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Abstract. Fifty years have just passed since the first discovery of the
extra-solar X-ray sources by Giacconi and his team which n@nkto-
day to be some stellar mass black holes. By 1973, not onlyadotaof
these enigmatic objects were made, and their spectra weéaeed. To-
day, forty years have passed since the revolutionary ideheothin, ax-
isymmetric, Keplerian, disk model by Shakura and Sunyae/mblished.
Yet, the complete predictability of their radiative propes remains as il-
lusive as ever. The only available and self-consistentismiuo date is the
generalized viscous transonic flow solutions where bothifgeand cool-
ing effects are included. | demonstrate that the latest ‘Avatathefac-
cretioryoutflow picture, the Generalized Two Component Advectivenr|
(GTCAF), is capable of explaining almost all the black habservational
results, when the results of the time dependent simulatiafisoous and
radiative processes are also taken into considerationsol discuss the
problems with predictability and argue that understandmgpanion’s be-
haviour in terms of its habit of mass loss, ellipticity of @sbit, magnetic
properties, etc. is extremely important for the predicttbemission prop-
erties of the accretion flow.

Keywords : black hole physics — accretion, accretion discs — hydradyn
ics — X-rays: binaries

1. Introduction

Fifty years ago, the subjects of the physics of stellar méssktholes and the Super-
Massive black holes started (e.g., Gioconni et al., 196 #kstaet al., 1973; Schmidt,
1971; Bahcall, Bahcall and Schmidt, 1973 and referencesitijeBy 1973, the thin
accretion disk model of Shakura & Sunyaev (1973, hereaffgt3Sand Novikov &
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Thorne, 1973) was proposed, not only to explain the softpXitamps in stellar sys-
tems, but also the big-blue-bump in ultra-violet region ina@ars and Active Galax-
ies. The euphoria that the subject is almost closed disappgesmon with the dis-
coveries of instabilities associated with the SS73 disksdEy & Lightman, 1974)
and with power-law high energy X-rays in stellar mass olgjé¢stunyaev & Truemper,
1979; Chakrabarti, 1996a; 2008 and references thereinih Ve launching of the
RXTE satellite, the time variation of spectral and timingperties of several black
hole candidates were revealed and it became clear thatdbse fioust be to understand
the accreting system as a whole, and not parametrically @seloy case basis. The
solutions of governing equations which make minimal asgionp survive the test
of time and thus one requires to sharpen these theoreticaists having maximum
possible flexibility, while still remaining the solution$ the governing equations. It
is with this spirit, the two component advective flow (TCAlB)gion by Chakrabarti
& Titarchuk (1995, hereafter CT95) was presented to the conitpwhich combines
the theory of viscous transonic flow (Chakrabarti, 19904 Wie radiative properties
of an electron cloud (Sunyaev & Titarchuk, 1980, 1985).

Though it was known that the flows on a black hole should bestrait in nature,
Chakrabarti (1989, 1990a) firmly established that if onet&am completely explain
the black hole astrophysics, i.e., both spectral and tealpooperties, one must live
with an ugly feature of the transonic accretion flow — a magnt pf the parameter
space spanned by energy, angular momentum and viscosityd arce the flow
to have a centrifugal pressure supported shock wave insaldisk. Unfortunately,
this fact is dificult to digest by minds which, albeit irrationally, belieiesimpler
pictures, very much like workers who believe in a flat earth steady state Universe
even in the presence of inundated evidences to the contimrgake the matter worse,
Chakrabarti and his collaborators (Molteni, Sponholz & K¥adarti, 1996, hereafter
MSC96; Chakrabarti, Acharyya & Molteni, 2004, hereafterNM@4; Garain, Ghosh
& Chakrabarti, 2013, hereafter GGC13) firmly establisheat thhhen the solution
is allowed to be time-dependent the parameter space issfuetitended to include
oscillating shocks in the disk. Explanation of both the $gg@@nd temporal properties
by a single theory, which is inevitable in any subject, thesdme a reality (Debnath,
Mondal & Chakrabarti, 2013a; Debnath, Chakrabarti & Mon@413b). We are
thus truly looking at the light at the end of the long tunneittbpened half a century
ago. Everyday, evidences are piling up that the accretionifideed has two active
components (e.g., Smith et al., 2001, 2002, 2007; Cambiem& 2013).

This present brief review is to support these tall claimshveibme examples.
In the next Section, | describe the building blocks of a galieed transonic flow
which have been rigorously established. In Section 3, we gisummary of the flow
behaviour. In Section 4, | present a discussion of predilitiabf the TCAF solution.
Finally, in Section 5, we draw our conclusions.
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Figure 1. (a) (left) An example of the topology with the critical visity parametet;, which
separates the parameter space. d-er «;, the flow can have shocks and fer> «;, the flow
will be a Keplerian disk passing through the inner sonic p@hakrabarti (1990a). In (b),
(right) we show the formation of TCAF withr > «i, Keplerian disk on the equatorial plane,
anda < ai, sub-Keplerian halo away from the equatorial plane (Giri &a&tabarti, 2013).

2. Building blocks of GTACF around a black hole

Here are a few major building blocks which are responsibi¢Hfe observed spectral
and temporal properties of the flow. We briefly discuss them.

2.1 The existence of a critical viscosity

The most important of all is the discovery that there existsitécal viscosity above
which the solution will not allow a steady shock wave in thevfland below that, a
standing shock wave would be present. Figure 1a shows thé Mamber (Y-axis)
vs. radial distance (X-axis) for a viscous isothermal flowillastration (Chakrabarti,
1990b). The inner sonic poinX(,), the sound spee) and the SS73 viscosity
parameterr are marked inside the Figure. Here, the solution passesghrooth the
inner and the outer sonic points. This viscosity parametgs the critical parameter
in this case. When < aip, the flow has a shock wave solution. kor aj, the flow
simply becomes a Keplerian disk entering into a black haleugh the inner sonic
point. Details of the critical parameters for other modets/rhe seen in Chakrabarti
(1996b), Chakrabarti & Das (2004) and Das & Chakrabarti @00 he numerical
simulations to demonstrate this is in Lanzafame, Molteni Bakrabarti (1997) and
Giri & Chakrabarti (2012).

A ramification of this critical viscosity is that when the bkahole accretes a low-
angular momentum flow and there is a sudden surge of viscthgstylow quickly
transports angular momentum, and enters into the black dla Keplerian disk.
However, above a certain height from the equatorial plameflow may still have a
lower viscosity, and thus will produce a shock wave. In otherds, the flow would be
divided into two components (CT95, Chakrabarti, 1996b;kealarti, 1997). This is
the well studied Two Component Advective Flow (TCAF) sabuati Recently, Giri &
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Chakrabarti (2013) showed that this configuration is indgatlle. Thus the spectral
studies of CT95 are realistic. Figure 1b shows the configamdbrmed by Giri &
Chakrabarti (2013, hereafter GC13) through numerical Etions. The equatorial
plane has a Keplerian disk and the sub-Keplerian halo sod®it. CENtrifugal
pressure supported BOundary Layer or CENBOL is also formed.

2.2 The existence of a resonance oscillation of the shocks

MSC96 and CAMO04, using power law cooling, and more recer@i§C13, using
Compton cooling showed that when the infall timescale fréw post-shock flow
‘roughly’ matches with the cooling time scale, the shockiltetes with a frequency
which is inverse of the infall time scale from the shock to ittieer sonic point. Os-
cillation of the shock wave may occur when the Rankine-Hugfacondition is not
fulfilled, and yet there are two physical sonic points in tleevf(Ryu, Chakrabarti &
Molteni, 1997). While these oscillations are robust, mauvelies are to be carried out
for other cooling &ects (such as synchrotron radiation), non-axisymmetnesfletc.
(Chakrabarti, 2006).

2.3 The outflows originating from post-shock region

A quantitative measurement of the outflow rate was made byeviplLanzafame &
Chakrabarti (1994). Later, in Chakrabarti (1998, 1999)s BaChakrabarti (1999);
Das, Chattopadhyay, Nandi & Chakrabarti (2001) and Singhh&kgabarti (2011),
the ratio of outflow to inflow rate was obtained by purely thetimal means. It was
observed that a few percent of the inflow leaves the systenm astilow and hot-
ter the post-shock region is, or higher the angular momeigummgher is the ratio.
This outflow was found to be partly or totally quenched as tt&etion rate of the
Keplerian rate goes up (Garain, Ghosh and Chakrabarti,)2012

3. The generalized TCAF solution

Figure 2 shows schematically all the components of a gemeddl CAF solution (GT-
CAF) which traces most of the matters’ journey from the compato the black hole
and the rest towards forming the jets. The high viscous Kepialisk is immersed
inside a low angular momentum halo component. For all pracpurposes, CEN-
BOL is the boundary layer of a black hole, except that instefdzking supported by
a hard surface, it is supported by a centrifugal barrier. Sthady jets and outflows in
this picture are produced primarily from CENBOL. The CENB@d the base of the
Jet (pre-Jet) is also the so-called Compton cloud whichréefgts soft-photons from
the Keplerian disk and re-radiates them after Comptorinafihe jets are accelerated
by combinations of the hydrodynamic, magnetic and radédtivces (Chattopadhyay,
Das & Chakrabarti, 2004). The collimation is possibly dogéh®e toroidal field lines
which are ejected from the disks due to buoyanffieas (Chakrabarti & D’Silva,
1994). The disks may not have a constant accretion ratekratéd) especially in the
Keplerian disk, since the matter supply from the companiay rary in the orbital
and viscous time scales.
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Figure 2. Generalized TCAF with CENBOL, Keplerian and sub-Keplefflavs and the pre-
Jet configuration gives the whole scenario which includesctmpanion star and double jets.
The schematic diagram is roughly in logarithmic scale irhtgitections and dierent relevant
components are zoomed in to show details.

In the case of outburst sources, fitting of the data with a T@élktion suggests
that the main cause could be the sudden rise in the viscdstheauter boundary
(perhaps due to magnetic activities of the companion stattemaccumulation at the
outer edges). As long as the viscosity is high enough, thegrighase persists. During
the intermediate phases (Nandi et al. 2012, Debnath et 4l3&0the viscosity re-
mains moderately high. Declining phase starts only whetosigy starts to decrease.

In the TCAF, the low angular momentum matter may be supphadany ways:
First of all, the stars will have winds which may produce dtsoall around to satisfy
the boundary condition that the ambient medium is statypn@hese shocked flow
could be be directed to the central black hole. Since theg@mrgng from spherically
symmetric (in the frame of the companion) flow, they would énaery low angu-
lar momentum. Another possibility is to have a part of sulispre-jet and outflow
(which are formed out of very low angular momentum of the MBENBOL region)
returns back to the equatorial plane at a larger radii and lf@ck to the black hole.
Similarly, magnetic field of the companion, if entangledhwihe outer disk, could
not only remove angular momentum from a Keplerian disk thiemeould bring sub-
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Keplerian matter from the stellar pole to the outer diskefuires a complete numer-
ical simulation to establish the complete scenario.

4. Predictability of TCAF solution

Since TCAF is the more general solution, in the appropriati, lit will have the same
predictability as those of the Shakura-Sunyaev disk (Staa&uSunyaev, 1973), or a
thick accretion disk (Paczy’nski & Wiita, 1980) or a radvedly inefficient transonic
flows (Chakrabarti 1989). No solution is expected to haveediptability more than
a fraction of the orbital time of the companion. TCAF regsioaiter boundary condi-
tion and these are not properly known. However, given sucimbary values of disk
and halo rates, TCAF is capable of predicting several olasens. We present some
examples due to sort of space.

A. Spectral state transition

In a TCAF, the relative importance of the soft photon souszetion rate of
the Keplerian disk) and the hot electrons (rate of the lowudargnomentum matter)
decides whether the CENBOL could be cooled or not. If yespitilh be a spectrally
soft state, otherwise it would be a spectrally hard stateCTA5 and Ebisawa et al.
(1996) paper, it was shown that the energy spectral imdexhard state is insensi-
tive to the optical depth of the CENBOL. At a disk rate of ardueddington rate,
the sensitivitya on disk rate is very high and the transition to soft state iy vapid.
Meanwhile, as CT95 showed, the spectral index due to the Holkon Comptoniza-
tion is dominating. There is a regime when broken power lagcsp could be seen,
though, at a very high disk rateng >> 1) the spectrum will have a power-law slope
corresponding to the bulk motion. Spectra of Cyg X-1 is fittedy well (Chakrabarti
& Mandal, 2006) when synchrotron photons along with shoalebsrated electrons
also participate in the process. Similarly, the spectraipésmassive black hole M87
also fitted well using TCAF solution (Mandal & Chakrabart)aB). So far, TCAF
has been implemented in XSPEC without taking the bulk mo@amptonization
(BMC) into account. Hence better fits are obtained for hastigties (Debnath et al.
2013ab). The BMC is being incorporated. Fitting of the sp@alata is possible
with the TCAF solution. So far, TCAF has been implemented BPEC without
taking the bulk motion Comptonization into account. Hereter fits are obtained
for harder states. Five parameters, namely, the accrettes of the disk, halo, shock
location, compression ratio and the mass of the black haesrtracted out of the
XSPEC fit. TCAF is the only solution in which spectral fits yiéémporal behaviour,
since the shocks which fit the spectra also produce QPOs. dtaitg) see (Debnath
et al. 2013ab).

B. Energy dependence of QPO behaviour

Since the TCAF solution shows that QPOs are formed due tosbdaiion of
the Compton cloud (CENBOL), only Comptonized photons appssed to take part
in QPOs. Thus, TCAF predicts that the power in QPO oscilfasioould be very low
for the photons coming out of a Keplerian disk, but the poweuld be higher for
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the photons which are Comptonized. However, too many soajewill increase the
energy but will reduce coherency of oscillations (Chakral&aManickam, 2000).

C. QPO frequency and resonance condition

Since the CENBOL cools down and moves in when the Kepleriéa igin-
creased, the QPO frequency should go up accordingly (MSCBékrabarti & Man-
ickam, 2000; Chakrabarti et al. 2008; Debnath et al. 20IBgically,

VCMey |\ (1)

-1
vQPo ~ tinfal ~ RA(X)F2 >

where, X; is the shock location in Schwarzschild radigsis the compression ratio
(ratio of post shock density and pre-shock densyig the gravitational constant and
Mgy is the mass of the black hole. This can be rewritten as,

vopo = 185myg fi1 X 32 Hz. )
Here,myg is the mass of the black hole in units of M@, r4 is the compression ratio
in units of 4,Xs10 is the shock location in units of 1Q Here, we have introduced
a factor f; which reduces the infall velocity due to the centrifugalgsere induced
turbulence inside the CENBOL. A reasonable guess woulfl be1?, wherea is the
dimensionless angular momenturs is in units of 3. The QPO frequency goes up
as the shock location goes down.

After making simplified assumptions, and computing cootintge scale assum-
ing a constant enhancement factbe 20, injected soft photon energy= 0.5keV
and the shock to be in vertical equilibrium, one can showttiatatio of the cooling
and the infall time scale is,

t . - 1
T = 04 X0 €0 3)
Here, we chose the mass the black hole to bdJ,0 = 4/3 to be the adiabatic index
of the flow,R = 4 is the compression ratio of the gas at the shégk.is the average
factor by which the injected photon energy is enhanced owvarage as is in units of
20. It can vary fromEyg ~ 1 (very soft state), te- 40 (very hard state). Either way,
when the ratio is fi balanced from- 1 and the low frequency QPOs would not be
seen. This little exercise shows the power of TCAF solutidrdirectly shows that
timing properties are spectral properties are connected¢fin the shock location. It
also predicts how QPO frequency would become higher on & dadis as the shock
location moves towards the black hole in a outburst sourge (8. For AGNSs, the
ratio will (Eg. 3) will not be close to 1 when Compton coolirgguised. In that case
bremsstrahlung cooling could cause QPOs (MSC96). Figutakeén from GGC13
shows how the QPO frequency increases with the accretieroféihe Keplerian disk.
This behaviour is observed in the rising phase of the outlsetgrces. Indeed, the fit
of QPO frequency with time is acceptable enough so that flafitst three to four
days of data, one could predict the QPO frequency variatiotie next several days
—which is impossible by any other model.
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Figure 3. Demonstration of increasing QPO frequencies when the digkis increased. This
result comes totally from a time dependent hydrodynamiaikition coupled with the Monte
Carlo simulation of Comptonization. See, GGC13 for details

5. Concluding remarks

In this article, we presented briefly the current status aftgmn onto black holes. It
is to be noted that this solution was preseriefdre the RXTE was even launched. It
turns out to be very promising, as it can satisfactorily akpthe state transitions as
far as the spectral properties go, and timing properties sgdow frequency QPOs
and their time variation during the outbursts. To our knalgke, no other solution has
as much predictability. However, as we pointed out, the ésggroblem is the poor
knowledge of the boundary condition for solving th&eliential equations which gov-
ern the flow. As shown in Fig. 2, ideally, one needs to treattteraupply - accretion
flow - jet" as a single physical system. However, the compasiproperty could be
erratic. The mass transfer rate could vary with phase astelagnetic cycle, X-ray
irradiation, inclination of the companion’s spin axis et€.the orbit is elliptic this
should be imprinted on long term count rate variation. Egkath magnetic field may
also remove angular momentum from the accretion disk, suppthe halo with low
angular momentum matter. Nevertheless, we can assume taghiort time span (as
compared to the orbital time of the binary), the conditiontha outer boundary may
remain the same (rate and its derivative). Thus we may extithe results success-
fully using TCAF in near future and near past of an observeshevBecause of this,
the variability class transitions of GRS 194805 is also very much unpredictable.
Fortunately, one parameter which is defined to be the Congztion dficiency (CE)
(ratio of the power-law photons number and the black bodygrihoumber) has been
found which mixes the properties of the two flow componenthieWCompton #i-
ciencies are plotted against variability classes so the¢isied transitions take place
among nearest neighbours, CE becomes a monotonicallyasiogestraight line, low-
est CE being for the softest class. (Pal, Nandi & Chakraki20ti3). This CE is the
dynamic hardness ratio valid for all black hole candidates.
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