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We present the spectral and timing study of V404 Cygni from all its available Chandra observations and which recently come up in
public domain of Chandra data archive. The data reduction and analysis were done using CIAO 4.14 and HEASOFT 6.30.1. The
spectral analysis was done using spectral fitting package XSPEC version 12.12.1, available in the Heasoft package. The spectra of
the source is fitted in the energy range 0.3 -8.0 keV using two empirical spectral models - the absorbed power law and an absorbed
disk-blackbody. The X-ray binary source V404 Cygni is found to be in the quiescent state having the X-ray luminosity in the range with
few times 1032 erg s~!. The source is found to be in the hard state and is well explained by power-law model with a powerlaw photon
index I ~ 2 with ng in the range ~ (0.7 -1.2) X 1022 cm~2. From timing analysis, Src-1 (V404 Cygni), in all the time bins- 0.5, 1 and
2 ks, the probability for the count rate to be constant is 0.17 x10733 in all the observations in the year 2021 and 2023 (ObsID 23421,
ObsID 23422, ObsID 23423 & ObsID 28927). However, in the year 2017 observation it is found to be less variable. This clearly shows
the presence of short-term variability in kilo-seconds time-scales with the currently available Chandra data. So, it is indicative that the
binary source V404 Cygni is more likely to be variable source both in long-term (years) as well as short-term (kiloseconds) scales.
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1. INTRODUCTION

Among the sky’s brightest X-ray sources were X-ray binaries. X-ray binaries (XRBs) are the galaxy’s principal
X-ray sources. They include neutron star (NSXB) and black hole (BHXB) X-ray binaries, where wind-fed or Roche lobe
overflow is responsible for the mass transfer from the companion to the compact star. Black hole X-ray binary (BHXB) is
an interacting binary system consisting of a stellar-mass black hole accreting material from a companion star. Black hole
X-ray binaries (BHXBs) are usually transient systems that undergo extended periods of (X-ray) quiescence interspersed
with comparatively brief outbursts. The abrupt increase in the rate of accretion onto the compact object is what causes the
outburst. Most likely, a disk instability is the reason for this increase. The quiescence phase and the outbursting phase are
the two stages of a transient black hole candidate’s (BHC) life cycle. They spend the most of their life in the quiescence
phase, accreting small amounts of matter at low X-ray luminosities. The X-ray luminosity (L) during outburst, have
been observed within a range of 10343% erg s~! at very high luminosities in the 0.5-10 keV band. The X-ray luminosity
( L,) during quiescence is mentioned to be ranging from L, ~ 103033 erg s=! [1]. The disc instability concept provides
a comprehensive explanation for the quiescence to outburst cycle [2],[3]. According to the disc instability concept, which
describes how accreting matter accumulates in the accretion disc during quiescence and is abruptly transported to the
compact object during outburst. However, there is still debate over where the emission of X-rays from LMXBs during
quiescence originates.

Black hole binaries (BHBs) show different X-ray spectral states as they accrete gas during transient outburst
episodes [4]. The two primary spectral states are the hard state and the soft state, traditionally known as the low-hard state
(LHS) and the high-soft state (HSS), respectively [5]. X-ray binaries within the Milky Way have been extensively studied
and are an important benchmark in studying ULXs [6]. Furthermore, X-ray binaries are very helpful in comprehending the
nature of compact objects and the physical mechanism of accretion. Also timing study of X-ray binaries will comprehend
the nature of compact objects even the presence of temporal variability across a range of timescales will enhance the
physical mechanism of accretion. The X-ray light curves of blackhole binaries can be variable over a broad timescale,
ranging from milliseconds to years [7],[8].

One of the most researched black hole X-ray binary systems is V404 Cygni. V404 Cygni, a binary system comprising
ablack hole and a companion star, has been a subject of astronomical interest due to its notable outbursts in both optical and
X-ray wavelengths. V404 Cyg, also referred to as GS 2023+338, was discovered on May 22, 1989, by the all-sky monitor
aboard the Ginga satellite [9]. It is the most luminous of the quiescent black hole low-mass X-ray binaries (BH LMXBs),
with an X-ray luminosity of about 7 x10°?ergs~! at a distance of 2.39 kpc [10]. In 1938, it was initially recognized as an
optical nova. In 1956, there was another recorded nova outburst observed within this particular system [11]. Comparing
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V404 Cyg’s X-ray outburst behavior to the other BH transients, it is extremely unusual. In 1989, V404 Cygni experienced
another outburst [12]. After remaining in a quiescent state for approximately 26 years, V404 Cygni underwent a brief yet
intense outburst on June 15, 2015 [13],[14],[15] and again another short-lived burst of activity was observed in December
2015 [16],[17]. V404 Cygni harbors a black hole with a mass of 9.0*%% M, and a binary inclination of 673 ° [18]. We
adopt the distance of V404 Cygni is 2.39 kpc [10]. '

In this paper, we present the spectral and timing study of V404 Cygni from all its available Chandra observations
and which recently come up in public domain of Chandra data archive. The observation and data analysis are described
in Section 2. Results and discussion are presented in Section 3. Section 4 represents the timing analysis of X-ray binary
source V404 Cygni and summarized in Section 5.

2. OBSERVATION AND DATA ANALYSIS

In the present work, we have carried out spectral and timing analysis of V404 Cygni as detected by Chandra ACIS-S
detector. V404 Cygni has been observed by Chandra ACIS-S detector five times - first in the year 2017 (ObsID 19000) and
three times in the year 2021 (ObsID 23421, ObsID 23422 and ObsID 23423) and then in the year 2023 (ObsID 28927).
The detail Chandra observational log of V404 Cygni is given in Table 1.

Table 1. Chandra ACIS-S Observation log for V404 Cygni

Source Distance ObsID* Exposure Observation Year References for distance
(Kpe) (ks)
V404 Cygni 2.39 19000 49.00 2017-08-11 Miller-Jones et al. 2009
23421 22.00 2021-01-23
23422 22.00 2021-02-06
23423 22.00 2021-02-21
28927 15.00 2023-10-14

*ObsID - Chandra Observation ID

The data reduction and analysis were done using CIAO 4.14 and HEASOFT 6.30.1. X-ray point source was extracted
from the level 2 event lists by using the CIAO source detection tool Wavdetect. Using a combination of CIAO tools and
calibration data, the source (and background) spectrum were extracted. Spectra were grouped and rebinned so that each
bin had a minimum of 30 counts. As adopted by Devi et al.2007 [19], a conservative threshold of the count rate > 0.05
counts s~! is considered as pileup affected, however in our present study it is found that all the sources are not pileup
affected as the count rates were all < 0.04 counts s~ .

The spectral analysis was done using spectral fitting package XSPEC version 12.12.1, available in the Heasoft
package. The spectra of the two sources are fitted in the energy range 0.3 -8.0 keV using two empirical spectral models
- the absorbed power law and an absorbed disk-blackbody. XSPEC model -phabs was used to take into account the
absorption in the spectrum. A measure of the goodness of fit is determined by y2/(degrees of freedom(dof)), which should
be approximately one. Taking care of the possibility of many local minima in the discerning statistic space while fitting
low-count data with a two parameter (plus normalization) model, we compute the y2 statistics for a range of parameter
values (using the XSPEC command steppar) and find the global minimum instead of fitting the data using the XSPEC
minimization routine. Finally, from the model parameters obtained from the spectral fitting, the corresponding luminosity
of the point sources are estimated.

For the disk blackbody model, the bolometric luminosity is defined as Ly, = 47rRl.2n0'T[.‘tl, where R;,,, the inner disk
radius from where the X-rays are emitted, is given by R;, = (VNormalisationx Distanceiokpc)/Vcos € km; 6 is the
viewing angle, T}, is the inner disk temperature & o is the Stefan Boltzmann constant. However, for the powerlaw model,
considering Chandra’s energy sensitivity range, only the luminosity in the 0.3-8.0 keV range is estimated for the present
work.

3. RESULTS AND DISCUSSION

The details of the V404 cygni source is tabulated in Table 2. Spectral properties of the source V404 Cygni is given
in Table 3. The observed normalized net count distribution of V404 Cygni source fitted with powerlaw model and disk
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blackbody model is shown in Figure 1 and Figure 2 respectively. The detail study and findings of V404 Cygni is discussed
below.

Table 2. Details of the V404 Cygni X-ray source

Source name R.A Decl.** Obsld Net count rate

Src-1 +20:24:03.82  +33:52:01.90 19000 0.015
23421 0.018
23422 0.020
23423 0.016
28927 0.042

*R.A - in (hours, minutes and seconds); **Decl. in (degrees, arcminutes and arcseconds)

Table 3. Spectral properties of the V404 Cygni X-ray source

Powerlaw Disk-blackbody
Source Obs Id. ny r log(Ly) x?2/dof ny KT;, log(Ly) x2/dof
(102¢em™2) (ergs s71) (102¢em™2) keV (ergs s71)
M @ &) “) ®) (6) M ®) © (10)
Sre-1 19000 | 0.94792% 219797 32551015 306636 | 0.387017  1.407022 32.57+992 39.08/36
23421 0.75404% 212040 3243023 8871 0.217930  1.46%93% 32.48+004 6.69/21
23422 | 0.96*930  2.19%G3%2 32697018 175222 | 027793 151494 32.714¢%% 18.25/22
23423 Lol 241704 32677028 228917 | 021*937  1.39%031 32.5840%5 26.70/17
28927 1204933 220038 3298048 310532 | 051705 14777 32.954¢03 33.0/32

Columns: (1): Source (2): Observation ID. (3): ng, equivalent hydrogen column density. (4): I",the powerlaw photon index. (5):(Ly ),X-ray luminosity in the 0.3 -8.0 keV
energy range, (6): y2/Degrees of freedom. (7): npg, equivalent hydrogen column density. (8): KT;, the inner disk temperature. (9):(Ly), bolometric X-ray luminosity.
(10): x2/Degrees of freedom.

In the present study, the binary source, Src-1 (V404 Cygni) is found to be in the quiescent state having the X-ray
luminosity in the range with few times 1032 erg s~! in all the observations. In all the observations, the binary source V404
Cygni is found to be spectrally hard with powerlaw photon index, I" ~ 2 as explained by the powerlaw model and an inner
disk temperature, kT;, ~ 1 keV as explained by the disk blackbody model. The source is well explained by power-law
model with a powerlaw photon index I" ~ 2 with ng in the range ~ (0.7 -1.2) x 10?2 cm™2. In the year 20017 observation
having ObsID 19000, the binary source Src-1 (V404 Cygni) is found to be having the X-ray luminosity with ~ 3.54 x 103
erg s~! fitted with powerlaw model. But in the year 2021 observations, the source is found to be ~ 2.69 x 10%? erg s! in
one observation having ObsID 23421, however, in two observations having ObsID 23422 and ObsID 23423, it is found to
be ~ 4 x 10°2 erg s~!. The source luminosity is found to be a slight increase to ~ 9 x 1032 erg s™! in the latest observation
of 2023 having ObsID 28927. This clearly shows the presence of long-term variability (years) with the currently available
Chandra data.

This result is in agreement with many other earlier works. Wagner et al.(1994)[20] estimated the luminosity of the
source to be 8 x 1033 erg s~! at a distance 3.5 kpc by Rosat observational data. Also, Narayan et al. 1997 [21], Kong et
al. 2002 [22] and Bradley et al. 2007 [23] found this source to have a luminosity of ~ 1.0 x 1033 erg s~! and its spectrum
is well fitted by a simple power-law model with photon index I" ~ 2 with ng in the range ~ (0.7 - 2.3) x 10> cm~2. The
quiescent X-ray spectrum has a power-law photon index I" ~ 2 seen through a a total column density of ng = (1.0 £ 0.1)
x 10?2 cm~2 [24]. However, in latter observations the source seems to get dimmer such as- luminosity approaches several
times 10°Z erg s~! [25]. Rana et al. 2016 [26] reported the quiescent luminosity of this source is 8.9 x 103 erg s~! for a
distance of 2.4 kpc at energies (0.3-30keV)using NuStar observation. This later observations seem to agree well with the
present finding of X-ray luminosity around 103 erg s~! in the 0.3-8.0 keV by using the latest Chandra observational data
of the year 2017, 2021 & 2023.
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Figure 1. Powerlaw Spectra of the V404 Cygni X-ray Binary Source
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Figure 2. Disk blackbody Spectra of the V404 Cygni X-ray Binary Source
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4. TEMPORAL PROPERTY OF THE BINARY SOURCE V404 CYGNI

To check the presence of any short-term/kiloseconds variability for V404 Cygni X-ray binary source detected in the
present study, temporal analysis was carried out. The lightcurve of V404 Cygni binned over 0.5, 1, 2 ks for the Chandra
observations is shown in Figure 3.
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Figure 3. Lightcurve of V404 Cygni in its observations - ObsID 23421, ObsID 23422, ObsID 23423 and Obsld 28927,
in different time bins (500 s, 1000 s, 2000 s )
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In our analysis, Src-1 (V404 Cyg), in all the time bins- 0.5, 1 and 2 ks, the probability for the count rate to be constant
is 0.17 x10733 in all the observations in the year 2021 and 2023 (ObsID 23421, ObsID 23422, ObsID 23423 & ObsID
28927). However, in the year 2017 observation it is found to be less variable. Previous studies have found significant vari-
ations in the quiescent X-ray flux of V404 Cyg over a few-year timescale. It is evident from the light curve that the source’s
flaring activity causes significant variability. Over the course of the XMM-Newton observation, the count rate varies by a
factor of 4-5 over a few-hour timescale. Hence, V404 Cyg exhibits distinct variability in the form of several flares on short
timescales (one to two hours) in the radio, soft X-ray, and hard X-ray bands [26]. This clearly shows the presence of short-
term variability in kilo-seconds time-scales with the currently available Chandra data. So, it is indicative that the binary
source V404 Cygni is more likely to be variable source both in long-term (years) as well as short-term (kiloseconds) scales.

However, due to limited timing capabilities of many sensitive X-ray instruments aboard X-ray satellites, the transient
nature of BH binaries of many variable sources have eluded detections. So, a more detail future work with high quality
data from other missions may enable us to ascertain the real physical nature of this binary in more details.

S. CONCLUSION

We present the results of spectral and timing analysis of V404Cygni X-ray binary which has been observed by
Chandra and which recently come up in the public domain of Chandra archive. The spectra of the binary source V404
Cygni was fitted with two empirical models - the absorbed power law and an absorbed disk black-body. The binary source
V404 Cygni, was observed in three Chandra observational epochs. In all the epochs, the binary source, Src-1 (V404
Cygni) is found to be in the quiescent state having the X-ray luminosity in the range with few times 1032 erg s~!. In all the
observations, the binary source V404 Cygni is found to be spectrally hard with powerlaw photon index, I ~ 2 as explained
by the powerlaw model and an inner disk temperature, kT;,, ~ 1 keV as explained by the disk blackbody model. The
source is well explained by power-law model with a powerlaw photon index I' ~ 2 with ng in the range ~ (0.7 -1.2) x 10%
cm~2. In the year 20017 observation having ObsID 19000, the binary source Src-1 (V404 Cygni) is found to be having
the X-ray luminosity with ~ 3.54 x 10°? erg s~! fitted with powerlaw model. But in the year 2021 observations, the source
is found to be ~ 2.69 x 10°? erg s~! in one observation having ObsID 23421, however, in two observations having ObsID
23422 and ObsID 23423, it is found to be ~ 4 x 1032 erg s~!. The source luminosity is found to be a slight increase to ~
9 x 10°2 erg s™! in the latest observation of 2023 having ObsID 28927. Timing analysis of Src-1 (V404 Cyg), in all the
time bins- 0.5, 1 and 2 ks, the probability for the count rate to be constant is 0.17 %x10733 in all the observations in the
year 2021 and 2023 (ObsID 23421, ObsID 23422, ObsID 23423 & ObsID 28927). However, in the year 2017 observation
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it is found to be less variable. This clearly shows the presence of short-term variability in kilo-seconds time-scales with
the currently available Chandra data. So, it is indicative that the binary source V404 Cygni is more likely to be variable
source both in long-term (years) as well as short-term (kiloseconds) scales. However, due to limited timing capabilities of
many sensitive X-ray instruments aboard X-ray satellites, the transient nature of BH binaries of many variable sources have
eluded detections. So, a more detail future work with high quality data from other missions may enable us to ascertain the
real physical nature of this binary in more details.
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CIIEKTPAJIBHI TA YACOBI JOCJ/IIIZKEHHA V404 CYGNI 3A TOIIOMOI'OIO CHANDRA
CIIOCTEPEZKEHD
C. Pira JIesi?, A. Cennopura Jlei®, ATpi JTemamykx’s?
4 Accamcoruii ynisepcumem, Cinuap, Accam, Inois
b Maninypcoxuii ynieepcumem, Kanuinyp, Maninyp, Inois

Mu mpescTaBiIIeEMO CHIEKTpajibHe Ta yacoBe JociijxeHHa V404 Cygni 3 ycix gocTynHux cnocrepexeHb Chandra, ki HelogaBHO
omy06ikoBaHi B apxiBi gaHux Chandra. O6poOky Ta aHami3 manux nposoawm 3a gonomoron CIAO 4.14 i HEASOFT 6.30.1. Cne-
KTpaJbHUIA aHAITI3 POBOIKMBCS 3a AOMOMOroI0 MakeTa crektpanbHoro miadopy XSPEC Bepcii 12.12.1, moctynHoro B maketi Heasoft.
CriekTp JKepesa BCTAHOBIIOEThCS B Aiama3oHi eHepriit 0,3-8,0 keB 3 BUKOpHCTaHHSM JABOX €MIIIPUYHHUX CHEKTPAIBHUX MOJENeil -
HOIJIMHEHOTO CTENIEHEBOro 3aKOHY Ta MONIMHEHOro JUCKa-4OpHOro Tijla. BeraHoBIEHO, 110 MOABIHHE KEPEeIo PeHTTeHIBCbKOTO BH-
npomiHioBaHHs V404 Cygni 3HaXOIUTbCS B CTaHi CIIOKOIO, HOro PeHTreHIBCbKa CBITHICTb Y KiJIbKa pa3iB MEPEBHUIIYE 1032 epr c L
BusiiieHo, 1o mxkepesio nepedyBae y JKOPCTKOMY CTaHi Ta 00pe MOsICHIOETHCS CTETIEHEBOIO MOJIEIITIO 31 CTENEeHEeBUM iH/IeKcoM (poToHa
I' ~23ny y giamazoni ~ (0,7 -1,2 ) X 1022 cm~2. 3rigHo 3 aHANI30M qacy, Src-1 (V404 Cygni), y Bcix iHTepBaiax vacy - 0,5, 112 ke,
/IMOBIipHICTb TOTO, 110 MIBMAKICTh PaxyHKy Oyfe mocrtiiteoro, cramoButs 0,17 x10733 y Beix croctepexennsx y 2021 Ta 2023 pokax
(ObsID 23421, ObsID 23422, ObsID 23423 & ObsID 28927). Ognak y cioctepexeHHsix 3a 2017 pik BiH BUSBUBCS MEHII MiHIMBUM. Lle
4iTKO JIEMOHCTPY€E HasABHICTh KOPOTKOYACHOI MiHJIMBOCTI B KIJIOCEKYHIHMX MaciuTabax 4acy 3 JOCTYIHMMH Ha JIJaHWil MOMEHT JJaHUMU
Chandra. OTxe, moka3oBo, mo 6inapHe mxepesno V404 Cygni, mBuaiie 3a Bce, Oy/ie 3MiHHAM J)KEPEJIOM sIK Y JIOBTOCTPOKOBOMY (POKH),
TaK i B KOPOTKOCTPOKOBOMY (KiJIOCEKYH/IM) MacITadax.

KurouoBi ciioBa: axpeyis, akpeyitini Oucku; penmeeHiscoki npomeni; nodeiiini 3ipku: inousioyarvhi (V404 Cygni); wopni oipu
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