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Hard X-ray spectra of black hole binaries (BHB) are produced by the inverse Comptonization of
soft seed photons by hot electrons near the black hole. The slope of the resulting energy spectra
is governed by two main parameters: the electron temperature (7.) and the optical depth (7) of
the emitting plasma. The extremely bright outburst of V404 Cyg in June 2015, provides a unique
data set to perform time resolved spectroscopy and study in detail the evolution of the parameters
describing the Comptonizing plasma. We present here the results of IBIS/ISGRI spectral analysis
in the 20-200keV energy range over the period 18-28 June 2015.
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1. Introduction

V404 Cyg is a transient Low-Mass X-ray binary (LMXB) consisting of a 9.0f8% M, black
hole (BH) accreting mass from a K3 III companion [1]. The system orbital period is 6.5d [2]. It is
located at a distance d =2.39 +0.14 kpc [3]. V404 Cyg was first detected in optical wavelengths
during two outbursts in 1938 and 1956 [4] and later in X-rays during a third outburst in 1989 [5, 6].
After ~ 26 years in quiescence, the onset of a new outburst was detected by Swift/BAT, MAXI and
Fermi/GBM on 15 June 2015 [7, 8, 9]. The outburst lasted until early-August 2015 [10]. During
the first ten days of the June 2015 outburst, the source exhibited violent flaring activity on time
scales of sub-seconds to hours in all the wavelengths: y-rays [11]; X-rays [12, 13, 14, 15]; Optical
[16, 17, 18]; Infrared [19]; Millimeter/Sub-millimeter and Radio [20]. In some major flares, V404
Cyg reached fluxes around 50 and 40 Crab in soft and hard X-rays respectively [21, 12]. The peak
of the outburst was reached on June 26th, and the flux dropped immediately afterwards [22, 23]
slowly fading to quiescence over the subsequent weeks [10].

V404 Cyg was observed by INTEGRAL in a series of Target of Opportunity observations
scheduled between 17 June, 2015 and 13 July, 2015 (revolutions 1554-1563; [24]). We present
here the analysis of the available IBIS/ISGRI data [25], obtained during revolutions 1554-1558
(18-28 June, 2015; MJD 57191-51201), which cover the epoch of intense flaring activity and the
beginning of the outburst decay (see Fig. 1a). These observations provide data sensitive enough to
study in detail the properties of the Comptonizing medium.

2. Data analysis

The IBIS/ISGRI data reduction was performed using the Off-line Scientific Analysis software
(OSA; [26]) v10.2, using the latest calibration files. The data were processed following standard
IBIS/ISGRI reduction procedures. The spectral extraction was performed using good time interval
files (GTIs) of variable duration, defined to provide source spectra of comparable S/N regardless
of the source flux. We extracted 602 IBIS/ISGRI spectra, with exposure times in the range 64
to 176000 s, and binned the IBIS/ISGRI response matrix in the energy range 20-500 keV using
28 channels of variable logarithmic widths. To remove potential background contamination, and
the contribution of additional spectral components above 200keV [12, 13, 27] we restricted the
spectral fits to the 20-200keV energy range. In our fits we have ignored the energy bin around
50keV and added 3 per cent systematic errors to the spectral bins. The IBIS/ISGRI X-ray spectra
were fit using XSPEC v12.8.2, adopting the 2 statistics. Errors provided below are quoted at the
1-o confidence level (Ax? = 1 for one parameter of interest).

2.1 Spectral modelling

We used Comptonization models to fit our data: NTHCOMP [28, 29] and COMPPS [30]. These
models provide a description of the continuum produced by thermal Compton up-scattering of soft
X-ray photons. NTHCOMP is parameterized by a power law index I', and an electron temperature
T.. The COMPPS parameters are the electron temperature 7. and optical depth 7. In both models
we fixed the seed photon temperature, Ty, to 0.1 keV, as it could not be constrained even by the
Swift/XRT data (Motta et al. 2016, in preparation). In some cases, a high-energy cutoff was either
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Figure 1: Time evolution of the flux and spectral parameters of V404 Cyg observed during the June 2015
flaring episodes. Panel a) source flux (20-200 keV) in units of 1078 ergcm~2 s~ !. Panel b), ¢), d) NTHCOMP
fitting parameters (power-law index, I', electron temperature, 7. and x\z, Panel e), f), g COMPPS fitting
parameters (optical depth, 7, electron temperature, T, and y2). Green, blue and red symbols are used to
highlight the best-fitting model as follows: Comptonization models with constrained 7, (Fig. 2a) further
divided into hard (I" < 1.7; dark blue) and soft spectra (I' > 1.7; light blue). Green: Comptonization models
with unconstrained 7¢ (Fig. 2b). Red: model p-test <0.05 fits. (Fig. 2c).
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Figure 2: Example of the spectra analyzed in this work. Panel a) Comptonized spectra displaying a cutoff
at high energies, classified in hard (I' < 1.7; dark blue) and soft (I' > 1.7; light blue). Panel b) Comptonized
spectra for which 7, cannot be constrained by our fits. Panel c) spectra for which Comptonization models
were not statistically favored by our model selection criteria (p-test < 0.05).

weakly significant or not statistically required by the data. These spectra could still be fit using
Comptonization models, but fixing 7T; to an arbitrary high value (7, =999 keV). To account for both
possibilities, we carried out two independent fitting runs per model: in the first run, we left T¢, as a
free parameter, while in the second run we fixed it to 7.=999 keV. Then, the Bayesian information
criterion (BIC; [31]) was applied to select the best fit to the data. We computed the BIC using
the approximation: BIC = y2 +kIn(n), where k is the number of parameters in the model, and 7 is
the number of channels in the spectral fits. We adopted ABIC>6 as the limit for model selection
[32]. This approach was applied to the NTHCOMP and COMPPS fits. The results of this analysis are
displayed in figures 1-3, using the following color convention:

- Blue points highlight those fits where the ABIC model selection favored a Comptonization
model with a constrained 7; (see Fig. 2a), further divided in two groups: ’hard spectra’ (I' < 1.7;
dark blue) and ’soft spectra’ (I' > 1.7; light blue).The latter classification is based on the I" values
derived from the NTHCOMP fits, and then applied to the COMPPS fits.

- Green points correspond to those spectra where 7; could not be constrained by our data (i.e.
T: fixed at 999 keV; see Fig. 2b). .

- Additionally, for each fit we computed the corresponding p—value of the fit with respect to
the data. We mark the spectra where p < 0.05 with red symbols (see Fig. 2¢). .

3. Results

We present in Fig. 1 the time evolution of the source flux computed in the 20-200 keV energy
range, together with the evolution of the spectral parameters derived using NTHCOMP (I', 7¢) and
COMPPS (7, T.) and the corresponding y2 values. The relations between the spectral parameters
derived from our fits are presented in Fig. 3. The light curve of V404 Cyg during the June 2015
outburst does not display the typical features of the standard BHB light curves (e. g. [33, 34]).
Similarly, the soft X-ray spectra of V404 Cyg is remarkably different from the spectra of other
BHBs, mostly due to the extreme V404 Cyg intrinsic absorption [35]. However, when we look at
the source spectra in hard X-rays (above 20 keV) where the absorption is not as important, we find
some similarities between V404 Cyg and other BHBs.
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Figure 3: Relations between the parameters derived from our spectral fits, using the NTHCOMP (panels a—c)
and the COMPPS models (panels d—e). Green, blue and red symbols are used to highlight the best-fitting
model, according to our model selection criteria (Sect. 2.1). Panel a) Fx —I" diagram. We find a hard branch
(dark blue points) where Fx and I" are anti-correlated, similar to the hard state in the BHB HID. We also
find a soft flaring branch (light blue points), where the source exhibits the highest fluxes in the outburst, but
the Fx and I anti-correlation persists. We identify the soft flaring branch with the BHB intermediate states.
We also identify the softest spectra in our sample (I' 2 2.4) with unconstrained 7; with a tentative very high
state (green points). Panel d) Fx — 7T diagram.Panel b, e) Fx—T; diagrams (NTHCOMP and COMPPS). Panel
¢) I'—T. diagram. Panel f) 7—T; diagram.

We identify a hard branch in the Fx—I" diagram (Fig. 3a), occupied by the hardest spectra in
our sample (I' < 1.7), which is reminiscent of the hard state in the HID [36, 37, 38, 39]. When
the source occupies the hard branch, the spectrum gradually softens and 7, decreases as the flux
increases (Fig. 3a, 3d, 3b, 3e). Similar anti-correlations are found in other BHBs in the hard state,
supporting our identification of the hard branch with the hard state of prototypical BHBs such as
e.g. GX 339-4 [40]. In the hard branch 7 increases with increasing flux (Fig. 3d); Fx and 7; are
anti-correlated (Fig. 3b, 3e) while I and 7; are anti-correlated (Fig. 3f).

The softest spectra in our sample (I" > 1.7), detected during the brightest X-ray flares, occupy
a distinct region in the Fx —I" diagram (Fig. 3a) which we will call hereafter the soft flaring branch.
In the soft flaring branch the spectrum still softens as the flux increases (Fig. 3a) but most of the
parameter dependencies are reversed with respect to the hard branch: 7 is seen to decrease with
increasing flux (Fig. 3d); Fx and T; are correlated (Fig. 3b, 3e) and the I'-7. dependency is also
reversed. In the 7-T; diagram, we find a range of 7 values (T ~[2.5-4]) for which T; displays a
roughly constant value (~40keV). Below 7 < 2.5, T, and 7 are anti-correlated (Fig. 3f).
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For spectra softer than I" = 2.4 the spectral fits using NTHCOMP do not provide constrained
electron temperatures. These soft spectra are detected at the highest (=20 x 1078 ergecm=2571)
and lowest (<2 x 1078 ergem ™2 s7!) Fx values. When detected at the highest fluxes, they occupy
regions in the Fx—I diagram (Fig. 3a) reminiscent of the HID very high state.

Finally, we also observe that the spectra detected at fluxes Fy ~5 x 108 ergcm=2s~! during
X-ray plateaus (red points in Fig. 1) occupy distinct regions in all these diagrams, separate from
the Comptonized branches, confirming our classification of these spectra in a separate category.
We call these regions plateau branch(es).
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