflec-
tion factor (Ry ~ 1-3). This might also indicate reprocessing in
the surrounding medium, as speculated in this paper, instead of
a strong gravitational bending and a scenario with a high black
hole spin.
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On the other hand, epochs 1-2 display much softer spectra,
as shown in Fig. 5, which is reflected in the fits with increased
values for the photon index (I' ~ 2) and ionization parameter
(log & ~ 3.5), and very low values for the electron temperature
(kT. ~ 3—4keV, corresponding to an optical depth of 7 ~ 10). In
addition, a partially covered absorption component with a high
column density (4x 10?* cm=2, f,,, ~ 0.8), a narrow iron absorp-
tion line at 6.5keV, and a smeared iron edge at 7.4keV likely
arising from an additional variable absorption component are
needed to fit the spectra successfully with RELXILLCP (an addi-
tional XILLVERCP component is not needed in these epochs). The
physical explanation for the low electron temperature is a chal-
lenge in this model. Because the cutoff energy in the epoch 1-2
spectra is low (<20 keV), all models with thermal Comptoniza-
tion are expected to give electron temperatures that are approx-
imately lower than 6-10keV (assuming E., ~ 2-3kT.). We
recall that the electron temperature in the model is given in the
frame of the observer. A very efficient cooling mechanism, such
as radiative cooling by soft photons from the strong outburst or
reprocessing in an optically thick medium, can therefore ther-
malize and Compton downscatter the intrinsic emission to lower
energies (similar to what has been proposed for CygX-3 in
Zdziarski et al. 2010, see also Sect. 3.3.1). The increase in soft
X-ray emission between epochs 1 and 2, as mentioned above,
is mirrored in the model A parameter evolution as a change in
the absorption parameters (decrease in the column density and
covering fraction), as an increase in the power-law photon index
and normalization, and a decrease in the electron temperature. In
addition, there is an increase in Rj,, log &, z, and inclination. In
Sect. 4.1 we discuss the hypothesis that this parameter evolution
can arise from a geometry change gearing toward jet ejection.

In epochs 1-2, model B fits are consistent with the torus
completely covering the source (cos(6yr) pegged to 1; see also
Fig. 3), with an average density of the torus of Nyggr ~
10?* atoms cm™2 and a similar if slightly higher (a factor of two)
line-of-sight column density through the torus. The flux from the
line-of-sight component dominates the spectrum during these
epochs, comprising of 75-90% of the total flux, while scat-
tered and leaked flux contribute only up to 2% (the remaining
flux comes from the blackbody component discussed below). In
epochs 3-5, the geometry changes from spherical to more disk-
like with cos(fy;) ~ 0.55, and an increase of a factor of four
in Ny or, While the line-of-sight column density decreases by a
factor of about six (see also Fig. 3). The flux from the line-of-
sight component decreases to 25-50% of the total flux, while the
scattered flux increases to 40-70% of the total flux and causes
the majority of the spectral variability in this state. Moreover,
the flux from the leaked component increases significantly, up to
10% of the total flux, indicating that the geometry has changed
so that the direct intrinsic emission is partly visible. Similar to
the parameter evolution in model A, the intrinsic cutoff power-
law spectrum is soft in epochs 1-2, with the power-law pho-
ton index I' pegged to 2.6 and cutoff energy values of about
21-26keV. The spectrum hardens in epochs 3-5 with I' ~ 2
and much higher cutoff energies, although overall the intrinsic
spectrum is softer than in model A. In contrast to model A,
no absorption line is required in the model for epochs 1-2
because the double-horned line profile can be explained by
reprocessing in an outflowing medium, which is seen as both
redshifted and blueshifted (z ~ 0.05¢ ~ 15000kms™"). Previ-
ously, Motta et al. (2017a) have shown that the iron line exhibit
redshift and blueshift with velocities v < 0.1c, in line with
the NuSTAR values. For epochs 3-5, the resulting line speeds
(~4000 km s~!) are comparable to the values measured from the
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Table 7. Model A parameters for V404 Cyg epochs.

Model A: C1 X PHABS X SMEDGE X PCFABS X (RELXILLCP + XILLVERCP + GAUSS)

Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5
PHABS X SMEDGE X PCFABS
Nit 102cm? 2.8 1.8 2703 083093  27+0.1
E keV  741£007  7.45%0 -
T 0324095 036+0.04 - - -
o keV 1 1 - - -
N 102 cm™2 3942 3542 - - -
Jeov 0.82+0.01 0.75+0.01 - - -
RELXILLCP
Norm x1073 27 +2 47 15+1 14.1+0.7 15.3%93
Oine deg 2015 >78 3241 3541 37.1+04
Rin Risco 513 207 <11 <12 <11
z <0013 00310004 0.011£0.002 0.013*%!  0,019+0.002
r 1.85+0.01 2.05+0.02 1.58f8:g£ 1.35+0.01 1.80+0.01
log 343100 36501 2867007 3.09£001  2.86700
Are 1.7+02 18403 07592 166008 091001
kT, keV 3.9+0.2 2.5+0.1 50t;5 17.5+0.2 9()):%%
XILLVERCP
log € N N <17 2352002 1770
Norm x1073 - - 26+3 4412 143
GAUSS
E keV 6.5200 648700 - - -
Norm x1073 —11+2 —-8+2 - — -
Constants
cl 1.00 0.99 1.01 1.00 1.00
Fluxes (1078 ergs™ cm™2)

Abs. 1.25+0.06 1.35+0.07 42+0.1 6.8+0.1 2.8+0.1
Unabs. 2.5+0.1 29+0.1 42+0.1 6.8+0.1 29+0.1
RELXILL 100% 100% 61% 45% 78%
XILLVER - - 39% 55% 22%

Luminosities ® and Eddington ratio ) (3-79 keV)

Abs. 10%ergs™  0.09+0.02 0.09+£0.03 0.29 +£0.05 0.46 +0.07 0.19+0.03

Unabs. 10%ergs™  0.17+0.03 0.20+0.03 0.29 +£0.05 0.46 +0.07 0.20+0.03
L/Ligs 0.015%0%08 (017205 (5N (0414009 () ]7+0005

Both NuSTAR detectors: (A/B) (A/B) (A/B) (A/B) (A/B)
x*/d.of. 872/617 716/510 441/378 1088/827 952/747
X?ed 1.41 1.40 1.17 1.32 1.27

Single NuSTAR detector: (A) B) (A) (B) (B)
x*/d.o.f. 335/306 292/244 207/189 460/400 454/362
oy 1.10 1.20 1.10 115 1.25

Notes. Parameters without errors are kept frozen at the value shown. The dash marks components that are not part of the spectral model in
a particular data set. cl is a constant between the FPMA and FPMB allowed to vary. ®The following distance estimates have been used:
2.39+0.14 kpc (Miller-Jones et al. 2009). ©The following mass estimates have been used: 9.0*%2 M, (Khargharia et al. 2010).

P Cygni profiles of Hel 15876 (a well-known accretion wind
tracer), while for epochs 1-2, they are still well within of what
can be achieved with super-Eddington accretion (usually on
the order of 0.1c—0.2¢; e.g., Pinto et al. 2020). In epochs 3-5,
the back-illumination dominates the scattering (i.e., ¢2>¢3 in
Table 8), so that the scattered emission is seen through mate-
rial that is more translucent than that of the line of sight. The
scattered line therefore exhibits mainly redshift and reduces the
observed iron Ke line energy to 6.3 keV without producing the
blueshifted line.

The strong absorption of the intrinsic emission in model B
requires an additional component to account for the elevated
soft X-ray emission in epochs 1-2. We modeled this as a par-
tially absorbed blackbody component, as discussed in Sect. 3.3.

-0.6

The temperature of the blackbody component decreases from
1.1keV to 0.95 keV, while its normalization (and flux) increases
from epoch 1 to epoch 2, indicating an increase in the size of
the emitting medium. While the temperature of this compo-
nent might arise from the hot disk, it does not seem plausible
that the emitting area would increase and temperature decrease
when the source is gearing toward the flaring state when emis-
sion from an accretion event is considered. Zycki et al. (1999)
briefly discussed that the blackbody component needed to pro-
vide the soft excess in the 1989 outburst might arise from inci-
dent disk photons that are thermalized in multiple scattering
processes in the surrounding medium. Thus, a dense medium,
whether a disk with a large scale-height or a stellar or accre-
tion disk wind, might then explain both the large column and
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Table 8. Model B parameters for V404 Cyg epochs.
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Model B: €1 X PHABS1 X SMEDGE X (C2 X BORUSO2(RED) + C3 X BORUSO2(BLUE) + PHABS2 X CABS X CUTOFFPL
+ C4 X CUTOFFPL + PCFABS X BBODY)

Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5

PHABS] X SMEDGE

Nism 10?2 cm™2 0.83 0.83 0.83 0.83 0.83

E keV 8.67 +0.05 8.62 +0.04 - - 8.5+0.1

T 030£002 036700 - - 0.16+0.01

loa keV 0.5 0.5 - - 0.5

BORUS02

10¢ Nityor 2421705 2400700 2458002 24703£0.006  24.66+0.01

c0S(Bor) >0.78 >0.57 0.55+0.01 0.55+0.01 0.56 £0.01

c0S(Binc) 0.39 0.39 0.39 0.39 0.39

z 0.042°00 005650008 0014094 0.014+0.001  0.022+0.002

PHABS2 X CABS X CUTOFFPL

108 Nit o 2436700 24247007 2353700 03587002 2357001

Norm 262420 92+12 3.2+0.5 6.1708 14.2*02

r 26 26 1922005 2.05°0% 2.50+0.02

Eeu keV 21,8407 264409 94+2 6243 >474

PCFABS X BBODY

10 Niton 237827098 23732001 - - -

Cov 0.82170%06 () 76+002 - - -

Norm 032£001 0447002 - - -

kT keV 1.120+£0.005 0.95+0.01 - - -

Constants @

cl 1.00 0.99 1.01 1.00 1.00

2 0.11+013 0.07+092 7707 15.7+0.8 73+04

c3 0.05+095 0.100%4 2201 8.1+0.6 37404

c4 0 0.03410008 () 247003 0.22+0.02 0.18570.008

Fluxes (1078 ergs™' cm™2)

Abs. 1.4+0.3 1.36 £0.07 42+0.5 7.0+0.6 2.8+0.1

Unabs. 23+6 9.8+0.7 5.0+0.5 8.1+0.5 4.0+0.1
LOS 90% 74% 33% 25% 50%
Scattered 2% 2% 59% 70% 40%
Leaked - 2% 8% 5% 10%
BB 8% 22% - - -

Luminosities ® and Eddington ratio © (3-79 keV)

Abs. 10 ergs™ 0.09 +£0.03 0.09 £0.02 0.29 +0.08 0.48 +0.10 0.19+0.03

Unabs. 10 ergs™ 1.6+0.2 0.67+0.13 0.34 +0.08 0.55+0.10 0.28 +0.04
L/Lgaa 0.14+007 0.06°°%  003+£001  0.05+001 0.02+0.01

Both NuSTAR detectors: (A/B) (A/B) (A/B) (A/B) (A/B)
x*/d.of. 877/619 758/510 451/379 1143/828 945/746
X 1.42 1.49 1.19 138 1.27

Single NuSTAR detector: (A) (B) (A) (B) (B)
¥*/d.of. 392/308 297/244 207/189 504/401 448/362
Xy 1.27 122 1.10 1.26 1.24

Notes. Parameters without errors are kept frozen at the value shown. The dash marks components that are not part of the spectral model in
a particular data set. “cl is a constant between the FPMA and FPMB allowed to vary. ®The following distance estimates have been used:
2.39 +0.14 kpc (Miller-Jones et al. 2009). “/The following mass estimates have been used: 9.0 M, (Khargharia et al. 2010).

the soft component, similar to what was discussed for model
A above.

For both models, the unabsorbed luminosities in the
3-79keV NuSTAR band are sub-Eddington for all epochs
(2—4% for model A, and 2—14% for model B), although because
the intrinsic spectrum is steep in epochs 1-2, the Eddington
limit would be reached by extrapolating the spectrum down to
~0.2keV (for model B at least). The luminosity of epochs 1-2 is
much higher for model B because the highly absorbed intrinsic
emission is included, while model A presents only the flux for
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the scattered component. When the scattered flux is only taken
into account in model B, the resulting luminosities agree with
those for model A.

3.3.3. V4641 Sgr

V4641 Sgr is a very peculiar source, presenting a dynam-
ically confirmed black hole with a high-mass companion
(Orosz et al. 2001), but showing transient outbursts similar to
low-mass XRBs. The outbursts of V4641 Sgr can be very short



K. I. I. Koljonen and J. A. Tomsick: The obscured X-ray binaries V404 Cyg, Cyg X-3, V4641 Sgr, and GRS 1915+105

r lOg NH jos

Ecu [keV]

|

lOg NH tor

244
242
240
238
236
234
26
24
22
20
1.8

500

200
100
50

20
245
240
235
230
225

<’I++
=~

.y

E
+

++

. =

_'_
—=

I

| E

80
.60 t
2 owllT T
- . j = =
20 t
100 *
_ 50 T
O ——
g 20
& 10
s 3
24 2 s L 4 +++
T S S | N -
24
22 '
50 e
R
T —
1.6 = e —
14 —
121, -
40
% i
STl ——
o
1L t
30 4 - hn —=
200 T
= 100
>
-
£ » - -
S 20 . —
= 10
~“ s
2
0.05
0.04 +
0.03 H‘
N
002 ;
001 H_'-_H
0.00 || . .
20
o 15
<
10
- T
+
0.6
05 h
.; IVJ
4
gy’
=) Ed 03
S5 O
2 =02 #
0.1 -+

0 10000 20000 30000 40000 50000 60000
Time [s]

Fig. 7. Model A parameter values for V404 Cygspectra (individual
GTIs in black, epochs in color).

(about a week) and intense, reaching super-Eddington levels,
as in 1999 outburst (Revnivtsev et al. 2002), or longer but
much weaker (e.g., Uemura et al. 2002; Maitra & Bailyn 2006;
Muiloz-Darias et al. 2018). There is some evidence that the
inner accretion disk is misaligned to the orbital plane of the
binary (i ~ 70°; Oroszetal. 2001; MacDonald et al. 2014;
Pahari et al. 2015), and V4641 Sgr might instead be a low-
inclination source in X-rays and radio (i ~ 10°; Hjellming et al.
2000; Orosz et al. 2001; Gallo et al. 2014). It has previously
been suggested that a Chandra spectrum observed during an
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Fig. 8. Model B parameter values for V404 Cyg spectra (individual
GTIs in black, epochs in color).

outburst decline is very similar to those observed from Seyfert-2
AGN (Morningstar et al. 2014).

The RXTE/PCA spectra of V4641 Sgr gathered from the
1999, 2002, 2003, and 2005 outbursts are plotted in Fig. 10. In
the top panel, the spectra from 1999 and the latter part of 2003
are very reminiscent of the spectra with low absorption and high
count rate of V404 Cyg that were studied in Walton et al. (2017),
while in the bottom panel, the spectra from the 2002, 2003,
and 2005 outburst are more reminiscent of the flaring spectra
with lower count rate of V404 Cyg (Fig. 5). The only outburst
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Fig. 9. Averaged NuSTAR FPMA data from V404 Cyg in the preflare (epochs 1-2) and outburst (epochs 3-5) stages as shown in Fig. 5, together
with absorbed (top row) and intrinsic (bottom row) model B components. The total model (solid red line) consists of a sum of a blackbody
component (dashed green line), a cutoff power-law component absorbed in and scattered off from the material in the line of sight (dotted blue
line), scattered into the line of sight by the surrounding medium (dot-dashed light blue line), and unabsorbed or direct component (long-dashed
yellow line). The middle panels show the residuals of the models to the data.

containing both types of spectra is the 2003 outburst, which
began with those presented in the bottom panel (epochs 1 and 2
in Maitra & Bailyn 2006, including the spectra shown in Fig. 1)
and continued with those presented in the top panel (epochs 3
and 4 in Maitra & Bailyn 2006).

The two models (A and B) were fit to the spectra from two
pointings observed during the 2002 (hereafter epoch 1) and 2003
(hereafter epoch 2) outbursts (Fig. 1; the top corresponds to
epoch 1, and the bottom corresponds to epoch 2), and the result-
ing parameters are shown in Tables 5 and 6. Both observations
were taken during the middle of the outburst peak with similar
optical magnitudes (~11.5mag in V and R band; Uemura et al.
2002; Maitra & Bailyn 2006) and X-ray count rates. Because the
statistics of RXTE/PCA are much lower than those of NuSTAR,
we fixed the inclination to i = 70° in both models to reduce the
number of free parameters. In the case of model A, a success-
ful fit could be achieved with a single RELXILLCP model, while
for model B, the spectra are dominated by the (back-)scattered
component (75-80% of the total flux) for both epochs. The main
difference in the parameters of both models for the two epochs
can be found in the intrinsic spectrum with the power-law pho-
ton index being higher for epoch 1 (I'y = 2.2, 'y = 2.6) with
no high-energy cutoff, while for epoch 2, the power-law photon
index is much lower (I'y = 1.5, 'z = 1.6) and the spectrum has
a low-energy cutoff (k7. ~ 9keV, E¢y ~ 20keV).

Unlike in other sources, the covering fraction and the line-
of-sight absorption column in model B are low for both epochs.
The scattered component dominates the flux in model B, while
pure scattering in a plasma with a single-ionization parameter
is consistent according to model A. In contrast to V404 Cyg
epochs 1-2 and GRS 1915+105 epoch 1 (discussed in the next
section), there is evidence of a strong jet in the two V4641 Sgr
epochs. The 8.5GHz radio observations of the Very Large
Array show flux densities of 80—170 mJy (Rupen et al. 2002) and
550-570mlJy (Rupen et al. 2003) coinciding with epochs 1 and
2, respectively. This means that during both observations, any
surrounding matter was likely evacuated by the jet. Because the
inclination of the system is likely high, we might observe the
X-ray source through a disk wind or geometrically thick accre-
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tion flow (the column density of the torus is the highest of all the
four sources for model B fits; log Ny tor ~ 10% ¢cm™?), and most
of the emission received is from backscattering (i.e., c2 = 0 in
Table 6; see also Fig. 3).

The luminosities of the two V4641 Sgr epochs are much
lower (~5 x 10*® erg s™!, corresponding to ~0.5% of the Edding-
ton luminosity) than the luminosities for the other sources,
although the observations are from the peak of the outbursts.
The 2002 and 2003 outbursts were weaker than the much more
luminous outburst in 1999, where the peak luminosity was at
or greater than the Eddington luminosity (Hjellming et al. 2000;
Revnivtsev et al. 2002). These weak outbursts do not have any
predictable periodicity, but they seem to occur roughly at inter-
vals of 500-600 days (Negoro et al. 2018). On the other hand,
an optical counterpart as bright as in the 2002 and 2003 out-
bursts has not been detected for any other weak outbursts since
the 1999 outburst, which marks them as different and probably
means that they included enhanced reprocessing of the X-ray
emission in the accretion disk.

3.3.4. GRS 1915+105

GRS 1915+105 is one of the brightest XRBs in our Galaxy in its
outburst because it has the longest orbital period known among
low-mass XRBs (33.9 days; Steeghs et al. 2013) and thus the
largest accretion disk size because of the largest tidal trunca-
tion radius. The huge mass reservoir has lasted already three
decades, powering the outburst until the drop in the X-ray flux in
2018. We fit all three NuSTAR observations (labeled epochs 1-3)
from this anomalous state with models A and B. The resulting
model parameters are shown in Tables 5 and 6. With model
A, epoch 1 is fit best with a single RELXILLCP model, while
epochs 2 and 3 can be fit with two RELXILLCP models, one
corresponding to a plasma with a higher (log & ~ 3.4) and the
other to a plasma with a lower ionization parameter (log & ~ 2).
Epoch 1 includes a prominent narrow (up to detector resolu-
tion) absorption line at 6.56 keV that might be the Fe XXV Ka
line, although it is redshifted by 6000-7000kms~!, or the Fe
Ke line blueshifted by the same amount. In addition, an edge
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Fig. 10. Changes in the RXTE/PCA spectral shape of V4641 Sgr dur-
ing the outburst periods of 1999, 2002, 2003, and 2005. All the spectra
have been normalized to the 7keV flux in the first spectrum to show
the difference in spectral shape. Top panel: outburst spectra reminiscent
of the spectra with high count rate and low absorption of V404 Cyg
(Walton et al. 2017), bottom panel: spectra reminiscent of the flaring
spectra with lower count rate and higher absorption of V404 Cygin
Fig. 5.

at 7.4keV is needed to fit the spectra adequately. In the case
of blueshifted neutral iron absorption, this implies a velocity
of the absorbing material of ~13 000 km s~!. However, the red-
shift needed to model the spectrum is even higher, z ~ 0.12,
which agrees with what is observed from ultraluminous X-ray
sources (ULXs). For epochs 2-3, the redshift required is much
lower (~3000km s™!). In contrast, the iron abundance increases
from solar in epoch 1 to around twice the solar value in later
epochs. The incident cutoff power-law spectrum changes from
epoch 1 to epochs 2-3, displaying a decrease in the power-law
photon index from 1.9 to 1.6, with the latter two also show-
ing a cutoff at 14keV, while in epoch 1, the cutoff is uncon-
strained (2160keV, when left free to vary). The inclination is
only constrained for epoch 1, corresponding to 60-80 degrees,
while for epochs 2 and 3, we fixed it to 70°. The models are
absorbed with Ny ~5x10%2 atoms cm™2, which is comparable
with the interstellar value of Ny ~ 3.5 x 1022 atoms cm™2. Addi-
tional, partial absorption is needed for epochs 2 and 3, with
Np ~ 5 x 107 atoms cm ™2 and a covering fraction of ~0.5.

With model B, epoch 1 is consistent with the torus covering
the source completely, while cos(f;,) decreases to 0.8 and 0.7
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Fig. 11. Averaged NuSTAR FPMA data from GRS 1915+105 from the
three epochs together with absorbed (top row) and intrinsic (bottom
row) model B components. The total model (solid red line) consists
of the sum of a cutoff power-law component absorbed in and scattered
off from the material in the line of sight (dotted blue line), scattered into
the line of sight by the surrounding medium (dot-dashed light blue line),
and unabsorbed or direct component (long-dashed yellow line). Middle
panels: residuals of the models to the data.

in epochs 2 and 3, respectively (Fig. 3). The density of the torus
remains equal in all epochs (Ny tor ~ 2.5 % 10%* atoms cm™2). The
line-of-sight component contributes about equally in all epochs
(52-59%) with a similar column density (Ngjos ~ 2.5-5 X
10% atoms cm™2). The scattered flux increases from 17% to 32—
35%, while the leaked flux decreases from 31% to 9—10% when
transiting from epoch 1 to epochs 2 and 3. The scattering com-
ponent is dominated by the redshifted scattering, with epoch 1
showing high wind speeds of 0.057¢ (~17 000km s~!, which is
more in line with the velocity of the absorption line if it is due
to a blueshifted neutral iron line) that reduce to much lower val-
ues (600-2700 kms~!) in epochs 2 and 3. The incident spectrum
in epoch 1 is a steep power law (I' ~ 2.3) similar to V404 Cyg
epochs 1, 2, and 5, and Cyg X-3 spectra. In epochs 2 and 3, the
power-law index of the incident spectrum decreases to 1.6—1.8
and the spectrum exhibits a cutoff at 21-24 ke'V. Interestingly, the
unabsorbed flux remains similar in all epochs and corresponds to
1-2% of the Eddington flux. The average spectra and the corre-
sponding model B fits divided into different model components
(both absorbed and unabsorbed) are shown in Fig. 11. The incli-
nation is fairly well constrained in epochs 2 and 3 and corre-
sponds to 40-60°. For epoch 1, it is not well-constrained in the
fit, and we froze it to 53° (cos(f;,c) =0.6). Based on measure-
ments of the jet inclination of the system, Reid et al. (2014) esti-
mated the disk inclination angle as 60° + 5°, which is consistent
with the values derived here.

While having slightly different parameters, the two models
show a similar evolution of the model parameters, consistent
with a scenario of obscured emission through fast (spherical)
outflowing wind in epoch 1, which flattens and decelerates in
later epochs (Fig. 3). Epoch 1, which is observed immediately
after the sudden decrease of the hard X-ray emission, shows
higher wind velocities but neutral absorbing material, higher
incident power-law photon indices, and no spectral cutofts. This
is consistent with a scenario where the inner accretion flow is
obscured by matter that is first seen as scatterer and absorber.
Later, it is mostly seen in reflection, and the regions with higher
ionization are exposed.
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Fig. 12. Cospectra of V404 Cyg, Cyg X-3, and GRS 1915+105 for NuSTAR epochs. The soft- and hard-band cospectra are shown separately when
they display any differences. The best-fit single or broken power-law model is also plotted for all data. Additional Lorenzian functions are needed

for the QPO and harmonics in the GRS 1915+105 epoch 1 data.

3.4. X-ray timing

While we did not concentrate on the X-ray timing properties
of the sources in detail, in the following we provide a quick
analysis of the NuSTAR X-ray cospectra (a proxy for the PSD).
The cospectra for the NuSTAR data for all sources are shown in
Fig. 12. As described in Sect. 2, we extracted two cospectra for
the soft X-ray band (3—-10keV) and the hard X-ray band (10—
79keV), and when they did not present any differences from
each other, we extracted the cospectra from the full NuSTAR
range 3—-79 keV.
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We can assume that the reprocessing or scattering in the
obscuring matter smears out most of the high-frequency timing
information of the intrinsic emission. For Cyg X-3, it has been
shown that the PSD is close to a power law with an index of —2.0,
independent of the accretion state of the source (Axelsson et al.
2009; Koljonen et al. 2011), and this has been speculated to be
due to a suppression of the high-frequency variations by scat-
tering in the stellar wind surrounding the X-ray source, mim-
icking a red noise process (Koljonen et al. 2018). Likewise, for
the NuSTAR pointing considered here, we obtain a power-law
cospectrum with an index of —1.9 +0.1.
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For V404 Cyg, a timing analysis has been performed on a
subset of the NuSTAR data used in this paper in Gandhi et al.
(2017). The authors found that the X-ray cospectrum is consis-
tent with a power-law spectrum with an index of —1.6; this is not
as steep as in Cyg X-3 or V4641 Sgr, but steeper than the flicker
noise that is typically observed from hard states of XRBs, indi-
cating the suppression of high-frequency variability. We studied
here the epoch-by-epoch variations in the cospectrum and found
that a single or broken power law fits all the data sufficiently
well. In all epochs, the slope of the high-frequency spectra agrees
roughly with an index of ~—1.6 (epoch 1: —2.0’:8:‘2‘/—1.41 +0.06,
epoch 2: —1.5810.08/—1.41f8:8§, epoch 3: —1.6f8f, epoch 4:
—1.7x0.1, epoch 5: —1.4 £0.1; when two numbers are given,
they correspond to the 3—10 and 10-79 keV band), while there is
some evidence of a break to flatter indices at lower frequencies.
Interestingly, the epoch 2 cospectrum shows a diminished rms
in the soft X-ray band compared to the hard X-ray band, which
might incidate that the soft spectral component dilutes the rms.
In addition, the spectral break shifts to lower frequencies from
0.2 Hz to 0.06 Hz, and if this is related to the size of the varying
soft component, it indicates an increasing emitting area that is
consistent with the blackbody parameter evolution of model B
fits.

GRS 19154105 is famous for its complex X-ray variabil-
ity. The PSDs typically consist of a band-limited noise com-
ponent with one or more peaks, indicating quasi-periodic
oscillations (QPOs; e.g. Morganetal. 1997). The cospec-
tra from epochs 1-3 are consistent with a power-law noise
(epoch 1: 1.21+0.02/0.91 +0.05, epoch 2: 1.02+0.06, and
epoch 3: 1.96 = 0.08; when two numbers are given, these cor-
respond to the 3-10 and 10-79keV band), with the epoch 1
cospectrum also showing a low-frequency QPO with harmonics
at 3.3 Hz (at least for the soft X-ray band). Clearly, the epoch 1
cospectrum differs from epochs 2—3, which do not present power
over 0.1 Hz, and likely we have a more direct view of the accre-
tion flow. In addition, the soft X-ray band where the incident
(leaked) spectral component dominates (Fig. 11) is more vari-
able than the hard X-ray band. For the model B fit, the leaked
component presents the highest luminosity fraction in epoch 1,
comprising 31% of the total flux, and in this pointing, we might
be observing a patchy outflow. For epochs 2-3, the amount of
flux observed from the leaked component is diminished and the
total flux is dominated by the line-of-sight and scattered compo-
nents, which accounts for the loss of high-frequency power. The
low-frequency power varies from flicker noise in epochs 1-2 to
red noise in epoch 3.

For V4641 Sgr, Maitra & Bailyn (2006) studied the X-ray
timing properties during the 2003 outburst and found red-
noise-dominated PSD below 1 Hz and Poisson noise above it.
Slightly more structure was found in the much brighter 1999
outburst, with the PSD showing a broken power-law shape with
indices of ~—1 and ~—2 below and above 5Hz, respectively
(Wijnands & van der Klis 2000). However, no other structure,
such as QPOs, were found in the PSD reaching 100 Hz, and
again the higher frequency spectrum is consistent with the red-
noise process. For the RXTE pointings of V4641 Sgr considered
here, the PSDs are consistent with pure Poisson noise in the case
of the 2002 data, and a red noise below 0.03 Hz and Poisson
noise above for 2003 data.

4. Discussion

We have shown that the X-ray spectra of V404 Cyg, Cyg X-3,
GRS 1915+105, and V4641 Sgr share similarities at certain evo-
lutionary times that correspond to low X-ray flux periods during

outburst events (considering that the persistent source Cyg X-3
is always “on”, that is, in outburst, and that V4641 Sgr exhibits
low-luminosity outbursts). We modeled these spectra success-
fully with two models consisting either of a fully reprocessed
spectral component and/or a heavily absorbed spectral compo-
nent, with the intrinsic spectra arising from a thermal Comp-
tonization process. It is well known that CygX-3 orbits its
Wolf-Rayet companion star inside a high-density stellar wind
and that it can strongly affect the X-ray spectra. Based on the
spectral similarity, we can therefore presume that similar sur-
roundings affect the X-ray spectra of V404 Cyg and V4641 Sgr
during the outbursts, and the recent anomalous accretion state
of GRS 1915+105. Because the companion stars of V404 Cyg,
V4641 Sgr, and GRS 1915+105 are not expected to present
high-density stellar wind, we attribute this medium to either
a large scale-height accretion flow (possibly due to a super-
Eddington accretion rate) or an optically thick equatorial outflow
or envelope either from the radiation pressure of intrinsic (super-
Eddington) emission of the accretion flow or from the base of the
jet.

Both models (A and B) indicate a change in geometry in
the system in the evolution of V404 Cyg and GRS 1915+105.
Epochs 1-2 for V404 Cyg and epoch 1 for GRS 1915+105 are
consistent with the X-ray source being obscured in an outflowing
(spherical) plasma cloud that transforms into a more disk-like
geometry in subsequent epochs (Fig. 3). This change also coin-
cides with the start of the activity in the radio and X-ray flaring.
The two V4641 Sgr epochs are consistent with a disk-like geom-
etry, and in both cases, strong radio emission was detected at the
same time. This means that the geometry change of the obscur-
ing component seems to be linked with the radio evolution. Inter-
estingly, a very similar evolution took place in the 1999 outburst
of V4641 Sgr (Revnivtsev et al. 2002), with the source luminos-
ity dropping by an order of magnitude followed by optical and
subsequently radio emission and a change in the X-ray spectrum
from softer (epoch 1-type) to harder (epoch 2-type).

In V404 Cyg and GRS 1915+105, the intrinsic spectra first
resemble that of an intermediate state of XRBs with power-
law photon indices I' ~ 2.0-2.6, and changes to lower values,
I' ~ 1.4-2.0, more typical of an XRB hard-state spectrum. How-
ever, their accretion history is very different. V404 Cyg epochs
1-2 are the softest state that the source goes through during the
outburst, while for GRS 1915+105, epochs 1-3 are the hardest
so far observed from the outburst (epoch 3 being much harder
than epochs 1-2). Therefore it does not seem likely that a single
accretion state would explain the similar-looking spectra. Rather,
it has to do with the reprocessing of the intrinsic emission. In the
following, we discuss this issue further.

4.1. Was V404 Cyg in a “soft-state” during epochs 1-27?

The outburst spectra of V404 Cyg do not show a soft black-
body emission component, except for the 1989 outburst, when
a 0.3keV disk component was seen; see Zycki et al. (1999). We
discussed in Sect. 3.3.2 that the parameter evolution of the black-
body component is not consistent with arising directly from the
accretion disk. Instead, the soft component could arise from inci-
dent thermal (disk) photons scattered multiple times in the sur-
rounding changing medium. On the other hand, the fits with the
reflection model in Sect. 3.3.2 showed that the soft component
could also be modeled with an increasing ionization parame-
ter that would be consistent with the implied very high intrin-
sic luminosity of the source in this state. Thus, it is unlikely
that the soft component needed to model epochs 1 and 2 in
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V404 Cyg comes from an accretion disk. In addition, V404 Cyg
epoch 1 corresponds to the hardest X-ray state in Cyg X-3 (e.g.,
Koljonen et al. 2010). Cyg X-3 is a persistent wind-accreting
source and thus always accreting at (fairly) similar mass accre-
tion rates. The source likely stays in an intermediate state all
the time, with an average power-law spectral index ' > 2.0.
Thus, the spectral variation is at least partly due to changes
in the surrounding medium. It has been suggested that the jet
pressure can play a role in reducing the wind density in the
line of sight, producing drastic variability in the spectral evo-
lution of Cyg X-3 (Koljonen et al. 2018). However, in Cyg X-3,
there is further evidence of a very soft state (hypersoft state),
where the X-ray spectrum is dominated by a partially absorbed
blackbody component with a very weak and flat hard X-ray tail
(Koljonen et al. 2018). This might be (partly) similar to what is
observed in V404 Cyg epoch 2, with the increased soft X-ray
emission. The soft state in Cyg X-3 always precedes jet ejection
episodes (Koljonen et al. 2010), which indicates that this might
be the case for V404 Cyg as well. Koljonen et al. (2018) argued
that in the hypersoft state, the jet turns off, allowing the stellar
wind from the Wolf-Rayet companion to fill out the cavity cre-
ated by the jet. This increases the density of the wind close to the
X-ray source, providing a medium where multiple scattering can
take place. When the jet is turned on later, it encounters a dense
medium where an efficient energy dissipation can take place to
boost the jet emission to Jy levels.

Gandhi et al. (2017) showed the multiwavelength evolu-
tion of V404 Cyg during the NuSTAR observation (their Fig. 1
and supplementary Fig. 4; their epoch 1 corresponds to our
GTIs 10—-14). They showed that during the change from the pre-
flare state to the flaring state, there is a brightening in the 15 GHz
flux at least by a factor of five and a change in the radio spec-
tral index from negative values to above zero, indicating the start
of the jet ejection. In model A, during epoch 2, there is a rise
in the parameter evolution of Ri,, I', log &, z, and inclination
(Fig. 7). This indicates that the geometry of the reprocessor
changes and moves farther away (the increase in inclination and
Ri,) with higher speeds (the increase in z), most likely caused
by increased radiation pressure (the increase in log &) that also
cools the electrons in the corona (the increase in I', and low val-
ues of kT.). In model B, a similar evolution can be seen in z
and in the blackbody flux (Fig. 8). Because the black body flux
is proportional to the emitting area squared and temperature to
the fourth (i.e., decreasing from epoch 1 to epoch 2; Table 7),
this also implies an increase in the size of the blackbody emit-
ter in addition to the increase in the speed of the scattering
medium (even more than for model A). This means that what
we may be seeing here is a jet ejection event following an accre-
tion event that starts by pushing the reprocessing medium farther
out and at the same changing its geometry from sphere-like to
disk-like (Fig. 3) and exposing the inner accretion disk seen in
the following high-luminosity flaring period (Walton et al. 2017,
Gandhi et al. 2017). A similar spectral sequence can be seen as
leading to a high-luminosity flare as well (see Walton et al. 2017,
their Fig. 14), beginning from the I' ~ 2 low-cutoff spectrum
with high absorption and evolving to a harder spectrum with a
higher cutoff and low absorption (see Walton et al. 2017; their
Fig. 15), but with a much faster evolutionary time (tens of sec-
onds compared to ~10000 s, as shown in Fig. 2).

The intrinsic luminosity in epochs 1-2 is very high in
model B, with an Eddington fraction of 0.2-0.3 in the 3-79 keV
band, and when the model is extrapolated to lower energies,
the model luminosity reaches the Eddington limit roughly in
the 0.2-100keV band. In the case of model A, we see only
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flare detections (Motta et al. 2019; Trushkin et al. 2019; Koljonen et al.
2019) as vertical dotted lines. The data are colored and marked accord-
ing to the spectral hardness shown in Fig. 14.
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the scattered emission, while the intrinsic emission would be
completely absorbed or scattered, and thus there is no reliable
way to estimate the intrinsic emission. Therefore we assume
that model B gives a better indication of the intrinsic luminos-
ity. Based on the evolution of the model parameters outlined
above, the super-Eddington luminosities, and the radio evolu-
tion, the likeliest scenario for V404 Cyg epochs 1-2 therefore
is a super-Eddington accretion rate event that resulted in a large
scale-height accretion flow and a powerful optically thick accre-
tion disk wind that launched with mildly relativistic speed and
led to a jet ejection event.

4.2. Is GRS 1915+ 105 in the hard state?

In July 2018, GRS 1915+105 entered an extended unusually
low-flux X-ray phase followed by a change to a state with even
lower average X-ray fluxes that were not seen before during the
27-year-long outburst (Fig. 13; light blue squares) but presented
renewed flaring activity in radio as well as X-rays (Fig. 13;
red diamonds and dashed lines). After the change to this pecu-
liar state, radio monitoring data showed significant radio flar-
ing (Motta et al. 2019) that started approximately at the time of
the renewed X-ray activity. The radio flaring has since contin-
ued and is still ongoing at the time of writing (Trushkin et al.
2020). While this radio behavior is consistent with what has
frequently been observed in the past (e.g., Fender et al. 1999;
Punsly & Rodriguez 2013), this is the first time that significant
radio activity does not seem to be associated with a strong X-ray
counterpart.

It is therefore not entirely clear whether the outburst of
GRS 19154105 is nearing its end or if the source is just highly
obscured. The prolonged low-luminosity state since July 2018
does indicate that continuous super-Eddington accretion and
Compton-thick wind production is unlikely. There seems to be
no X-ray flare during the time of the flux drop (only later),
which means that super-Eddington accretion and subsequent
mass expulsion did probably not take place and did not cover
the source. In addition, the X-ray spectrum is harder than ever
observed from the source (blue points in Fig. 14), indicating that
the source might have reached a regular hard state on its way
toward quiescence.
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Fig. 14. MAXI/GSC hardness-intensity diagram of GRS 1915+105
from daily monitoring observations since August 2009. The blue data
points (dark triangles and light blue squares) indicate the recent low-
luminosity state with increased spectral hardness. The light blue squares
correspond to the anomalous state with occasional strong X-ray flares
(red diamonds) and highly variable radio emission. The numbered green
boxes correspond to the NuSTAR epochs.

On the other hand, the radio emission from the source
has become more variable and presents flux densities that are
among the strongest flares ever observed from GRS 19154105
(Trushkin et al. 2020). In addition, sporadic X-ray flares display
softer spectra and reach similar X-ray hardnesses as before the
anomalous low-luminosity state (red points in Figs. 13 and 14),
which at least in principle is consistent with varying absorption.
While more detailed studies should be made in terms of radio
to X-ray correlation, it seems that the X-ray emission remains
at a rather constant level (Fig. 13), while large amplitude vari-
ations are evident in the radio monitoring data (Trushkin et al.
2019, 2020). The enhanced radio luminosity and variability can
arise from additional energy dissipation either in merging shocks
in the jet (as has been suggested as an explanation of the radio
behavior of GRS 1915+105 in Vadawale et al. 2003) or the jet
interacting with expelled matter from the accretion flow.

The unabsorbed luminosities of model A fits for V404 Cyg
and GRS 1915+105 in the pre-flaring state are similar:
~2x 107 ergs™!, indicating that a similar fraction of reflected
emission is received from both sources. We have speculated that
epochs 1-2 of V404 Cyg might be due to super-Eddington accre-
tion, which might be then the case for GRS 1915+105 as well
if the intrinsic emission is completely obscured to us. How-
ever, model B fits, where the absorbed line-of-sight component
is taken into account, give a similar unabsorbed luminosity for
GRS 19154105 as model A fits, while for V404 Cyg, it is an
order of magnitude higher. The resulting Eddington luminosity
of 1-2% for both models of GRS 1915+105 is consistent with
a regular XRB hard-state luminosity. In addition, the cospec-
trum for GRS 1915+105 in epoch 1 is markedly different from
the latter epochs (or the cospectra of V404 Cygand Cyg X-3;
Fig. 12), displaying a low-frequency QPO and spectral power at
least up to 10 Hz, while in others, there appears to be no power

above 0.1 Hz, indicating that we have at least a partial view
to the accretion flow in epoch 1. This is also consistent with
the amount of the leaked or intrinsic emission received in the
model B fits. It therefore seems more likely that GRS 1915+105
has reached a genuine hard X-ray state. However, it is clear from
the X-ray spectra and the model fits above that the source is
(partly) obscured in all NuSTAR epochs and likely continuously
after MJD 58610. This may indicate that the accretion flow has
changed from geometrically thin to thick, and that due to high
inclination, it blocks the view to the central parts of the flow.

4.3. Implications for other sources

We have argued that the intrinsic X-ray emission from
V404 Cyg, Cyg X-3, V4641 Sgr, and GRS 1915+105 is signif-
icantly affected by the surrounding medium in scattering pro-
cesses. While it is clear that these four sources are unique among
the XRB population with large accretion disks and high incli-
nation angles, there is evidence that similar scattering takes
place in other sources as well: (i) Strong and variable absorption
has been found in the X-ray spectrum of SwiftJ1858.6—-0814
during X-ray flaring that bears similarity to the flaring spectra
from V404 Cygand V4641 Sgr (Hare et al. 2020). In addition,
P Cygni profiles were observed in the optical spectra, indicating
a high-velocity wind (Munoz-Darias et al. 2019). (ii) The well-
known accretion disk wind source GRO 165540 displays sim-
ilar X-ray spectra as Cyg X-3 (Uttley & Klein-Wolt 2015). (iii)
The hard X-ray emission from SS 433 has been speculated to be
heavily reprocessed intrinsic X-ray emission from a supercritical
accretion flow viewed through the optically thick accretion wind
cone (Middleton et al. 2018). (iv) Other super-Eddington accre-
tors, such as extragalactic ULXSs, typically have soft X-ray spec-
tra that might be similar to the epoch 2 spectrum of V404 Cyg.
(v) Other high-mass XRBs, such as Cyg X-1, might exhibit
reprocessing in the companion wind, and the dense environment
around XRB jets can affect the properties of the jet emission
through shocking, thus increasing the radiative efficiency and
enhancing the radio luminosity.

Recently, puzzling observations of a low-luminosity soft
state (<0.01 L/Lggq) in XRBs have been reported, including
V4641 Sgr (Pahari et al. 2015), Swift J1753.5-0127 (Shaw et al.
2016), and 4UX-11630-47 (Tomsick et al. 2014). Pahari et al.
(2015) showed that during a low-luminosity outburst or a
renewed X-ray activity period in January-February 2014
(Tachibana et al. 2014; Uemura et al. 2014), the X-ray spec-
trum presented a soft state with reflection features including
the ionized iron line and iron edges similar to the spectra pre-
sented in this paper. SwiftJ1753.5-0127 and 4U 163047 exhib-
ited a low-luminosity soft state at the end of their outbursts in
March-May 2015 and July 2010, respectively. With the low
luminosity, it is difficult to attribute this component to a regu-
lar soft-state disk. The system parameters for these sources are
not all well constrained, but there is some evidence for a high
orbital inclination from optical variability of Swift J1753.5-0127
(Neustroev et al. 2014) and dipping phenomena in 4U 163047
(Kuulkers et al. 1998; Tomsick et al. 1998), while the orbital
inclination of V4641 Sgr is fairly well constrained at 72° +4°
(MacDonald et al. 2014). When we assume a high inclination,
a significant change in the scale height of the accretion flow,
for example, by disk warping or precession, might intercept our
line of sight, resulting in strong absorption and reprocessing of
the intrinsic emission that could thermalize the intrinsically hard
spectrum. A misalignment between the black hole and accretion
disk spins has been suspected for V4641 Sgr (Maccarone 2002;
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Gallo et al. 2014). This might cause the disk precession and
perhaps explain the semi-regular interval of the weak outbursts
(Negoro et al. 2018).

5. Conclusions

We have studied the NuSTAR and RXTE/PCA spectra of
four unique XRBs, V404 Cyg, CygX-3, V4641Sgr, and
GRS 1915+105, which are known to present complex spectral
evolution distinct from other XRBs. We showed that all sources
have similar X-ray spectra at certain times that can be modeled
by assuming that a Compton-thick medium surrounds the cen-
tral X-ray source. This assumption is further enhanced by the
fact that Cyg X-3 orbits its Wolf-Rayet companion star inside a
high-density stellar wind that strongly affects the X-ray spec-
tra. While the companion stars of V404 Cyg, V4641 Sgr, and
GRS 1915+105 are not expected to present a high-density stellar
wind, we attribute the obscuring medium to either a large scale-
height accretion flow or to an optically thick equatorial outflow
or envelope.

The results from fitting two physically motivated scattering
models suggest that a low-luminosity phase preceding a flaring
episode in the 2015 outburst of V404 Cygis a heavily obscured,
but intrinsically very bright (super-Eddington) accretion state.
In this state, a dense medium fully covers the X-ray source, and
the majority of the received flux comes from heavily absorbed
intrinsic emission. After the fully obscured phase, the geometry
changes to resemble a disk-like wind, and the majority of the
received emission comes from the scattered or reflected com-
ponent. During this time, large-amplitude flares are observed in
X-rays and radio, indicating that some of the obscuring mate-
rial has been removed either by a change in the accretion flow
geometry, in the accretion wind geometry, or by the jet pressure.
A part of the elevated emission may be due to the interaction of
the jet with the obscuring matter. The shift of the iron line energy
below 6.4 keV suggests that the scattering medium is in motion.

Similar spectral evolution to that of V404 Cygis observed
from the unusual low-luminosity state of GRS 1915+105, with
the difference that the unabsorbed luminosity remains at a few
percent of the Eddington luminosity. It is therefore more likely
that the source has declined in flux and reached a regular hard
X-ray state. Along with the state transition, the accretion flow
must have thickened because there is evidence that the source
is absorbed. Similarly, the weaker 2002 and 2003 outbursts of
V4641 Sgr present similar spectra although the unabsorbed lumi-
nosities are very low, lower than 1% of the Eddington luminos-
ity. In these cases, we might be seeing the sources through a disk
wind or a geometrically thick accretion flow. Thus, this work
highlights the importance of taking the reprocessing of the X-
ray emission in the surrounding medium in the modeling of the
X-ray spectra into account, which may well take place in multi-
ple sources.
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