Research in Astronomy and Astrophysics

PAPER You may also like

- ACCRETION FLOW PROPERTIES OF

Spectral analysis of y class data of GRS MAXI J1543-564 DURING 2011

OUTBURST FROM THE TCAF

1915+105 using TCAF solution SOLUTION

Debijit Chatterjee, Dipak Debnath, Sandip
K. Chakrabarti et al.

To cite this article: Anuvab Banerjee et al 2020 Res. Astron. Astrophys. 20 208 - Accretion flow properties of XTE
J1118+480 during its 2005 outburst
Dipak Debnath, Debjit Chatterjee, Arghajit
Jana et al.

. h icl line f d d enh - INFERENCE ON ACCRETION FLOW
View the article online for updates and enhancements. DYNAMICS USING TCAE SOLUTION
FROM THE ANALYSIS OF SPECTRAL
EVOLUTION OF H 1743-322 DURING
THE 2010 OUTBURST
Santanu Mondal, Dipak Debnath and
Sandip K. Chakrabarti

This content was downloaded from IP address 114.70.12.203 on 14/02/2024 at 12:09


https://doi.org/10.1088/1674-4527/20/12/208
/article/10.3847/0004-637X/827/1/88
/article/10.3847/0004-637X/827/1/88
/article/10.3847/0004-637X/827/1/88
/article/10.3847/0004-637X/827/1/88
/article/10.1088/1674-4527/20/11/175
/article/10.1088/1674-4527/20/11/175
/article/10.1088/0004-637X/786/1/4
/article/10.1088/0004-637X/786/1/4
/article/10.1088/0004-637X/786/1/4
/article/10.1088/0004-637X/786/1/4
/article/10.1088/0004-637X/786/1/4

RAA 2020 Vol. 20 No. 12, 208(10pp) doi: 10.1088/1674-4527/20/12/208 :
(© 2020 National Astronomical Observatories, CAS and IOP iBhisig Ltd. Research in

http://www.raa-journal.org  http://iopscience.iop.drga ﬁgggggﬂ{;ﬂd

Spectral analysis ofy class data of GRS 1915+105 using TCAF solution

Anuvab Banerjeg Ayan Bhattacharjee Dipak Debnath* and Sandip K. Chakrabatti

1 S. N. Bose National Centre for Basic Sciences, Block-JDid3e}; Salt Lake, Kolkata, 700106, India
2 Indian Centre for Space Physics, 43 Chalantika, Garia St.KRdkata, 700084, Indisgnuvab.banerjee@bose.res.in,
ayanl2@bose.res.in, dipakcsp@gmail.com, sandip@ssip.re

Received 2020 February 20; accepted 2020 June 4

Abstract The class variable source GRS 1915+105 exhibits a wide rmafrtgee variabilities on timescales
of a few seconds to a few days. Depending on the count rataffénemt energy bands and the nature of
the conventional color-color diagram, the variabilitiesres classified into sixteen classes that were later
sequenced in ascending order of Comptonization Efficie@®)( which is the ratio of power-law and
blackbody photons. However, CE estimation is based on aririgaipmodel which does not provide us
with a comprehensive picture regarding accretion flow dyinararound the central source. In reality, the
accretion flow is comprised of two components: the high aamgulbmentum Keplerian flow in the form of a
radiatively efficient disk and a low angular momentum radéedy inefficient sub-Keplerian halo enveloping
the disk. These two components contribute differently & akerall flux due to the differences in their
radiative efficiencies. Therefore, it is necessary to areathe spectral behaviors and time variabilities in
terms of accretion rates. In class, X-ray flux is steady with no significant variation, femer variousy
subclasses are observed at different X-ray fluxes and \argadf count rates across differensubclasses
must be linked to the variation of flow parameters such asc¢heetion rates, be it the Keplerian disk rate
and/or the low angular momentum halo rate. This motivatetb nalyze the spectra of theclass data
implementing the physical Two Component Advective Flow AR} solution which directly extracts these
two rates from spectral fits. We find that in the 4 classes, which are reportedly devoid of significant
outflows, the spectra could be fitted well applying the TCARigon alone. In they; 3 classes, which
are always linked with outflows, a cutoff power-law model &eded in addition to the TCAF solution.
At the same time, the normalization required by this modehglwith the variation of photon index and
exponential roll-off factor provides us with informatiom ¢he relative dominance of the outflow in the
latter two classes. TCAF fit also supplies us with the sizelandtion of the Compton cloud along with
its optical depth. Thus by fitting with TCAF, a physical unstanding of the flow geometry in differeqt
classes of GRS 1915+105 has been obtained.

Key words: X-Rays: binaries — stars: individual (GRS 1915+105) — sthtack holes — accretion,
accretion disks — ISM: jets and outflows — radiation: dynasnic

1 INTRODUCTION classes on the basis of the ratio of photon count rates
in different energy bands (hardness ratio) and the color-

It has been noted right since the discovery of the Galactigp|or diagrams obtained from these ratioféadav et al.

black hole (BH) X-ray binary (BHXB) GRS 1915+105that 1999 Muno et al. 1999Belloni et al. 200). They classes

it exhibits persistent brightnesR¢millard & McClintock 516 devoid of strong temporal and spectral variabilities.

2009. A complex timing and spectral variability pattern The subclasseg; 3 are associated with strong radio jets

over a wide span of timescales from a few secondgnaik & Rao 2000 Vadawale et al. 2002003 while the

to a few days as revealed through continuous X- raYubclassegs. 4 do not show such behavior.
monitoring is also an important characteristic of this seur

(Greiner et al. 1996Morgan et al. 1997Klein-Wolt et al. Since the nature of the hardness ratio or color-color

2002. This variability pattern was grouped into severaldiagram depends on the choice of energy bands for the
soft and hard photons, and therefore, on the mass of the

* Corresponding author BH, an alternate mass independent description of these
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variability classes was publisheBd] et al. 201Bin terms  due to high Keplerian disk rate and no outflow can
of the Comptonization Efficiency (CE) which, in reality, is form. This is also established by detailed hydrodynamic
a dynamic hardness ratio, given by the instantaneous ratgimulations with Compton processésgrain et al. 2012

of the number of photons under the power-la¥,} and It has been demonstrated also that the ratio of the outflow
the number of photons under multi-color blackbody;) rate to inflow rate is highest if the shock compression
component of the composite spectra. When CE(#V,)  ratio is moderate Ghakrabarti 1999 and this outflow

is arranged in ascending order, the classes appear to bekes part in Comptonization and plays a major role in
arranged in the same order. Sindg is nothing but a deciding the nature of the light curves of GRS 1915+105
fraction of NV, which is intercepted by the Compton cloud, (Chakrabarti & Manickam 2000

CE also gives an idea of the flow configuration - alarge CE  In the literature, X-ray spectral properties of GRS
would mean a large Compton cloud, which will necessarilyl915+105 have been studied by several authors over the
yield a hard state. In this sequengenaturally appears at years Fender & Belloni 2004 Remillard & McClintock

the end, where the spectra are the hardest. In this schen)06 McClintock & Remillard 2006 Paletal. 2013
similar ‘looking’ classes as far as the light curves go, haveéPal & Chakrabarti 2015eris et al. 2016 It has also been
similar CEs and the sequence is also the same for other key source in understanding the disk-jet connection
objects (e.g., IGR 17091-3624) which exhibit variability in the context of X-ray binariesMadawale et al. 2003
classesRal & Chakrabarti 2015 Fender et al. 2004 The radio flares have been subdivided
into two categories on the basis of the properties of

Successful spectral fits and extraction of accretion . . o . .
: ccretion disk evolution: (1) Persistent radio flare where
flow parameters were achieved for a large number o . : . . :
he accretion disk remains steady. In this case, inflow

transient BH sourceDebnath et al. 201,2015ha, 2017 : I .
and outflow are in equilibrium and there is no sudden
Debnath 2018Debnath etal. 2020Mondaletal. 2014 change in either the soft or hard component. (2) Other
2016 Chatterjee et al. 201@019 Jana et al. 201,017, ge I . . ponent. .
2020ab: Mollaetal. 2016 Bhattachariee etal. 2017 flares which are associated with changes in the accretion
’ : ) ' disk. Here the hard and soft components are affected

Shangetal. 20T9Chatterjee etal. 2030with a two and the object proceeds towards a state transitfaadgv

component flow solution which is a natural outcome of ) .
a viscous transonic flowGhakrabarti 19951997 and 200].’ 2009. Paletal.(2013; P‘f’" &Cr_\akrabart|(2013 ,
studied such phenomena mainly with the spectral fits

references therein). Recently, the same paradigm has alsg lvina phenomenological power-law and disk blackbod
been applied in the case of persistent sources and Weakﬂ)p yingp gica’p y

. . o e odels and they also obtained the hardness of the object
magnetized neutron stars with requisite modlflcatlonsIn different timing classes. However. to the best of our
(Banerjee etal. 201Bhattacharjee & Chakrabarti 2017 knowledge, no wgrk has béen undertélken which computes
2019 Bhattacharjee 20)8This so-called Two Component g, P

) . . the accretion rates and properties of the Compton cloud
Advective Flow (TCAF) solution envisages that due to . prop . P

) . . . for any of the variable classes. Just like the TCAF model
a vertical gradient of viscous processes, the |njectedp

. . __Is employed to study the accretion flow dynamics of the
low angu'af momentum matter WO.U|d d_|saggre_g_ate Intooutbursting sourcePebnath et al. 20120158, the same
an equatorial plane based Keplerian disk emitting SOf}itting procedure could be followed for GRS 1915+105 as

X-rays surround(_ed by a lO.W angular momentum haloWeII to study the dependence of class behaviors on flow
forming a centrifugal barrier close to the BH and

-~ ) . .~ parameters.
emitting Comptonized hard X-rays. The centrifugal barnerp .
: . . In the present paper, we concentrate on the analysis
could be so strong that the flow piles up against it

forming a standing shock and the subsonic post-shoc f x class dé?ta from the .ROSSI X-ray Timing Explorer
.= . XTE) satellite to determine the flow parameters. In the

region is the CENTtrifugal pressure supported BOundar . ) . .

Laver or CENBOL. This acts like a boundarv laver ext section, we first give a theoretical background on the
y : Y 1aYeT gow configuration as expected from the TCAF solution

and is also responsible for supplying matter to form . : .
. . and how winds might be formed which affect the spectra
outflows Chakrabarti 1996 Beyond the shock location, in this class of solutions. In Secti@ we analyze the data.

the Keplerian and sub-Keplerian components are mixe . : . .
. . In Section4, we present our results. Finally, in Sectisn
and, therefore, the shock location acts as the truncation

radius in the TCAF paradign@Giri & Chakrabarti(2013 we give the concluding remarks.

established, through numerical simulations, that the TCAR, THEORETICAL BACKGROUND

solution is a stable configuration. In the harder states, the

CENBOL cannot be cooled by inverse Comptonizationit is normally assumed that a Keplerian flow is supplied at
(e.g.,Sunyaev & Titarchuk 19801985 due to low disk the outer edge of a BH accretion disk by the companion.
accretion rate and thus outflow is produced. In soft statedjowever, observations of several binary systems clearly
the CENBOL is completely cooled down and collapsessuggest that two components are necessary to explain



A. Banerjee et al.Properties of GRS 1915+105Class 208-3

the timing properties as proposed by Chakrabarti in CENBOL
1997 Chakrabarti 199;7Smith et al. 2002Wu et al. 2002
Ghosh & Chakrabarti 2039 Subsequently, it was shown
that the jets and outflows are launched at the CENBOL
and the outflow rate depends on the compression ratic

. . . ; Kepleri Sub-Keplerian
of the shock which is responsible for forming the eplenan (a)
CENBOL (Chakrabarti 1999hereafter C99). The nature Steady
of the two component inflow configurations across the Outflow

spectral states and when the outflows are expected to kt
highest have been discussedGhakrabarti et al(2000);
Chakrabarti & Nand{2000.

In Figure 1(a,b), adopted fromChakrabartiet al.
(2000, we illustrate the two possible flow configurations
leading tox2,4 andy;,; temporal states respectively. In
Figure 1(a), we display the standard flow configuration
around the BH consisting of both Keplerian and sub- Keplerian _ sub

injected Hard photons

soft photons

wind is filling up the

Keplerian matter. If the shock conditions are satisfied anc Keplenan somie sphere
the viscosity is so small that the Keplerian disk rate is Steady
still low, the outflow may launch from close to the BH Qulgy )

until the optical depth of the sonic sphere at the base of

the outflow is low. Satisfaction of these conditions alsorijg.1 (a) The accretion flow consisting of Keplerian
allows the outflow to be a steady. This configuration isand sub-Keplerian flow. Their relative abundance dictates
depicted in Figurel(b) (also see C99). Initially, as the the hardness and softness of the state. This configuration
shock strength rises from unity, the outflow rate wouldCOTeSponds to thg, 4 classes. (b) A shock is produced
also rise (C99). When the optical depth of the sonic sphergue to satisfaction of Rankine-Hugoniot conditions. In

. . oth of the figures, the grey shaded region around the
crosses unity, the outflow will separate out as a blobbys, represents the CENBOL. Outflow is generated and

jet component and the cooler matter returns back to thg steady outflow rate is maintained because the average
inflow (Chakrabarti & Nandi 2000 This creates the so- optical depth within the sonic sphere is smaller than

called ‘burst-on’ state. When the return flow is drainedunity. This corresponds to the, 5 classes (adopted from
out, a ‘burst-off’ state is created. A further rise in the Chakrabarti etal. 2000

shock strength would reduce the outflows in comparison,k diskbb and for th
{0 inflows. When the viscosity is high enough to enhancdke dis and CompST. However, to account for the

the Keplerian disk rate, it cools the CENBOL, quenchefsd't'on?fl Comptlonlzatlonf;‘r(ljm t_hﬁ outflow, cher models
the outflow and a soft state is created. ke cuto power-iaw (cutoffpl) mig t t,’e required.

) ) According to the reports in literature, mass of

In recent times as the TCAF paradigm has been well\e soyrce is believed to be well established. It was

studied in the case of outbursting sources, we venturefl¢; estimated to be4 + 4 M., (Greineretal. 2001

to extend our spectral studies to the class variable SOUrGRyestigating the optical counterpart, the mass of the
GRS 1915+105 as well to obtain a possible picture ofy,nor was found to bew 1.2 M, impiying the source
accretion flow dynamics around such objedtsino etal. 1 no 4 jow-mass X-ray bina}y A further estimate

(1999 andMcClintock & Remillard (200 reported that ¢ 12_441%(; M., was found by trigonometric parallax

classes with steady fluxes from GRS 1915+105 Ofter}neasurementReid etal. 201% However, mass is the
resemble hard states of persistent sources. In the spectjglinsic property of the BH and not a ;‘Iow parameter.
and temporal study of this object Hyao etal.(2000, Therefore, for the purpose of our analysis, we have kept

to pin down the source of the hard photor)s to b? thethe mass of the BH frozen att M, while fitting spectra
CENBOL, the spectra of; class were also fitted using ik the TCAE model fits file.

combined disk blackbody (diskbb), CompST and cutoff

power-law (diskbb+CompST+cutoffpower-law). Since for 3 pATA SELECTION AND THE METHOD OF

x classes the fluxes are almost steady, we were motivated pnALYSIS

to do the spectral analysis applying the TCAF model

on x classes. Since in TCAF, the contributions from For the spectral analysis, RXTE science data from NASA
disk and Comptonization from the CENBOL are self-HEASARC data archive are utilized. We consider one
consistently accounted for by solving a radiative transfeeach ofy1, x2, x3, x4 class data as reported Fal et al.
equation, there is no requirement for separate model013 and continuous observation span is divided into
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several slices to carry out spectral analysis over each oriéeplerian halo raterfy, in Mgaq), (iii) location of the

of the segments separately in order to have better statistishock front (X, in Schwarzschild radius, = 2GM/c?)

on fitted parameters. HEASARC's spectra generatingnd (iv) compression ratid&(=p/p—, i.e. ratio of post-
software package HEASOFT version HEADAS 6.18 andshock to pre-shock density). In the TCAF model, two
XSPEC version 12.8.2 have been used for the extractioauxiliary parameters, namely, the mass of the BH (in solar
and analysis of the spectra. For the generation of ‘.phanassM) and normalization ) (it properly scales the
files and fitting of the spectra using the TCAF solution,entire model spectra up or down to match the observed
the procedure described Bebnath et al(2013 2019 has  spectra) are generally found to be constahdepends on
been employed. Thetandard2mode Science Data of the the intrinsic source parameters: mass of the BH, distance
PCA instrument was utilized for spectral analysis. For eactand disk inclination angle. So, in generadl does not
observational ID, the spectrum was extracted from all thevary for a particular source (when observed with the same
Xenon layers of PCU2 containing 128 channels, withousatellite instrument). But, one may require highevalues
any grouping. The PCA background was extracted by théo fit spectra if there are significant effects of a jet or other
‘runpcabackest’ command and then the latest bright-sourgehysical processes, whose effects are not included in the
background model was applied. In order to take care of theresent model fits file. To obtain best model fits, a Gaussian
South Atlantic Anomaly (SAA), the PCA SAA History file emission line of peak energy at arouhd keV is used to
was incorporated and the data acquired during the SAAake care of the iron line emission.

passage and for elevation less thei? and offset less Although x2 4 classes are radio quief; s classes
than 0.02 were excluded. The5 — 25 keV background are radio loud i.e., there is significant radiation from jets
subtracted spectra were fitted by a TCAF based additiver outflows. In the later two classes, the TCAF model
model fits file. We have checked that the spectral fittingwas not sufficient to fit spectra due to the presence of
up to higher energy does not change the qualitativ@utflows which could be emitting non-thermal X-rays (see
conclusions that we have made, hence we have confingZ99, Jana etal. 2007 Thus, to obtain the best fit in
ourselves to be in the aforementioned energy domairthese two classes, we applied an additional cutoffpl model.
The ‘err’ command was executed to determine th&90 The cutoffpl profile is given by the equaticA(E) =
confidence error values of the model fitted parameters. KE~*exp(—E/(), where « is the power-law photon

In order to take care of the interstellar absorptionindex, 5 is the exponential roll-off in keV ands" is
the multiplicative modephabswas employed. While in  the normalization in the unit of photonskeVem=s~!.
Muno et al.(1999, the hydrogen column density was kept The strength oty and 3 parameters will indicate relative
fixed at6.0 x 1022 atoms cnr2, it was kept frozen at dominance of the outflow iy, andxs classes and could
5.0 x 102 atoms cnt? in the process of fitting the Shed some light regarding the accretion flow dynamics
steady state spectra by other observéee(et al. 2002 ~ around the BH. In order to separate out the contributions
Peris et al. 2016 The column density was also maintained ffom the TCAF system and the outflow system, we allowed
in the range4.5 — 7.0) x 1022 atoms cnv2 by Peris et al.  the normalization parameteY to vary. Variation of the
(2016, but no significant departure of the fitted parameter$€ak flux would be dependent on the variation of the
was noticed. While analyzing the low/hard state of GRSACCretion rates, and therefore, any error in determining
1915+105 to measure the spBium et al.(2009 regarded  the accretion rates would be reflected in the error of
the absorption column density to Hed x 1022, On the normalization. Even observational data quality may cause
other hand, while measuring the correlation between diskS fluctuation. Keeping these in mind, we first determined
parameters and superluminal jet parametdig,had been  the energy range up to which the spectra could be fitted
considered to be at a higher value(®6.0 — 15.0) x 1022 using the TCAF solution alone. This allows us to determine
(Yadav 2008. Throughout our analysis, we fourd;; to  the average normalization which was kept frozen to obtain
be in the rangé4.5 — 7.5) x 10%2. spectral fits in the2.5 — 25 keV energy range. Our
procedure enabled us to separate the outflow contribution

The PCA data IDs chosen for the analysis of H\the spectra following the method déna et al(2017).

and y4 class data respectively are 20402-01-16-0
(MJD=50501) and 10408-01-33-00 (MJD=50333). For

x1 and s classes, we utilized PCA data of observation4 RESULTS

IDs 10408-01-23-00 (MJD=50278) and 20402-01-504 ¢ Analysis ofy» and y, Classes

00 (MJD=50735) respectively. Thg, 4 class data are

fitted with only the TCAF solution based modik file, A comparison of the spectral natures)af class (Obs. Id.
for which four input parameters other than normalization20402-01-16-00) ang, class (Obs. Id. 10408-01-33-00)
(V) are supplied (as mass of the BH is kept frozen aimplies that the energy flux is higherjn, across the entire
14 M): (i) Keplerian disk rate iy in Mgaq), (i) sub-  range of the spectra (Fi@). Since the spectral features
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class data. The low energy flux in casexqfclass is greater the spectral slopes.

than that ofys class.

Energy (keV)

2.5 — 25 keV energy range. A comparison of the nature of

are ultimately governed by the accretion flow dynamicshe observed spectra qf class (Obs Id. 10408—01-23—
and consequently by the flow parameters, the differen®0) andy; class (Obs Id. 20402—01-50-00) implies that
features of the observed spectrayaf, classes should be the flux at lower energy is more in the case of fheclass.
corroborated by the spectral fitted parameters. Because of the presence of an outflow, the spectral

In the case ofy, class, a continuous observation fitting solely with TCAF could not be accomplished over
spanning oveB000 seconds has been selected and fittedhe entire range, but over only a restricted energy band.
utilizing the TCAF+Gaussian model. The flow parameters,The relative hardness gf; implies the difference in radio
namely the disk accretion raten(), the halo rate:q;),  dominanceiry; andys classes. For this reason, the energy
shock location( X ) and strength of the shockz}, have ranges of feasible TCAF fittings in these two classes were
been determined. The same task has been done in cagiferent.
of x4 class data as well over the 800 second continuous Our objective was also to see whether contribution
observation span. The spectral fitted parameters for the twisom TCAF and cutoffpl could be segregated. In that
classes are mentioned in Talle case, there would be a possibility that the accretion and

As is evident from the disk rate in case of theclass, outflow behaviors would be explainable independently
the disk accretion rate is significantly larger compared tgvithoutinterference from one on another. For that purpose,
that of y, class. This is in agreement with the higher low after fitting the spectra using TCAF in the smaller energy
energy flux ofy, class data. However, singg 4 classes range, the obtained normalization was kept frozen in the
are devoid of any outflow, the normalization remainsT CAF+cutoffplfitting over the entire.5 — 25 keV energy
almost the same~{ 20). In case of they, class, the range.
enhancement of disk rate makes the shock location move Spectral fitting using TCAF+cutoffpl model for x;
inwards. The data to model ratio for the fitted spectrunflass: The continuous 3000 second observation was
in x. class is provided in Figur&(a). In Figure6(a), chosen for spectralfitting in the5—25 keV energy range.
we produce the 66-90%-99% contours for the fitted The disk rate and the TCAF normalization over the entire

parametersi, andriy, in the case of, class. 2.5—25 keV range were found to be around 1 VEqq and
17.5 respectively. The fitted spectral parameters empdoyin
4.2 Analysis ofy; and y; Class Data the TCAF+cutoffpl model in the 2.5-25.0 keV have been

listed in Table2. The« and 3 parameters in the cutoffpl
We now summarize our findings from the spectral analysisnodel have been found to be around 2.08 and 15.95 keV
of x1 and s class data. As mentioned earlier, unlike therespectively. However, as stated earlier, because of the
X2,4 Class, substantial activity in the radio domain has beepresence of outflow, the entire range could not be fitted
observed which implies the presence of an outflow. Invith TCAF solely. In case of¢; class, only in the range
order to account for the additional Comptonization from2.5-16.5 keV could the spectral fitting be accomplished
the base of the outflow, we applied the cutoffpl modelapplying TCAF only. The normalization was ascertained
in addition to the TCAF solution to fit the spectra in the to be aroun®7.46.
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Table 1 TCAF Model Fitted Parameters far, andy, class data in the 2.5-25 keV energy band with the normadizati
as free. Variations of TCAF flow parameters, viz. disk adoretate (), halo rate {), shock location X5), shock
strength ) and model normalization\) with the chosen time segments along with the respective bars, are listed.
Reducedy? of the spectral fits are expressed in the last column.

Variability g T, X R N x2/dof
class (inMgq4q) (in Mgqq) (in Mg) (inrs)

X2 07977992 01617090 47.30275:07  1.23370-000  22.12519-016  55.08/45

X4 44707008 113270000 38.635T0°08  1.080T(h0T 2344870050 46.84/44

Table 2 TCAF Model Fitted Parameters gf, and s class PCA spectra in the 2.5-25 keV energy band with model
normalization kept free. We have listed the variations oAFparameters, viz. disk accretion rate ), halo rate (),
shock location &,), shock strengthR), model normalization{) and cutoffpl parameters with the chosen time segments
along with the respective error bars. The redugédalues of the spectral fits are also listed in the last column.

Variability g my, Xs R N « B cutoffpl x2/dof
class (inMgqq)  (in Mgqgq) (inrs) (in keV) Norm
+0.02 +0.001 +0.31 +0.001 +0.16 +0.003 +0.09 +0.039

X1 1'75018‘8% 0'36218‘8(% 27.5Iggg 1'05218‘88% 17.56+_0%166 2.0821%00012 15'918‘83 9.10Igggg 35.92/41

x3  L131TEOl 018270605 20.170-03 1.438T000% 2857050 15637051 1577008 3.23T0 005 42.63/40

Table 3 TCAF Model Fitted Parameters for; and ys class PCA spectra in the5 — 25 keV energy band with the
normalization for TCAF frozen at the values as obtained femtely TCAF model fits over a smaller energy range.
We have listed the variations of TCAF model parameters,digk accretion raterk), halo rate {n;,), shock location
(Xs), the shock strengthi) and the additional cutoffpl model parameters with the ehdime segments along with the
respective error bars. The reducgtvalues of the spectral fits are also listed in the last column.

Variability Mg mp, Xs R a B cutoffpl x2/dof
class (inMgqq)  (in Mgq4q) (inrs) (in keV) Norm
X1 24947005 036710000 32.4347000 1.05270:000  1.871T00% 13.6741002 6.323T001  35.66/42

x3  L131700% 01727002 21,0640 1% 1.373T0007 1.50010 05 15.064T0 08 2.744700]  40.48/41

The TCAF+cutoffpl fitting was repeated by keeping
TCAF normalization frozen alv = 27.46 and the flow
parameters were extracted. The parameters did not char
significantly from those reported in Table The fitted
parameters are listed in Tab® In Figure5(b), the data
to model ratio along with the individual components are
depicted.

0.001

Tail end of the spectra

1e-06—

e Spectral fitting using TCAF+cutoffpl model for xs
class: We wanted to study the relative behavior of the
x1 and xs classes in terms of flow parameters. For tha
purpose, the same kind of spectral analysis as that I
x1 class has been performed in tle class as well. In 1w
this case, a continuous 2000 second observation span
been chosen for spectral fitting utilizing the TCAF plus
cutoffpl model in the2:5 N 25 keV range. The disk rate Fig. 4 Comparison of the cutoffpl profiles as obtained from
and the TCAF normalization over the ef.“m —25keV  ihe fitted parameters and tail end of the actual spectra.
range were obtained to be around3 Mgaq and2.85  The relative hardness of; class as found from the fitted
respectively. These are relatively lower than those of th@arameters is in agreement with the actual observation.
x1 class, which were in agreement with the higher low

energy flux in case of; class (Fig.3). However, in case

of x5 class since the sub-Keplerian accretion rate reducesase of theys class were in conjunction with the relative
compared toy; class, the shock location moves inwards.hardness of; class data. The fitted parameters are listed
Compared to they; class, the lowery and highers in  in Table2.

Cutoff power-law profilg
for theXq and X3 class
data

1e-09—

F I e
1e-12 e
€ 1 10
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However,ys class was harder, and the spectral fittingsufficient cooling within the sonic radius-(2.5 X,) and
using only TCAF could be attained in tfe5 — 14 keV  local enhancement of accretion flow because of return of
range. The disk rate obtained in this case was found to b& portion of the outflowChakrabarti et al. 2000Among
lower as compared to the class. The normalization was them, those flow configurations in which the flow is steady
assessed to be aroudd5. The normalization for TCAF and outflow is absent; or those which are endowed with
was frozen at this value and spectral fitting was repeated steady outflow would be associated with a steady flux.
over the entire 2.5-25.0 band. The rest of the parametefihey are identified as the classes, which we considered
were not ascertained to be changing significantly fronfor our analysis in this paper. In case)of 4 classes which
those obtained from the parameters with normalizatiorare devoid of outflow, the spectral fittings are accomplished
kept free. The cutoffpl parameters still conformed with thewith TCAF+Gaussian model only. Here, an additional
relative hardness of thes class. The lower disk rate for Gaussian was included to account for the iron emission line
the x3 class accounting for smaller low energy flux wasat ~ 6.5 keV. Throughout the analysis, we have not kept
ensured in this case as well. The fitted parameters are listelde mass of the BH as a free parameter. This is because of
in Table 3. In Figure 6(b), we provide the 1, 2 ando3 the fact that mass is an intrinsic property of the BH and not

contours of the parametetis; andriy,. a flow parameter. Since we are interested in the variation
of flow parameters across different subclasses, we decided
5 SUMMARY AND CONCLUDING REMARKS to peg the mass at a known value. The mass has been

kept frozen at 4 M, as estimated iGreiner et al(2001).

Depending upon the nature of the variation in IntenS"t'eSThis falls within the ballpark of more recent estimations of

hardness, and other distinct spectral and timing proyertie +2.0 .
. e 12.479¢ M, R 1.(2014. W hat fl
light curves of GRS 1915+105 were classified iritd “1:s Mo by Reid et al(2019. We observe that flow

classes. IGR J17091-3624 is another BH., which belonggarameters do not significantly alter even if we change the

to this special category of objects and it also exhibitsmaSSN 15% within the observational ballpark. Even if

. we fix the mass at- 12.4 M, the accretion rates change
some of these class of light curves. TReclass has N % — 0.8%. Therefore. it does not affect our
four different (y1_4) subclasses. In general, transientBHs,Only .0'5 ° o7 ’
show these characteristics of light curves in hard angonclusmns.
hard-intermediate spectral states. These classes dggneral 1he low energy flux £ 10 keV) was significantly
manifest steady variation of intensities or fluxes. Howgverdréater in the case of the, class. The disk rate of the
we should mention one of the distinct differences in theséx4 class turned out to be more as compared to that of
four x classes, such as jet or outflow natuge,, classes the x» class since the disk photons primarily contribute to
are radio-quiet whereag, s classes are radio-loud. In this the lower energy end of the spectra. However, since the
paper, we concentrated on theclass data and carried out outflow is not present, the normalizations between these
spectral fits of all the four subclasses using the additiv€'asses are almost the same (see Taple
table model fits file, generated with the TCAF solution If we compare the spectral naturexgf andy4 classes,
of Chakrabarti & Titarchuk(1995 after some necessary we observe a higher photon energy flux in both soft and
modifications (for more details, sd@ebnath et al. 2014 hard domains in the case of thg class (Fig.2). The
2015h. We attempted to provide a plausible picture of theratio of energy flux in harder (10.0-25.0 keV) and softer
accretion flow dynamics. Given thatjnclass observations (2.5-10.0 keV) domains turns out to be0.32 and 0.63 in
of GRS 1915+105, the X-ray flux displayed negligible cases of thei, andy, classes respectively. Therefore, the
fluctuation and the spectra strikingly resemble the hardlux of high energy photons appears to be more in the case
states of BHXBs, and given also that TCAF solution hasof the y, class. However, the ratio of halo accretion rate
been successful in explaining the spectral behavior o&nd disk accretion rate in the case)gf and x4 turns out
transient BHs in extracting physical flow parameters fronto be 0.20 and 0.25 respectively. This apparent paradox is
fits, we were interested in looking at the spectral behavioresolved when one notes that the flux does not depend only
of the y class data of the variable source GRS 1915+105%0n the accretion rates, but on all the flow parameters, such
This is the first time that such variable source data weras the shock location and shock strength. For this reason,
fitted with the TCAF model. The theoretical backdropthe ratio of fluxes between two classes cannot be equated
for the explanation of the time variability of this kind of with just the accretion rate ratios. If we had a controlled
variable source under the purview of TCAF was envisagegdystem where one accretion rate can be changed keeping
by Chakrabarti and his collaborators (Figa,b)). There it other parameters constant then such comparisons would
has been stated that the manifestation of all the differenhake sense. In our case, the shock location decreases
classes could be a consequence of the variation of thieom ~ 47 r, to ~ 38 r, as we move fromy, to x4
local accretion flow parameters, the emergence of outflowlass. Shock strength also does not remain constant. Higher
under suitable conditions, the collapse of outflow undeshock location and stronger shock in case of theclass
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Fig.6 The66% — 90% — 99% confidence contours for the fitted parameté@gsandri,, in the case of4 andy; classes
respectively are presented in (a) and (b).

naturally intercepts more soft photons and consequentlghat is manifested as an additional power-law. We had
produces more hard photons through inverse Comptoto employ the cutoffpl model in addition to TCAF for
scattering. All such factors contribute to the overall fluxbest spectral fitting. The two parametergthe power-law

and hardness of the spectra. However, if we compute thghoton index) and (the exponential roll-off factor) dictate
contribution of TCAF in the overall energy flux in 2.5-25.0 the strength of the outflow. From the comparison of the
keV, we observe that in the case of theclass the fluxis  spectral nature of the two classes, the relative dominance
greater by a factor of 4.8 compared to thg, class. This  of low energy flux for thex; class data and also its overall
result is in agreement with Figuge relative hardness are apparent. These two features must

) o be reflected in the spectral fitted parameters. Inythe
The launching of outflow from within the CENBOL class data, since the cooling within the sonic sphere is

r(;gmn ‘_NOUld bi sensnfllve tofthe flow parameters. It ,Wla%ot catastrophic and there is no fall back of the outflow
shown in C99 that outflows from CENBOL are poSs'beon the initial accreting matter, the fitted parameters also

in harder states. The process is not sensitive to the tOt‘?\luust not change over the period of observation. These

ahccretlon ratg, but -ratherhthe Iocatlonbof thde shocfl: aN%re the features that were actually obtained as has been
the compression rati& at the CENBOL boundary. Often reported earlier. The disk rate as obtained in the case of

high accretion rates qgench the jet base _and reQuce tf;(e1 class data was dominant ove class. The lower
thermal pressure required for the launching of jets.

X . Inand highers of 3 class data accounted for the relative
the case of the; s class, the outflow is collimated and hardness of that class. The work doneRBo et al (2000

steady. Consequently, the inverse Comptqnization of Seq%solved theys class data into multi-color disk blackbody,
photons from the base of the outflow is present and
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a Comptonized component and a power-law by fittingRather, all the flow parameters contribute to fit the
the spectra with diskbb+CompST+cutoffpl model. Sinceobserved spectral energy distribution. For this reason,
the disk and Comptonized component from the CENBOLthe individual flow parameters or their ratios cannot be
have been already incorporated in the TCAF solutionconnected to the CE of respective classes. Rather, all the
only the addition of cutoffpl model along with the TCAF flow parameters are important for a meaningful description
solution should be sufficient to account for the contribatio of each individual subclass. Also, incorporation of
from the outflow. The result we have obtained thusassociated phenomenological models like cutoffpl can
vindicated our expectation. However, in order to segregatprovide us information regarding strength of the outflow
the contributions from the two components, we did thepresent in different subclasses. Therefore, spectral fit
spectral fitting in two phases. Using TCAF solely, theutilizing physical models of TCAF provides us a deeper
spectra were fitted in a smaller energy range. Subsequentlynderstanding of the characteristics of different sulsgas
the spectral analysis was repeated in the egtiie- 25.0  in terms of accretion flow dynamics. IBanerjee et al.
keV energy range with the TCAF+cutoffpl model keeping (2020, TCAF has already been applied to study the flow
the TCAF normalization frozen at the average value fronmparameters in case 6fclass data of GRS 1915+105.

the earlier fitting. The values of the fitted parameters did The next logical step would be to embark upon the
not change significantly, and the essential relative festur spectral analysis on intermediate classes that present a
between the spectra gf andys class data still remained. wide range of time variabilities. We believe that the root
Thus the one-to-one correspondence of #he; class  of such variabilities is the changing configurations of the
of the object with the accretion flow configuration asaccretion flow and during the transition from burst-off to
depicted in Figurel(a,b) is justified, with the effect of burst-on state the accretion rates and the normalization
Comptonization being absorbed in the cutoffpl model. Thevould change accordingly to suit that feature. This process
relative dominance of outflow in the caseof class data is underway and the results will be reported elsewhere.

is corroborated well from the ands parameters.
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