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ABSTRACT

We study spectral properties of GX 339-4 during its 2010-atbarst with Two Com-
ponent Advective Flow (TCAF) model after its inclusion in REC as a table model. We
compare results fitted by TCAF model with combined disk blac#y and power-law model.
For a spectral fit, we use®2- 25 keV spectral data of the PCA instrument onboard RXTE
satellite. From our fit, accretion flow parameters such add<gm (disk) rate, sub-Keplerian
(halo) rate, location and strength of shock are extractesl quantify how the disk and the
halo rates vary during the entire outburst. We study how tile to disk accretion rate ra-
tio (ARR), quasi-periodic oscillations (QPOSs), shock limas and its strength vary when

the system passes throulgérd,

hard-intermediate, soft-intermediatmndsoftstates. We find

pieces of evidence of monotonically increasing and deargasature of QPO frequencies
depending on the variation of ARR during rising and declininases. Interestingly, on days
of transition from hard state to hard-intermediate spéstate (during the rising phase) or
vice-versa (during decline phase), ARR is observed to balliomaximum. Non-constancy

of ARR while obtaining reasonable fits points to the preserfiteo independent components

in the flow.

Key words: accretion, accretion discs — radiation: dynamics — bladk paysics — shock
waves — stars:individual: GX 339-4 — X-Rays: binaries

1 INTRODUCTION

Galactic transient black hole candidates (BHCs) are veprést-

ing objects to study in X-rays because they exhibit rapidigians

in their temporal and spectral properties during outbuiste for
reviews, Remillard & McClintock 2006; McClintock & Remiltel
2006). In the past two decades, especially after the lauh&ossi
X-ray Timing Explorer(RXTE), our understanding of black hole
binaries has improved significantly. However, real progyriesex-
tracting physical parameters was hampered due to lack abapp
priate data analysis software. For instance, fitting a spectvith

a black body and a power-law component (so-called diskbb plu
power-law, or compST models in XSPEC) tells us that there is a
multicolor soft photon source such as a Shakura-Sunyaedaita
disk (Shakura & Sunyaev 1973, hereafter SS73) and a sadcalle
Compton cloud|(Sunyaev & Titarchuk 1980, 1985) which is a hot
region of free electrons with certain optical depth and terafure.
However, cause of formation of the standard disk, naturecsind

gin of Compton cloud or a specific spectral state remainedings
There was no information about why and how optical depths and
temperatures of the cloud or the accretion rates of the disk v
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A turning point in theoretical solutions of viscous trangmoaccre-
tion flows around black holes (Chakrabarti 1990a,b, 1996&)eca
when it was shown that flows above a critical viscosity parame
ter a will become a Keplerian disk, while those below will remain
sub-Keplerian. This fact was used to construct a two comytoa
vective flow (TCAF) modell(Chakrabarti & Titarchuk 1995, aer
after CT95; Ebisawa, Titarchuk & Chakrabarti 1996; Chakréb
1997, hereafter C97), which not only explains under whatueir-
stances a standard Keplerian disk could form, but also Bla
state transitions and variation of flow parameters durintpunsts

of several black holes reasonably well (Debnath et al.|22083;
Dutta & Chakrabart| 2010; Nandi etial. 2012). In a TCAF solu-
tion, low viscosity and low angular momentum matter pilesoep
hind a centrifugal barrier forming an axisymmetric shocRQ@&,b;
Molteni et al., 1994; Ryu et al. 1997), which is by and largebis
even under non-axisymmetric perturbations (Okudalet &7 R0
This barrier is known as the ‘CENtrifugal pressure domidate
BOundary Layer’, or CENBOL and acts as the Compton cloud.
Regions of higher viscosity forms a Keplerian disk whichtlest
down to a standard Shakura-Sunyaev disk when the cooling is e
ficient (see| Giri & Chakrabarti 2013; Giri, Garain & Chakaaty
2014, and references therein). Soft photons from SS73 disina
verse Comptonized by the post-shock region (CENBOL) to form
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hard photons and thus in the TCAF (CT95) solution a separate and Dec=-4846'59".88. This recurring transient source has un-

Compton cloud is not required. Another novel aspect is that fi
ting with TCAF does not require explicit knowledge of visitgs
parameter. TCAF directly uses two accretion rates, one ifgin h
viscosity flow (for super-critical viscosity paramete), namely,
standard SS73 like Keplerian component (disk), and ther dine
low viscosity flow (sub-criticale), namely, sub-Keplerian (low
angular momentum) component (halo). Location and strenfth

dergone five X-ray outbursts (Nowak et al. 1999; Belloni et al
2005; Nandi et al. 2012) during the RXTE era (in the periodrfro
1996 to 2011). Based on evolution of their spectral and tim-
ing properties (McClintock & Remillard 2006; Belloni et/ 2005;
Remillard & McClintock 2006; Debnath etlal. 2013) which alsoa
found to be correlated with a characteristic temporal ety
namely, hardness-intensity diagram (HID) (Maccarone &fiop

shocks which TCAF uses also depend on viscosity, but since we|2003;| Homan & Belloni 2005), various spectral states are-ide

use them as fitting parameters, a prior knowledge of visgasit
not essential. Furthermore, low-frequency quasi-peciddiquen-

cies (QPOs) are supposed to be due to oscillations of the CEN-

BOL region from where jets are originated (Chakrabharti )9%®

a separate oscillating component is not required to exidOs.
Non-thermal electrons are produced by the shock which may pr
duce long power-law tail (Chakrabarti & Mandal 2006) obivigt
the need to inject non-thermal electrons externally (ZdEicet al.
2001). Thus, TCAF aims to resolve all the spectral and teaipor
properties along with disk-jet connections within the feamork of

a single solution. These advantages motivated us to fitigheleta
from BHCs with TCAF (Debnath, Chakrabarti & Mondal 2014;
Mondal, Debnath & Chakrabarti 2014a), even when they may be
fitted equally well with other available models (such as sk
plus power-law) in XSPEC. Other models do not discuss ori-
gin of the Compton cloud or corona (Haardt & Maraschi 1993;
Zdziarski et al.| 2003) and do not unify timing propertiesg(e.
QPOs) with spectral properties or obtain outflow rates witécs
tral properties as TCAF does. Unlike a persistent sourcerevh
accretion rates could be stable for a long time, in an outburs

tified during the past outbursts of the same source. In gknera
there are mainly four basic statesard, hard-intermediate, soft-
intermediate and soft states are observed during an outburst
(Homan & Bellonil 2005; Debnath etlal. 2013; Motta etlal. 2009;
Nandi et all 2012). In the literature, one can find extensiseus-
sions on the properties of these spectral states (van dEPR04;
Belloni et al.l 2005, Remillard & McClintock 2006; Debnathadt
2008,/ 2013). Complex outburst profile of BHCs begins and ends
in hardlow hard state, keeping soft and intermediate states in be-
tween. It has been pointed out (Nandi gtial. 2012; Debnath et a
2013) that these four basic spectral states form a hyssel@sp
during their outburst phases in the sequencehaid — hard-
intermediate— soft-intermediate— soft —» soft-intermediate—
hard-intermediate— hard. According to TCAF, hard states are
formed when soft photons are unable to cool the Compton cloud
(comprising collectively of CENBOL, pre-shock halo andftaw)
while reverse is true for soft states. Intermediate statesgroof
that accretion rates are comparable and they occur wheasifigc
is either rising or declining (see also, Dutta & Chakrah2@tl0).

GX 339-4 showed X-ray activity of 17 mCrab (in-4L0 keV),

source, rates have to be varying. One of the most natural waysobserved on 2010 January 03 with the MAGSC onboard 1SS

to achieve this is by varying viscosity. It is possible thataut-
burst may be triggered by enhancement of viscosity at therout
disk.|Mandal & Chakrabarti (2010) suggested that enhanégd v
cosity redistributes part of halo (i.e., low angular monoemtlow)
into a SS73 like Keplerian flow, keeping the total mass-flote ra
roughly constant. Their conclusion was that the accretada of
the disk must go up rapidly due to enhanced viscosity befone-c
ing down when viscosity is reduced again. This conversioth an
formation of TCAF configuration has been demonstrated tgcen
by numerical simulations Giri & Chakrabarti (2013). A sudde-
crease in viscosity at the outer edge would progressivetyisher
edge of the Keplerian disk towards the black hole which caiase
enhancement of soft luminosity. Declining phase startsnithe
source of enhanced viscosity is removed and there is a irgsult
shortfall of Keplerian component. Thus fitting an outbuistirse
data with TCAF having two evolving accretion rates, shodaalo
tion (CENBOL boundary) and shock strength may give us irtsigh
into how the disk structure really evolves. As mentionediear
though enhanced viscosity and its temporal and spatizhtiainis
are believed to be the prime cause of the outburst, no priowkn
edge of viscosity is required since the fitting parametensy/¢hose
information. In future, we would pursue to derive even mane-f
damental parameters, such as, specific energy and angutaemao
tum distribution inside the flow and then computation of vty
would be possible.

Galactic transient black hole candidate (BHC) GX 339-4 was
first observed in 1973 (Markert etlal. 1973) by-160 keV MIT
X-ray detector onboard OSO-7 satellite. This stellar-nialask-
hole binary has a mass function &f,, sin(i) = 5.8 + 0.5 M,
and low-mass companion of mass = 0.52 M, (Hynes et al.
2003,12004). This binary system is located at a distance of
d > 6 kpc (Hynes etal. 2003, 2004) with RAL7"02m49°.56

(Yamaoka et al. 2010). The source remained active in X-rays f
the next~ 14 months and during this period, the source was moni-
tored with RXTE, starting from 2010 January 12 (Tomsick 2010
Temporal and spectral properties of the source was studied-e
sively during this outburst by several authars (Motta eRal11;
Stiele et all 2011; Shidatsu et al. 2011a; Debnathlet al., 2t8@-
after Paper 1| _Nandi et al. 2012, hereafter Paper Il). Séwwra
tempts were made to explore multi-wavelength propertiethef
source during this outburst (Rahoui el al. 2012; Buxton ¢2@12;
Dincer et all 2012; Cadolle etlal. 2012). Temporal as wellpgss
tral variabilities and radio jets are observed during thisbarst
(Corbel et all 2013a,b; Yan & Yu 2012). Paper | a preliminary
result of timing and spectral properties during initiaing phase
was presented. SubsequentlyPaper Il, detailed timing and spec-
tral study during the entire outburst was presented. In tutke
papers, spectral properties were studied with a combimaficon-
ventional thermal (disk black body) and non-thermal (polagr)
model components. In order to understand detailed acoréiow
dynamics, we need to fit with a more physical model, such as
TCAF, which would enable us to extract actual physical paam
ters of the accretion flow.

In this paper, for the first time, we show results of implemen-
tation of TCAF model in HEASARC's spectral analysis package
XSPEC. Our goal is to find how the flow parameters vary from the
beginning to the end of the outburst of GX 339-4 during itergc
2010-11 episode.

Since the number of available RXTECA archival data points
is too high, we choose a total of 50 observations spread dver 4
days of the entire outburst, starting from 2010 January 120tdl
March 6. We also compare our fitted spectral results with difat
the conventional combined disk black body (DBB) and poveev-|
(PL) model presented in Paper Il. From our current study, ke o



tain variations of the flow parameters for the same statengha
hard, hard-intermediate, soft-intermediatndsoftas described in
Paper Il. Here, we mainly concentrate on the rising and ticérde
ing phases of the outburst, where state transitions occom Ehe
TCAF model fitted 25 — 25 keV PCA spectra, we find that the
variations of DBB and PL fluxes during the outburst as obgkrve
by [INandi et al.|(2012) are consistent with variations of lejgin
(disk) rate and sub-Keplerian (halo) rate respectivelyfindésome
intriguing properties of the variation afccretion rate ratiolARR,
i.e., ratio between sub-Keplerian halo and Keplerian di$&s) and
frequencies of quasi-periodic oscillations (LFQPOs; ifetved)
during the days of class transitions. These will be disalibstow
and require further investigations.

Thepaperis organized in the following way: in the next Sec-
tion, we present a briefly describe the TCAF solution and how a
spectrum is generated. §8, we discuss observational results and
data analysis procedures using HEASoft software. Here,lse@ a
mention methods of generation of TCAF modis file used for
spectral fittings. Ir§4, we present spectral analysis results obtained
from TCAF model fits of RXTE PCA data and compare results
with that of the combined DBB and PL model fits. We note spe-
cial behaviour of the extracted flow properties when the dhie
in different spectral states, with a particular emphasis durig st
transitions. Finally, in§5, we present a brief discussion of our re-
sults and make concluding remarks.

2 MODEL DESCRIPTION AND GOVERNING
EQUATIONS

A brief description of Two Component Advective Flow (TCAF)
solution has been given in the Introduction. We use Chaktiaba
Titarchuk (1995; CT95) model code as the basic program fof ge
erating v0.1 of TCAF modefits file to fit black hole spectra.

In the TCAF solution, an SS73 like Keplerian disk (high vis-
cosity component) at the equatorial plane is immersed énsid
low angular momentum sub-Keplerian (low viscosity) halteT
flow is considered to be axisymmetric. Though accretionsrate
would be a function of radial distance in a rapidly evolving-s
tem such as an outburst (Dutta & Chakrabarti 2010), each ob-
servational result is fitted with anffective accretion rate. The
Keplerian disk, truncated at the shock location, locallyitera

flux of radiation same as that produced by an SS73 disk. Ge-
ometry around the black hole is described by Paczyhski &aNit
(1980) pseudo-Newtonian potenti@py = —2(r+1, wherer is

the radial distance of the flow in units of Schwarzschild wadi
(rg = 2GMgn/c?, ¢ being the velocity of light andMgy be-

ing the mass of the black hole). As a black hole accretion is
necessarily transonic (e.g., Paczyhski & Bisnovatyi-&ngl981;
Paczyhski & Witte 1980; Chakrabarti 1990a, hereafter §9fm

a large region of the parameter space, the flow must jump from
supersonic to subsonic branch, forming a standing or asicit
shock (C89; C90a,b) before entering into a black hole thndhe
inner sonic point. CT95 considers the region between thekstwo
inner sonic point, namely, the post-shock region (CENB®@ie

the Compton cloud. Contribution of the pre-shock halo, andsi
were separately discussed there. In the present fits file oned
include dfects of optically thin pre-shock halo and the outflowing
matter. The CENBOL cools down through inverse Comptoniza-

tion and produces observed hard photons. Thus very cold CEN-

BOL does not produce hard photons or outflows atlall. (Chaittab
1999; Singh & Chakrabairti 2011, and references therein}.Ta5
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spectral properties are studied using only strong shocice ghe
idea there was to show that TCAF could explain spectral sitate
sitions, in principle. Spectrum was generated for a set piét&n
(disk) rates, sub-Keplerian (halo) rates and shock lonatitnlike
other models (Zdziarski et al. 2003, and references theBRAF
does not require to add an extra ‘reflection’ component,esthis
component is in built into the procedure. Albedo at each disk
dius is included in computing disk reflection. Spectrum ikga
lated from intercepted photons by CENBOL region. Fractibain
sorbed hard X-rays by the pre-shock Keplerian disk is uséeab
it up and emit blackbody radiation at a higher temperatuhe. dro-
cedure is iterated till a convergence in all parameters ligesed.
As given in CT95, we computed thdfect by taking into account
the photoelectric absorption and recdilexts. We took care of con-
tribution of the first scattering exactly and of the multiptattering
using Fokker-Planck fiiusion approximatior (Sobolév 1975).

In an outburst, the shock is expected to have a time varying
compression ratid?, since the post-shock region is expected to
cool down as accretion rate increases. This, in turn, is rpede
by enhancement of viscosity. Thus, we sas a parameteR de-
termines post-shock density (radial optical depth) and-pbsck
temperature, which, together with an assumption of vdréqai-
librium gives heighh(Xs) (in rg) of the flow at the shocls (in rg),
an important quantity which determines percentage of saitqns
intercepted by the 'Compton cloud’. Flls emitted from the op-
tically thick Keplerian disk is obtained from SS73,

Fss= 6.15% 108|\'/Ir’3'3(#)’2 ergs cm?s™t, €Y

©

Here,J = (1 - 3/r)V/2. In the above equation, mass of the black
hole Mgy is measured in units of mass of the SiMj, disk ac-
cretion rateM is in units ofgm s. Although this equation was
derived with a no-torque condition at the inner stable dacor-
bit (ISCO) atr = 3, it remains the same in our case, even though
our SS73 disk is féectively evaporated inside the CENBOL and
mixes with the sub-Keplerian flow when CENBOL is hot enough
(in hard states). In soft states, the CENBOL itself is cold Kep-
lerian disk can reach close to ISCO. Shidatsu et al. (20THbu-
lated innermost disk radius for the black hole candidate G3-3
4, which is consistent with the accepted picture of the /sigf
state in which standard disk may always extend up to ISCO.-How
ever/ Allured et al.[(2013) examined inner disk radius uslifter-
ent models (e.g., thermal and relativistic line broaderetg) at
different luminosities in the hard states and found that therdiskl
not go up to ISCO. In fact, since a black hole accretion is géva
supersonic, a Keplerian disk will be almost sgimiemsonic at ISCO
to prepare itself for the final plunge into the horizon withaalial
velocity same as that of the velocity of light. So, disk extieg up
to ISCO is always an assumption, more so for low accretiogsrat
This is also evident from viscose transonic flow solution8(&b).
Angular momentum is transported inside the CENBOL till the i
ner sonic point at; ~ 2.5ry (see| Chakrabaliti 1990a), where, ide-
ally a torque-free condition should be applicable. Insidangular
momentum transport is negligible. In future, we plan to aliyu
simulate Keplerian disk along with the halo and compute titae
pendent spectra and several assumptions made here wooltéec
unnecessary. Already we have reported preliminary restiler
simulations|(Giri & Chakrabarii 2013; Giri, Garain & Chakeati
2014). In the simulation, temperature would be obtainethftbe
global solution of an advective flow, and not as in SS73 whegall
gravitational energy dissipation was used.

The post-shock region becomes hot due to conversion of ki-
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netic energy of the pre-shock flow into thermal energy. Havev
electrons lose energy due to bremsstrahlung and Comptimmiza
of soft photons emitted from the Keplerian disk. Energy e¢igua
which protons and electrons obey in the post-shock regigiven
by (CT95),

a(e + E) 0 )

S+ (C=A) =0, @

where, specific energy (Chakrabarti 1989) of the flow is givgn
V2 A2 1

8—E+na2+ﬁ—m, (3)

andT and A are the heating and the cooling terms, respectively.
Here, 1 is the specific angular momentum in unitscof, v is infall
velocity in units ofc, n = rll) is polytropic indexa = \/(VP—P) is the
sound speed of the medium in units@fandy is adiabatic index.
Equation (2) was not used in pre-shock halo region. Synamot
radiation was not used in the present version of our fits file.

Since temperature and height of the post-shock region depen
on the shock location and strength, itis more physical téethiem
as functions of flow parameters. For this, we use pressusnbal
condition, where sum of the thermal pressure and the ransymes
must match on both sides of the shock (Landau & Lifshitz 1959)
In pressure balance condition (C89), we assume that thehmrek
flow is cooler,a ~ 0 as it falls freely andk? > A2. Using adia-
batica, we get height of shock front algn = a X2° (Xs — 1) for
vertical equilibrium model. Initial guess of the shock tesrgture
is obtained from the definitioaZ = %Sphk Thus, temperaturd )

and height lsny) of the shock becomes:
mp(R— 1)c2

TShk = m > (4)
_ 2
= VB, ©

where,m,, R, kg and Xs are mass of the protons, compression ra-
tio, Boltzmann constant and shock location of the flow retpely.
Soft photons from the pre-shock Keplerian disk are intetextpy
the hot CENBOL. As the accretion rate increases, numberaif sc
tering increases and photons gain more energy while codtmg

the CENBOL. Details about the solution procedure and erdranc
ment factor calculation due to Comptonization is in Eq. ¢(12xof
CT95. The outcome depends on the opacity,

Xs
T = f o-Tnedr.
fi

Here,r; is the inner radius of CENBOk 2.5r4. Average energy
exchange per scattering is given thy,KTe < mec?),

Av  4kTe - hv
—_— 7
” —~ )

Whenhy <« kT, photons gain thermal energy. Here, temgsor,

Te andr; used in above two equations are number density of elec-
trons in the post-shock region, Thomson scattering crestes,
average temperature of electrons and inner edge of the fkpece
tively. Balance of scattering and energy gain of photong ghe
power-law distribution as,

(6)

®)

F, ocv@.

i) Variation of compression ratif is allowed from 4 (strong) to
1 (weak). CT95 assumed only strong shock for illustratiomppse.

i) Computation of temperature of post-shock region using thi
R.

iii) Radial velocity of a rotating flow as in C97.

iv) Spectral hardening correction of Shimura & Takahara
(1995), which depends on the accretion flow rate. We unifprml
consider the correction factof) (to be 18 to calculate ffective
temperature in emitted spectrum.

We wish to mention certain limitations of the present vatsio
although by taking extreme limits of Keplerian ratey(irn Edding-
ton rate) or sub-Keplerian raten{ in Eddington rate) as close to
zero as possible, we could have extreme hard or soft sthiese t
limits require finer model grids. In the present version {yQwe
do not consider cases with, — 0 (soft states). However, cases
with my — 0 are not needed as spectral index is highly insensi-
tive tonyy near this limit|(Ebisawa, Titarchuk & Chakrabarti 1996).
We also do not consider bulk motion Comptonization (see,32T9
Titarchuk & Zannias 1998). Present model of TCAF does not in-
clude magnetic fields explicitly or production of non-thairpho-
tons by the shock. Thus inverse Comptonization of non-taérm
photons produced in the post-shock region could not be dieclu
and thus some features which may occur at much higher esergie
in different sources (Zdziarski et al. 2001; Chakrabarti & Mandal
2006) cannot be fitted with the curréits file. All these points will
be taken up in future.

3 OBSERVATION AND DATA ANALYSIS

We present spectral analysis results of publicly availabthival
data from RXTE Proportional Counter Array (PCA) instrument
for entire 2010-11 outburst of GX 339-4, starting from 2050-J
uary 12 (Modified Julian date, M355208) to 2011 March 6
(MJD=55626) from the PCA (Jahoda et al., 1996). In general, we
follow the same analysis techniques as discussed in Pgpfer 11
extraction of source and background ‘.pha’ files usBtgndard2
mode science data of PCA (FS4a*.gz)5 2 25 keV PCA back-
ground subtracted spectra are fitted with TCAF mdislfile in
XSPEC v. 12.8. To achieve the best fit, a Gaussian line of peak e
ergy around b keV (iron-line emission) is used. For the entire out-
burst, we keep hydrogen column density,jNor absorption model
wabsfixed at 5< 10?* atoms cm? (Motta et all 2009) and assume a
1.0% systematic error. After achieving the best fit based onced
chi-square ¥2,) value K 2), to find 90% confidence error values
for TCAF model fitted parameters, ‘err’ command is used (pkce
data for rising soft-intermediate and soft states, from MJE5316

to MJD = 55593, 10 error are given, since here reducgdval-
ues are found to be in betweer8% 2.8). In Appendix |, detailed
spectral fitted analysis results with observed QPO fregasrare
provided (Note that error values for TCAF model fitted parterse
which are given in Appendix |, are average values of 90% confi-
dencex error, or, 1o error).

One can also fit a spectrum by manually comparing ob-
servational spectrum with the theoretical model spectemen
ated by diferent input parameters in TCAF model source code
(Dutta & Chakrabarti 2010). However, in order to fit spectraren
accurately one needs to use it in a complete package like KSPE
which automatically achieves the best fit by iterative lsastare fit

As mentioned already, to generate the model spectra (which technique. From the spectral fit, one can obtain model fitadaes

are used as inputs for generating TCAF mdiitslfile), we made
several modifications in original CT95 code to include,

of reduced chi-square, degrees of freedom, parametesetarin
order to fit black hole spectra with the TCAF model in XSPEC,
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we have generated modiits file (TCAFO._’]_.ﬁt$ using theoretical 55200 55250 55300 55350 55400 55450 55500 55550 55600 55650
spectra generated by varying five input parameters in CT88 cc Day (MJD)

(after modifications mentioned earlier) and included it BEC as Figure 1. Variation of (a) 2- 25 keV PCA count rates (critec), (b) com-

an additive table model. These parameters iaretack hole mass bined disk black body (DBB) and power-law (PL) model fittethtspec-

(Mgy) in solar mass Nl,) unit, i) Keplerian rate ify in Edding- tral flux in 25 — 25 keV range (in units of 18 ergs cm? s™%), (c) TCAF

ton rate,MEdd), iii) sub-Keplerian rateng, in |\'/|Edd), iv) location model fitted total flow (accretion) rate (iklgqg; sum of Keplerian disk,

of shock s in Schwarzschild radius,), andv) compression ratio ~ Ma and sub-Keplerian halo, rates) in the 2 - 25 keV energy band, and

(R) of the shock. Of course, the model normalization vaha (), (d) Accretion Rate Ratio (ARR; ratio between halo and diskespwith

. . . K R .. L. day (MJD) for the 2010-11 outburst of GX 339-4 are shown. Bltbttom
which for. s'mpl_'c'ty could be W”t_ten aﬁﬁ sin(i), \_Nhere' R/ is panel (e), observed primary dominating QPO frequenciebiinwith day
the efective height of the Keplerian componentkm at the pre- (MJD) are shown. The vertical dashed lines indicate thesitians of be-
shock region, D’ is source distance in 10 kpc unit anid is disk tween diferent spectral states. Zoomed quantities in the decay pinase
inclination angle with the line of sight is also a variableowtver, the inset.

sinceR, need not come out of SS73 model due to its proximity of

the shock surface, we leave it as a free parameter to be deéstm

from the best fitted value, very much lilR,, the inner edge of the ~ Detailed analysis results are given in Table Appendix 1, rehee

disk, as obtained from the normalization of the diskbb mdite! present Observations IDs (Col. 2), date of observation. (&ohc-

In future, when we have a clearer picture of hiajshould be com- cretion rates (Cols. 4-5), accretion rate ratios (Col. byck loca-

puted theoretically, we will create a fits file with this to besixth ~ tions (Col. 7), Compression Ratios (Col. 8), shock heigbtsl(9),

parameter. temperature at the CENBOL surface from Eq.(4) (Col. 10)khi
Five model input parameters mentioned above were varied in €SS of the pre-shock Keplerian disk in km (Col. 11), line width

the following rangest) Mgy: 3 -15 Mo, ii) riy: 0.1 - 12.1Mggq, i) and line depth_s (Cols. 12-13) of_ the iron line (where apjbliep

My: 0.1 - 12.1Mgqq, IV) Xs: 6 - 4561, andv) R: 1 - 4, respectively. QPO frequencies (Col. 14) and finaj§/DOF (Col. 15).

We first generate 4 x 10° model spectra by varying input param-

eters in above mentioned limits and then these model spargra ) ] )

used as input files to a program written in FORTRAN, to gererat 4.1 Evolution of fitted parameters during the outburst

a crude grid based modktsfile (Set | of Table 1). However,once a | Fig. 1a, variation of background subtracted RXTE PCA ¢oun

reasongble f|F is obtglned wlth .th‘iisflle, spectra are refitted with 5t in 2— 25 keV (0- 58 channels) energy band with day (MJD)

appropriate finer grid basefds file (Set II-V of Table 1), to have s shown. In Figs. 1b & 1c, variations of combined DBB and PL

a better fit with minimum parameter error values as well a@bet  mode| fitted total spectral flux (flux contributions for the BB

reducedy®. This two step process is presently needed as we do not ang pL model components are calculated by using the convolu-

have a very fine grid for the entire parameter space. When & bu  jon model ‘cflux’ technigue after fitting a spectrum with coimed

the model with final grids arounal, — 0 also, fitting of soft states model components) in.2 — 25 keV energy band (Paper II) and

would be addressed satisfactorily. In the fitted resultevselve TCAF model fitted total accretion rates (combined Kepledisk
froze the mass to be.&and therefore only four parameters were 4 sub-Keplerian halo rates) in the same energy band with da
varied. (MJD) are shown. In Fig. 1d, variation dfccretion Rate Ratio

ARR (defined as the ratio of sub-Keplerian hatg and Keple-
rian diskmy rates) with day (MJD) is shown. As will be evident
from the plots of Fig. 3, it may be better to treat ARR as a priaxy
hardness ratio since the latter is not a black hole mass émdiemt
Detailed temporal and spectral properties of the source dur concept. We also zoom a part of ARR plot in the declining phase
ing its 2010-11 outburst is already presented by several au-to see their behaviour clearly and to emphasize that it Esaeh
thors (Motta et al. 2011; Stiele etlal. 2011; Shidatsu et @112; maximum on the day when the hard state starts. Observed QPO
Cadolle et al. 2012, Paper | and Paper II). frequencies are shown in Fig. 1e. From the variation of ARR an
Presently, we fit witiTCAFO.1 fitSile as generated above and nature (shape, frequeno® value, rms% etc) of QPO (when ob-
compare our spectral results with combined DBB and PL model fi  served) in the four dierent spectral states, namehard, hard-
ted results presented in Paper Il. Here we discuss how thepllew  intermediate, soft-intermediate, softe find a distinct pattern. On
rameters evolve during rising and declining phases of thieuost. or about the days of spectral transitions between state=pasted

4 RESULTS OF FITTING OF DATA BY TCAF SOLUTION
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in Paper Il (marked with vertical dashed lines in Figs. 1/A8RR
shows interesting behaviour (to be discussed in detaiMjeld/e
also see that TCAF model holds good in fitting the spectra éhod
fitted y 2, varies~ 0.9- 1.6) from hard, hard-intermediate and soft-
intermediate (declining) spectral states. In rising soférmediate
and soft spectral states, TCAF model fitjeg, varies in the range
~ 1.8 — 2.8. However, for a soft spectral state, where the sourc
stayed for almost 8 months, TCAF model cannot be used since
we essentially need a single component with a high ratei¢tit$
our grid used in this fits file). In future, we will generate nebd
fits file with a larger parameter range includimg, — 0, high
My > 12 and bulk motion Comptonization. In Fig. 2(a-e), varia-
tions of TCAF model fitted shock parameters, nameély in 10°

K, andXs in units ofrg, hsnin units ofr, the ratiohsy/ Xs andRare
shown as a function of time (MJD). During the initial risinggse

of the outburst, as the day progresses, the shock generailgan
towards the black hole (see, Fig. 2b) while progressivetohb@ng
weaker (see, Fig. 2e) due to increasing cooling. At the same t
shock height lfsn) and temperatureTgy,) increase initially, then
start to decrease gradually (Fig. 2 c-d) . The ratio of shaaight
and shock location is aroundffor a long interval of time when the
object was in a hard state to abou8-00.4 in the soft state. Thus the

geometry of the CENBOL is sometimes spherical and sometimes

disk like as far as Comptonization process goes. So, we us@Eq
oflHua & Titarchuk (1995) which is valid for two regimes to abt
spectral index. To obtain an average temperature of the CHNB
we took weighted average of the temperature variation asgpimn
to be spherical. The processes followed are exactly as irbCT9

In the declining phase, almost an opposite nature of varia-
tions of these four parameters are observed. In Fig. 3(aabp-
tions of combined DBB and PL model fitted DBB flux (top panel)
and TCAF model fitted Keplerian disk rate with day (MJD) are
shown. Similarly, in Fig. 3(c-d), variations of combined BE&nd
PL model fitted PL flux and TCAF model fitted sub-Keplerian halo
ratemy, (bottom panel) with day (MJD) are shown. Observed vari-
ations of these two elierent types of model fitted fluxgates are
similar in nature.

Note that the pre-shock Keplerian disk thicknégswhich
comes out from the fit (Col. 11) is not necessarily decreasiitiy
the reduction of the shock. This is because the increasesietian
rate caused radiation pressure to increase whicfs pip the inner
disk.

4.2 Evolution of spectral and temporal properties during the
outburst

In Figs. 4(a-f), TCAF model fitted .2 — 25 keV back-
ground subtracted PCA spectral flwE?f(E) in units of
ke\2 (Photons cr? st keV!) with variation of Ay in three dif-
ferent (hard, hard-intermediate, soft-intermediaterspéstates in
both rising and declining phases are shown. These reselisrar
sented in Table 'Appendix I'.

Generally, low frequency quasi-periodic oscillations Q-F
POs) in~ 0.01 — 30 Hz are observed during hard and inter-
mediate spectral states of transient black hole candidates,
Remillard & McClintock 2006, for a review). From detailedrte
poral and spectral study (using a combined DBB and PL modg! fit
of present 2010-11 outburst of GX 339-4 (Paper | and Papant)
2010 & 2011 outbursts of H 1743-322 (Debnath et al. 2013)gsdt h
been observed that QPO frequency increases monotoniaaily d
ing rising hard and hard-intermediate spectral statesdanrkases
monotonically through the same spectral states in dediphases.
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Figure 2. Variation of TCAF model fitte@lerived shock (a) temperature
(Tshkin 1010 K), (b) location Xsin rg), (c) height Bshkin rg), (d) ratio be-
tweenhghk & Xs, and (€) compression rati®) with day (MJD) are shown.
The shock height and temperature are calculated using E1& respec-
tively.

It has also been observed that during soft-intermediatetispe
states of both rising and declining phases, QPOs are olusspee
radically, whereas no LFQPOs are observed in the soft spectr
state. According to Paper Il and Debnath etlal. (2013), maxim
value of evolving QPO frequencies (fitted with Propagatiregi®
latory Shock (POS) model solution) are observed on the fiagl d
of rising hard-intermediate spectral statied on the very first day
of the same spectral state in declining phase of outburstfeur
spectral study of present outburst of GX 339-4 using TCAFehod
we notice that on these days when the observed QPO frequency i
maximum, ARR reaches its lower values, where source stayed f
a longer durations (in soft-intermediate or soft spectiaties) with
little change in the rising or releases from from its long/ethKe-
plerian disk dominated lower values to increase rapidliyhin de-
clining phases of the outburst (Fig. 1d-e). It also has bextited
that during the rising phase of the outburst, QPO frequetarissto
increase rapidly when ARR reaches its peak value and duniag t
declining phase QPO frequency starts to decrease slowlgdoes

its rapid decrease phase) when ARR reaches its maximum (adlue
the declining phase) of the outburst (Fig. 1d-e).

In Papers | & Il, spectral classifications were discusseedbas
on the degree of importance of DBB and PL model components
(according to variation of fitted component values and theli-
vidual fluxes) and nature (shape, frequenQyyalue, percentage
of rms amplitude etc.) of QPO (if present). However, here wd fi
that ARR varies in a well defined way in these states. In thegis
phase, ARR increases steadily in the hard state, decreaisefmst
in the hard intermediate state, remains almost constaheisaft-
intermediate state. Exactly opposite behaviour is in theiniag
phase. Itis also clear that four basic spectral states fdrysi@resis
loop during the outburst, in that the way the accretion raktesige
in the rising phase is ffierent from that in the declining phase.

(i) Hard State in Rising phase:

RXTE PCA started monitoring the source nine days af-
ter reported X-ray flaring activity (Tomsick 2010) obserwsith
MAXI /GSC onboard ISS on 2010 January 03 (Yamaokalet al.
2010). From the first observation day (2010 January 12; MJD
55208), the source was in hard state with increasing casttoil to

55650
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Figure 3.In top panel (a), the variation of combined disk black bodBH&)
and power-law (PL) model fitted DBB spectral flux and in par®| the
variation of PL spectral flux (both in units of 1dergs cm? s71)in 25—
25 keV energy range are shown. In panel (b), the variationGAHF model
fitted Keplerian disk rateny'and in bottom panel (d), the variation of sub-
Keplerian halo raten, (both in Mgqg) in the same energy band are shown.

°
@

keVZ (Photons cm™? s°* keV-1)
~
keV2 (Photons cm2 s keV-)

=
=
IV == ety
X
[N

!

X
Lok oN
T

keVZ (Photons cm™? s°* keV-1)
keV2 (Photons cm2 s+ keV-)

—H
—
LD

X

-

o
@

o
o

keVZ (Photons cm s°* keV-1)

o

keVZ (Photons cm? s~ keV-%)
N
T

+F

IR T
‘$T++T\++++ﬁ'( T +‘ HW ¥

X
o

E T
EL

X
Adomas
T T

5 10
Energy (keV)

10
Energy (keV)

Figure 4. TCAF model fitted 25 — 25 keV PCA spectral fluxg? f(E) in
units of keV® (Photons cm? s~ keV1) with variation of Ay, selected
from the six diferent spectral states whose results are marked with (a-f),
presented in Table Appendix I. Left panel spectra are frasimgi phase
and right panel spectra are from declining phase of the ositbiarom top

to bottom, hard, hard-intermediate and soft-intermeditdétes spectra are
shown.

GX 339-4: spectral study with TCAF model 7

total flux as well as percentage of non-thermal PL or sub-&teguh
halo rate (see, Figs. 1 & 3). The source was observed in this sp
tral state till 2010 April 10 (MJB= 55296.49). In this so-called hard
state the flow is dominated by halo rates. QPOs are not olzstave
initial ~ 68 days up to 2010 March 19 (MJB 55274.35), which

is quite unusual in transient black hole candidates (Débetal.
2008,/ 2013, see,). ARR increases monotonically and reaithed
maximum value £ 7.38) during rising phase (as well as the entire
outburst) on 2010 April 11 (MJB: 55297.89), where we observe
(Paper Il) a transition from hard to hard-intermediate tpéstate.
ARR being maximum, the contribution from a Comptonized hot
sub-Keplerian flow rate reached its maximum value with respe
to thermally cool Keplerian flow rate. From Fig. 2, it is clahat
during this phase of the outburst, the shock locatiy) és well as
shock heightlfg) initially decrease with time (day) and then settle

*Fown to roughly a constant value. The shock is found to be arak

as the day progresses, initially slowly and then rapidlye($&g.
2b). Shock temperaturd §,) initially increases, then settles down
to a constant value, before decreasing rapidly, startmg the day
when the first QPO is observed. While the shock location is gen
erally decreasing, in the rising phase, it was not seen tarimt\s
monotonic as assumed to be the case in Debnath et all (2016). T
may be because (a) the flow in CENBOL is not streamlined. Tur-
bulence can cause shock movements a bit erratic. (b) Asgumpt
of a constant accretion rate throughout the disk may not beco

in a rapidly evolving system. This may have forced the fitteock
location not to maintain monotonicity and (c) Comptoniaativas
assumed only due to the CENBOL region. Neglecting any dountri
tion from jets could easily change the fitted parameter®eitfay.
These causedfact the compression ratio of the shock. The shock
location and compression ratio together decide the irifalt scale

in the post-shock region which in turn decides the QPO freque

(ii) Hard-Intermediate State in the Rising phase :

Source was in this state for next6 days after transition day
(MJD = 55297.89). During this phase, QPO frequency is observed
to increase monotonically as before from spectral tramsitiay
(MJD = 55297.89; where.241 Hz QPO is observed) to 2010 April
17 (MJD= 55303.61; where maximum value of QPO frequency of
5.692 Hz is observed). On the next day, on 2010 April 18 (MJD
= 55304.72), observed QPO frequency7@ Hz) remained very
similar and after that QPO appeared sporadically. This &appo
be the day when the transition to the soft-intermediatee dtadk
place (Paper Il). On this day, ARR reaches its lowest valua-co
pared to what it had for preceding more than three weekstdthe
noted that during this spectral state, as the day progresapply
of thermally cool Keplerian matteing) is increased, at the same
time supply of sub-Keplerian flownt,) is decreased. As a result of
that, ARR is decreased monotonically. The overall speceastil
dominated by hard radiation from high halo rates (see, Big).

(iii) Soft-Intermediate State in the Rising phase:

Source was observed in this spectral state for the rext
26 days from spectral transition day (2010 April 18; M3D
55304.72), where sporadic QPOs of frequencied.7 — 6.6 Hz
are observed. During this spectral state, PCA count rategkhas
total spectral flufaccretion rates are initially increased and then de-
creased (Paper Il). This is because of initial increase ifiud/sub-
Keplerian rates and decrease in DBB fkgplerian rate. As a re-
sult, ARR varies within a short range0.07-0.21. In this state, the
last prominent QPO 0f.887 Hz is observed on 2010 May 14 (MJD
= 55330.29). On the next day, 2010 May 15 (M3D55331.55)
no QPO is observed, where both disk and halo rates are dedreas
suddenly from its previously observed values. During tpiscsral
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state, flickering behaviors of shock temperature and cosspe
ratio are observed (see, Fig. 2). As the disk rate risesfrepamex
becomes very sensitive to the disk and halo parameters (CTt95
is possible that flickering of the fitted parameters is beeafishat.
(iv) Soft State:

Present version of fits file is not suitable to fit spectra from
this spectral state as the flow essentially contains a sistgle-
dard Keplerian disk component with a weak power-law compbne
due to bulk motion Comptonization (which has not been inetud
in this version of TCAF fits model) and non-thermal component
(Zdziarski et al. 2001.; Chakrabarti & Mandal 2006). Stilk ¥itted
three spectra including two spectral transition days witteatable
values of reduceg? (< 3). The source stayed in this spectral state
for a long period of time+{ 8 months). On soft to soft-intermediate
transition day, 2011 January 04 (MJP 55565.83) ARR is ob-
served to be- 0.13.

(v) Soft-Intermediate State in Declining phase:

in XSPEC, dfits file was generated with 4 x 10° model spec-
tra created by varying input parameters in the CT95 code,-mod
ified to include general shock location and shock strendtbs.
data analysis, we use RXTECA spectral data in.2 — 25 keV
energy band. We analyzed a total of 50 observations sprezd ov
the entire outburst with TCAF model and compare our resditts w
a combined DBB and PL model fitted results (Paper Il). Vaoiati
of two component (Keplerian and sub-Keplerian) accretates
extracted from TCAF model spectral fits are found to be censis
tent with DBB and PL model fluxes (see, Figs. 1 & 3). The re-
sults are summarized in Table 'Appendix I'. What we found is
that the ratio of sub-Keplerian halo rate and standard Kiple
disk rate, namely ARR, may play a very important role in decid
ing state transitions. For instance ARR was found to havecal lo
sharp maximum, both in the rising and the declining phasethe®
day of transition between the hard state and the hard-ietgiate
state. Hard and hard-intermediate states are dominateielyalo

The source was observed in this spectral state for about arate, whereas the other two states are dominated by the atisk r

month, where some variation in ARR.{3 — 0.16) is observed,
because of the reductions of; and m, (see, Figs. 1-3). During
this phase, similar to rising soft-intermediate spectrales QPOs
are observed to be sporadic @t0.7 — 2 Hz). On 2011 Febru-
ary 02 (MJD= 55594.90), another spectral transition from soft-
intermediate to hard-intermediate state is observed, duesée
in M, and decrease imy, where a prominent QPO of frequency
6.420 Hz is observed.
(vi) Hard-Intermediate State in Declining phase:

Source was observed in this spectral state for the rext
10 days starting from spectral transition (soft-interragelio hard-
intermediate) day (2011 February 02; M355594.90). During
this phase, similar to declining hard-intermediate stdtetber
transient BHCs (e.g!. Debnath et al. 2008 for 2005 outbufst o
GRO J1655-40; Debnath et/al. 2013 for 2010 & 2011 outbursts of
H 1743-322) QPO frequencies are observed to decrease menoto
ically. As time passed, ARR increased monotonically duestityd
rise inn, rate and fall inmy rate. ARR reaches its maximum value
for the declining phase~( 0.50) on 2011 February 14 (MJB
55606.90), where QPO of frequencyl 05 Hz is observed. During
this phase of the outburst, a slow increase in shock stresfgttk
height and temperature are observed. Shock also moved mutwa
(see, Fig. 2).
(vii) Hard State in Declining phase:

Hard and intermediate (hard-intermediate, and softinéeliate)
spectra fit extremely well with our current TCARs file, since in
these states, two components are prominent. Soft statenimdted
by the standard Keplerian disk alone and better fits are esthie
whenm, — 0. In future, the fits file will be expanded with finer
grids for this regime. The fact that the present version oAFC
fits deteriorate in soft states is a direct indication of theemce of
shocks in this state. Recently, Mondal & Chakrabarti (20%8)f-
consistently solved transonic flow problem with Comptonlicap
We hope to incorporate this into our code in future.

Atfter fitting with TCAF, a clearer physical picture of what
happens in an outburst emerges. Two types of accretion aates
found to vary independently. At the beginning of the outhegec-
tra are dominated by low angular-momentum, thermally hbt su
Keplerian flow (m,) and the object is in a hafldw-hard state. As
the outburst progresses, accretion rate of the Keplerienpoaent
(my) increases and the object enters into a soft spectral si@te v
two intermediate (hard-intermediate and soft-interm@glispectral
states. During the declining phase of the outburst, Kemhedisk
recedes while the sub-Keplerian rate remains roughly theesa
increases slightly, which makes the spectrum harder. Sheatnd
phase of the outburst, the source moves again in the haeétat
two intermediate (soft-intermediate and hard-intermediiapec-
tral states. During this outburst of GX 339-4, maximum valoé

The source was observed in this spectral state till the end of my, (=8.14) andmy (=5.99) are observed on 2010 April 11 (MJD

observational data set (2011 March 06; M3[35626.56). In this

= 55297.88) and 2010 April 18 (MJE 55304.72) respectively.

phase, prominent QPOs are observed only for two days, where Since the sub-Keplerian matter moves roughly in a freetiialée

QPO frequency is decreased fromi?6 Hz to 0136 Hz. As the
day progresses, both types of accretion ratesandm,) decrease
due to less supply of fresh matter (reduced viscosity). ThRR
decreases monotonically and reaches a value 6fZ2) on the last
day of the observation (MJB 55626.56). During this state, a de-
crease in shock temperature with rapid rise in shock stheagt
height was seen. Also, shock is found to accelerate away tinem
black hole (see, Fig. 2).

5 DISCUSSION AND CONCLUDING REMARKS

For the first time, spectral properties of GX 339-4 duringréds
cent 2010-11 outburst have been studied in detail and thetrape
were fitted using two component advective flow (TCAF) model af
ter its inclusion as an additive table model in HEASARC'sctpsd
analysis software package XSPEC. For the inclusion of théeino

scale, while the Keplerian disk moves in a viscous time s¢his
lag is expected. This delay may provide an estimate of viscos
the Keplerian component. This will be dealt with elsewhere.
Evolution patterns of the location of the shock (n rq unit)
and height of the shockh{ in rq unit) are more or less sim-
ilar during this outburst of GX 339-4. During the rising pkas
of the outburst, as the day progresses, these two valuesatjgne
decrease with time (day) and during the declining phase ef th
outburst, opposite scenario is observed. During risingsphiaf
the outburst, the shock compression raff) (lecreased initially
slowly and then rapidly before it settled down to a lower ealu
(~ 1.05). During the declining phase, it increased almost mono-
tonically. In the same way, CENBOL surface temperatdigy(in
10' K) initially increased rapidly, then remained more or less-co
stant at~ 4 — 5. Interestingly, after the first observed QPO day
(MJD = 55277), it rapidly decreased until the transition day of
hard to hard-intermediate state. During declining hartesty«
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is observed to decrease monotonically, whereas duringiegi- be easily re-distributed to produce a Keplerian disk (Chbdrti
ate stateJ s is found to be non-monotonic. In the present TCAF & Molteni, 1995; Giri & Chakrabarti, 2013). Thus, a soft &at
fits file, shock locations, shock strengths (inverse of the cesypr  is achieved in viscous time scale. As long as high (sup¢ical;
sion ratio), shock heights, and shock temperatures areakuc C90ab) viscosity persists, the object stays in the sofesiathen

lated simultaneously without taking care of outflows, if atyis viscosity is reduced to sub-critical value, declining ghstarts with
to be noted that in the present version of TCAF fits file, the in- a reduction of the Keplerian rate. Keplerian disk itselfégacted
put parameters shock location and compression ratio batld b due to lack of conversion. A simple estimate of viscosityapaeter

calculated from the fundamental flow equations, namelynfe suggests that should increase from001 to 002 from the first day

set of energy and angular momentum of the accretion flow (C90a to the day it came to the soft state (Mondal, Chakrabarti &ri2efy
Mondal, Chakrabarti & Debnath 2014b). In that case, our fitihdo 2015%). Theser values are consistent with what simulations with
yield more fundamental parameters. This will be done in nert MRI indicate (Arlt & Rdiger 2001 | Masada & Sano 2009). In the
sion of the TCAF modefits file. Variation of angular momentum literature, a few models require higher viscosity to expldie ori-
would also give a measure of viscosity. The general trendhef t  gin of QPOs and spectral states (Mauche 2002; Titarchuk &itBio
shock location is on an average the same as in Paper Il. There i 12004). This could be because their disk is Keplerian withnkig-
however, some discrepancy, because in Paper Il, no speeéttal gular momentum, which requires high viscosity 0.1 — 0.5) to

was used to compute shock locations. Rather, an approxatgete transport angular momentum. On the contrary, TCAF assumes a

braic relation between shock location and QPO frequencyused sub-Keplerian with low angular momentum, where lesser arhou
and that yielded quite high values of shock locations. Thegres- of viscosity is sifficient to explain the spectral states and origin of
sion ratio was adjusted suitably to fit the QPO frequencyatian. QPO frequencies (Mondal, Chakrabarti & Debhath 2015) tiinou
In the present case, shock locations and compression eagash- shock formation and its oscillation.

tained by TCAF fits and therefore are more realistic. We firad th Generally type ‘C' QPOs are observed in hard, and hard-
there are some fluctuations in shock locations on the top @iomo  intermediate spectral states and type ‘B’ QPOs are observed
tonic behaviour. Part of the reason could be that along withn@> soft-intermediate spectral states (see, van der Klis 2aDd)ing

ton cooling which pushes the shock towards the black holss-pr  hard and hard-intermediate spectral states, QPOs arevedsesn-
ence and absence of winds (which is not considered herejhwi tinuously starting from the day when sudden rise in ARR is ob-
duces density in CENBOL alsdfacts the shock location. Another  served (see, Figs. 1 & 3). It has been noticed that ARR reaitbed
important assumption was that the accretion rate was tremea maximum values on the day the transition between hard to-hard
constant throughout the disk (Dutta & Chakrabarti 2010)icivis intermediate states takes place. During soft-intermedsates,
guestionable in an evolving system. However, the genemaltecy QPOs are observed sporadically as this state is slightlyired

of shock location remained acceptable and the behaviowuisof by thermally cooler Keplerian flows, and QPOs are seen whien su
to be consistent with anticipated behaviour. Another seofdluc- Keplerian halo rate rises (see, Figs. 1 & 3). This perceptionore

tuation could be that as the accretion rate goes up, the CENBO prominent in the rising soft-intermediate state becausiguhe
switches from becoming an ion pressure supported to a iadliat  declining phase, total accretion rate is decreased as aewNol
pressure supported. So the size of the CENBOL could growmrgt ve  LFQPOs are observed in soft states because oscillatork sione

soft state. In future, we will try to incorporate these aspét our ditions which are required for the generation of QPOs aresabt
modified TCAF modefits file. isfied in a ‘sub-sonic’ Keplerian disk, which after all, dorates
Almost all the spectra are fitted with an Iron line ©f6.2 — this state. As a result, accretion disk becomes thermalty ap-
6.7 keV (by adding a Gaussian model component along with TCAF proximately at a constant temperature (see, Fig. 7a of Paper
model), except those whetaV (line width in keV) andLD (line It appears that there is an association of a (though, sorestim

depth) are absent in Table | of Appendix. The non-Gaussiateino  weak)peakof ARR with a state transition. ARR has a local maxi-
fitted spectra are seen only in extreme two ends (hard staftes) mum on the day of transition between hard and hard-interaedi
the outburst. Given that the resolution of RXPIEEA is not good states. This important finding was possible only after fittimith

for line studies, a general nature of the Iron line evolut®mb- the TCAF solution. Of course, TCAF solution depends strpogl
served. We do see a progressive widening of Iron line as we go the behaviour of the companion. Unless the process of natger
from hard states to softer states. Similar variation is alsgerved ply is well understood, predictability of the subject is iied to a
for line depth. According to TCAF, lines are formed in the kep duration much less than the stellar variability timescale.

rian disk just outside CENBOL and thus the solid angle to poed According to the shock oscillation model by Chakrabarti and

line widths would be large enough- (2r). Also as the state be-  his collaborators in mid-90s, LFQPOs are originated duesto o
comes softer, rotational velocity increases as CENBOL mdwve  cillation of post-shock region_(Molteni, Sponholz & Chakligati

This increases line broadening. Thermal broadening atseases, 1996] Chakrabarti, Acharyya & Molteni 2004) when resonaowe
as the disk temperature rises. In future, we will includen llie to curs between infall time scale and cooling time scale in CENB
generatdits file, since its width would be related to shock proper- or when Rankine-Hugoniot conditions are not satisfied tenfar
ties. steady shock (Ryu, Chakrabarti, & Molteni 1997). So, onealan

Most natural assumption of the cause of an outburst, ise, ri  tain the QPO frequency if one knows instantaneous shockitoca
in flow rates, is possibly a rise in activity of the companian t and compression ratio (assuming turbulence, which careaser

gether with a rise in viscosity, perhaps of magnetic origiming infall time, is absent). Since we directly extract shockapaeters
to enhanced magnetic activity in the companion, or corvedtir- from TCAF model fits, we should be able to predict frequency of
bulence at the outer disk. If we assume that it is the sube€ipi low frequency QPOs, if present, and make a comparative stitty

component rate that is easy to change by the companion,tédre in  POS model | (Chakrabarti et'al. 2005, 2008, 2009; Debnath et al
pretations become easier. During the rising phase of arursitb 2010, 2013; Nandi et al. 2012) fitted results. Indeed, we firad t
viscosity causes an increase in the accretion rate of Kepleom- while going from hard-intermediate to soft-intermediatas, the
ponent since angular momentum of a sub-Keplerian flow could rms value of QPOs is suddenly reduced (see, Table A.2 of Paper
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I). This points to the fact that the oscillating body (hene shock)
is getting more and more fiiised. Our finding of weakening of
the shock strength corroborates with the general conciugiawn
from rms values. Indeed, weaker shocks could just be deasity
hancements due to centrifugal barrier and thus would pmdsic
type QPOs. This aspect will be looked into in a future work.
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Appendix |
2.5-25 keV TCAF Model Fitted Parameters With QPOs
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49,518
44.48

44
45
46
47
48
49
50

Y-07-01
Y-07-02
Y-08-00
Y-08-01
Y-09-00
Y-09-02
Y-10-01

55606.90
55607.76
55611.61
55615.46
55617.55
55622.48
55626.55

3292009
®$84+0.036
8100015
@39:0.078
6800038
628:0.038
8090048

0.36 5t0.039
0.340:0015
0. 257¢0.021
0.250:0048
0.18 110.025
0.1490021
0. 136t0.089

0.50110.119
0.497:0048
0.317:0032
0.338t0‘101
0.26@0'052
0.237:0048
0.22§0.164

30. 4?0.387
42.45+1:229
49.6714.026
75.7 417.360
86.00t8'680
107, 5110,21
13 36114.92

11 3@0.020
1.18 110,018
1.13 4i0.0lO
1.3 1110,048
1.33(}&0.033
1.399t0,040
14 1§0.048

127 8i0.387
19740873
20.6?1.860
41595565
479 ?6.030
626677743
78451143

1.93 4&0.046
1.69 5:0.050
1. l59t0.057
1.31 110.112
1.18 8t0.089
1.0360'079
0.84. 4&0.076

1.67@0'108
1.366t0,118
1.971i0.138
0.978t0‘201
1,16%0'148
1.140t0,203
1.17§O.218

0.32
0.39
0.20

4.42e-4
4.20e-4
1.44e-4

45.513
47.743

- 42.923
— 453745
- 35.245
- 29.4M5
- 27.6145

Here X=95409-01, ¥-=96409-01 mean the initial part of the observation Ids, arf) taark TCAF model fitted results for six ierent states, presented in Fig. 4.
Intermediate horizontal lines mark state transitions fiég+-HIMS, HIMS—-SIMS, SIMS-SS, SS>SIMS, SIMS-HIMS, and HIMS-HS respectively.

My, andmy represent TCAF model fitted sub-Keplerian (halo) and Kégte(disk) rates in Eddington rate respectively.(in Schwarzschild radiusy), and

Rare the model fitted shock location and compression ratigegalespectivelyhspk (in rg) andTshk (in 100 K) are the shock height and temperature values

derived from Eqs. 4 & 5 respectivelR, (in km) representsfiective height of the Keplerian component at the pre-shogiorne

LW and LD represent Gaussian model fitted Iron lired(2 — 6.7 keV) width and depth respectively.

T Here, frequencies of the principal QPO in Hz are present@F Beans degrees of freedom of the model fit.
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