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Exactly three decades ago, it was realized that an accretion flow onto a black hole should

be transonic. Since then, the subject has matured considerably and several new and well
established concepts and methodologies have replaced earlier ways of studying accretion
and winds. Not surprisingly, with the advent of the faster computers as well as better
space-based telescopes, the results of numerical simulations and the observations have
also improved along with the theory. Today, it is more than satisfying that the results
of theory and numerical simulations, even in the context of nonmagnetic flows, agree
in details of the observations exceedingly well. I present here several new concepts and
intricacies which one has to get familiar with when one talks about the behavior of the
transonic flows, either in accretion or in the outflows.
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1. Introduction

The paper of Liang and Thomson23 written exactly thirty years ago was a significant
deviation from those prevalent in the literature on black hole accretion problem.
These authors not only discussed the possibility of having transonic nature of the
flow, they also speculated that the observed X-ray luminosity variation in Cyg X-1
is directly related to the optical depth of the Comptonizing cloud through Compton
y parameter, and thereby ruling out the possibility that a Keplerian disk alone can
explain the entire spectrum. Before that, Sunyaev and Trumper38 presented the
observed data on Cyg X-1 and also showed that Comptonization of the low energy
photons was essential to explain the data. Sunyaev and Titarchuk37 computed theo-
retically the power-law spectrum of the hard photons produced by Comptonization.
In fact, another interesting paper of 1980 is that of Paczyński and Wiita30 where
the authors tried to match a thick accretion disk at the inner part of a Keplerian
disk. Thus, thirty years ago, the realization that one requires a new component,
over an above the standard Keplerian disk component, was complete and efforts
were on in full swing to present the physical description of this Compton cloud.
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Since then a large number of satellites have been pointing at black hole
components and they have only confirmed the early claims. Today no spectrum
of the black hole candidates can be explained without a reference to Comptoniza-
tion or Comptonizing cloud. Furthermore, it is becoming obvious that the outflows
and jets not only play some role in temporal change of the spectrum and pho-
ton counts, they themselves are transonic and produced from the Compton cloud
itself. The subject has evolved rapidly to a logical conclusion that the transonic
flows, both in accretion and winds play a major role in black hole physics. Many
new concepts were brought to light which made understanding of the spectral and
timing properties easier. In the present paper, we will discuss these new concepts
in this new era of Black Hole Astrophysics. While all the concepts remain valid
for massive and super-massive black holes also, some of them require modification
when the accretion onto compact objects having hard surfaces is discussed. We will
discuss these issues as we go along.

2. Fundamental Concepts in the New Paradigm

2.1. Transonicity

As pointed out by Novikov and Thorne,29 and also discussed repeatedly in the
context of black hole accretion,6,7 the flow must be supersonic at the horizon, though
it is necessarily subsonic at a large distance. The first condition is true since the
radial velocity reaches the velocity of light on the horizon while the sound speed
remains lesser. This condition is independent of the mass and spin of the black hole
and thus the inner boundary condition is very simple (unlike that on an ordinary
star). The second condition is true since the flow may be at rest at a large distance,
while still having some temperature (some nonzero sound speed). Therefore the
flow must pass through at least one sonic point, and presumably more, such as
those occurring in presence of even a small angular momentum.5 Having a multiple
number of sonic points makes the flow more rich in its topological properties. The
flow may have one or more dynamically important shocks (a supersonic to sub-sonic
transition) only because it has more than one sonic point.

2.2. Flows with any angular momentum can be sucked

in to a black hole

In a Newtonian geometry, the flow with even a small specific angular momentum λ

faces an infinite potential barrier close to the horizon due to the centrifugal force
λ2/r3. However, around a black hole, the gravity always wins as it is not 1/r2,
but has terms ∼1/rn for all n. This ensures that one does not require viscosity to
transport angular momentum in order to accrete onto a black hole, though viscosity
can always be helpful. Matter with any angular momentum can be sucked into
the horizon provided it is pushed ‘hard’ enough to overcome the effective potential
barrier. Angular momentum is expected to increase outwards dλ/dr � 0 for stability
reasons.
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A flow with a specific angular momentum close to the marginally bound value
can have more then one sonic point and an unperturbed flow can only pass through
the sonic point which connects the horizon to infinity. However, a perturbed flow
will also pass through the second alternative, after generating the entropy through
turbulence. This is done through a shock transition5 as discussed later.

2.3. Transonic flow is sub-Keplerian

In an inviscid flow, the square of the sound speed at the sonic point a2 ∝ (λ2
K −

λ2).1,5 This means that at the sonic points the flow is always sub-Keplerian, i.e.
the flow angular momentum is less than that in a Keplerian flow at the same
radial location. Only in very rare cases18 there is a chance for the flow to become
super-Keplerian at the sonic points. Of course, a flow can be sub-Keplerian at two
sonic points, and yet, super-Keplerian in between, especially in the vicinity of the
marginally stable orbit. However, since the flow at the outer sonic point is already
sub-Keplerian, the flow is generally called the sub-Keplerian flow, even if a part of
it super-Keplerian.

2.4. The entropy accretion rate need not be maximum

In a Bondi flow, the accretion rate Ṁ is always maximum.2,6 Reference 5 defines
a different accretion rate (various named as “Accretion Rate”, “Entropy accretion
rate”) in the literature, especially for an adiabatic flow (P = Kργ ; where, P and ρ

are the pressure and density of the flow, K is a constant related to entropy and γ

is the adiabatic index and is the ratio of the specific heats.). This rate, commonly
denoted by Ṁ is first introduced by Ref. 15 [henceforth referred to as Chakrabarti
rate] and is, roughly speaking the product of the matter accretion rate Ṁ and
entropy function Kn. In an inviscid perfect flow, K is constant, and hence the
maximum of Ṁ also implies the maximum of Ṁ. So the Chakrabarti rate in a
Bondi flow is also maximum. In a transonic flow having a shock wave, K changes
at the shock and so does Ṁ. If there are two saddle type (physical) sonic points
in the flow, and it is easily proven that below certain energy, Chakrabarti rate at
the outer sonic point Ṁo is smaller than that at the inner sonic point Ṁi

5,6 and
above certain energy Ṁi is smaller than Ṁo. Thus in an accretion, Chakrabarti
rate is starts with a smaller number Ṁo, but finishes with the higher value of Ṁi

after generating entropy on the way. For a wind flow Chakrabarti rate starts with
Ṁi and ends with Ṁo.

2.5. A black hole accretion flow has a boundary

layer: The CENBOL

A boundary layer is referred to a layer of matter in which the flow adjusts itself
to match the boundary condition of the central gravitating object. In the case of
a neutron star, this layer is only a few meters thick, but in the case of black holes
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this could be a few to a few tens of Schwarzschild radii thick. To understand this,
we note the difference between the boundary conditions. Having hard surface is an
advantage for a neutron star where vr = 0 on the surface and the perturbation
in the sub-sonic layer can move back and forth freely. In the case of a black hole
accretion, the flow enters rapidly through the horizon. A shock wave can form at
Xs in-between the two sonic points Xi and Xo mentioned above and makes the
flow at Xs > X > Xi sub-sonic. So this region will behave as a boundary layer.
Location of Xs depends on the specific angular momentum and specific energy of
the flow.5 Normally Xs goes up with angular momentum and energy. The region
Xs > X > Xi is called CENtrifugal pressure dominated BOundary Layer or simply
CENBOL.

The CENBOL plays the same crucial role in black hole astrophysics as a normal
boundary layer does in the neutron star physics.

2.6. CENBOL is better than a thick accretion disk

The idea of thick accretion disk was proposed by Paczyński and collaborators in
the late seventies (see Ref. 3) where the flow is assumed to have non-Keplerian
specific angular momentum which is monotonically increasing with radial distance.
Here the radial velocity is assumed to be negligible and the disk puffs up due to
radiation pressure30 or gas pressure.31 However, there is no way to produce a thick
disk which is also thin very far away from the black hole. Having no radial velocity
of a classical thick disk is a disadvantage, since the inner edge of the disk lies very
close to the black hole (typically between the marginally stable and marginally
bound orbital radii, being pushed towards the marginally bound orbit due to high
pressure) where the velocity must be otherwise close to the velocity of light (in order
to reach the desired velocity of light on the horizon).

The CENBOL is a perfect replacement of the classical thick accretion disk: it
has a radial velocity, which is very small near Xs so that the disk is puffed up
at the post-shock region just as in a thick disk.28 The flow picks up velocity self-
consistently and reaches the sonic point and subsequently to the horizon. The shock
being a part of the solution, the flow produces the CENBOL self-consistently as well.
However, the natural angular momentum distribution as prescribed by Ref. 3 will
only be approximately correct inside a CENBOL, since in presence of radial velocity
the von-Zeipel theorem, based on which the Chakrabarti distribution was proposed
does not strictly hold in presence of radial or meridional velocity components.

2.7. CENBOL dissipates energy just as a boundary layer

CENBOL is produced when the supersonic matter becomes subsonic in a thin
region. The entropy produced due to turbulence enables the matter to have
Chakrabarti rate from Ṁo to Ṁi for a black hole accretion. This hot and high
entropy flow puffs up and intercepts soft photons from the pre-shock region, and
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inverse Comptonizes them. The soft photons could be from Keplerian disk resid-
ing far away, and/or from synchrotron radiation emitted throughout the disk. The
inverse Comptonized photons which eventually escape from the CENBOL basically
carry the thermal energy generated by reduction of kinetic energy at the shock.

2.8. CENBOL is the Compton cloud

Fitting power-law spectrum for black hole or neutron star candidates requires a
so-called Compton cloud which is designated by two parameters, namely, the elec-
tron temperature Te and the optical depth τ .36,37 A large number of physical mod-
els for the Compton cloud were proposed21,39 which are coronas on the Keplerian
disk which may or may not be partly transparent. Since it is difficult to under-
stand the dynamics of corona, based on the transonic solutions of Ref. 6 a com-
prehensive solution was proposed by Chakrabarti and Titarchuk16 which simply
use the low-angular momentum flow to be the Compton cloud itself. Specifically, if
the sub-Keplerian flow forms a CENBOL, it will intercept the soft photons from the
Keplerian disk and will re-emit them as hard photons after inverse Comptonizing
them. Thus in this solution, the rates of the Keplerian and the sub-Keplerian flows
are the independent parameters. The shock also accelerates electrons to nonthermal
regime which in turn produce power-law photons having energies extending to high
energies.13,24

2.9. The accretion flows can be converted Keplerian

to sub-Keplerian and vice versa

It is a wrong notion that the accretion flow means “Keplerian Flow”. In reality, one
can have several special cases depending on the outer boundary condition, since the
inner boundary condition on a horizon is fixed. In case the flow is strictly Keplerian
at a large distance, and the viscosity is high enough to transport angular momentum
efficiently, then the disk be largely Keplerian, though at the inner region the flow
will pass through the inner sonic point and will become sub-Keplerian. This is the
corrected version of the standard model of Shakura-Sunyaev34 which cuts the disk
off at the inner edge. On the other hand, if the injected flow itself is of very low
angular momentum, such as when the matter comes from the stellar wind, the flow,
even without viscosity will enter into the horizon. In this case, the shock may or may
not form, depending on whether the Rankine–Hugoniot conditions are satisfied.

In the compact binary system where the mass transfer is prevalent, the viscosity
plays a major role. However, it is likely that it is strongly time dependent, and
episodically increasing only when, say, magnetic fields, or convection is high. In
presence of time dependent viscosity, the process of angular momentum transport
will start and the flow may become Keplerian for a duration in which the viscosity
is high enough. After that the flow would revert back to a sub-Keplerian flow as
before. Numerical simulations have confirmed such a conversion of one type of flow
to another.15 It is interesting that such conversions are also accompanied by the
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formation of a shock wave which propagates in when the sub-Keplerian flow moves
in and propagates out when a Keplerian disk is formed. The conversion may not
be complete, as the viscosity may very well be a function of the vertical height,
in which case, the higher viscosity in the equatorial plane will form a Keplerian
disk on that plane while the flow above and below would remain sub-Keplerian.
This concept is utilized to produce the Chakrabarti–Titarchuk configuration16 of
the accretion disk where the Keplerian disk lies in the equatorial plane. Above and
below the Keplerian disk, one has the low-angular momentum with shocks. This so-
called two-component advective flow model can explain many of the observational
features of black holes.

2.10. Outburst sources are typical cases of temporal

viscosity enhancement

In many black hole candidates such as XTE J1550-564, GRO J1655-40 it is observed
that the after a long quiescent period, the objects suddenly become very bright first
in hard X-rays and then in soft X-rays. After a while the brightness is reduced in the
reversed order. Similarly, Quasi-Periodic Oscillation (QPOs) frequencies typically
rise from a few mHz to a few Hz and then goes down in roughly reversed order.
A few examples of the outbursts could be seen in Refs. 11 and 12 and references
therein. Plotting of hardness ratio versus intensity shows a hysteresis pattern, i.e.,
the ratio does not retrace back in the same route in the rising and declining phases.
Details of the behaviour and the explanations are in Ref. 25 where it is shown that
sudden rise in viscosity which causes re-distribution of matter in Keplerian and sub-
Keplerian components also causes the outburst and the decrease of the viscosity
causes the outburst to go away. The hysteresis is the result of the fact that the
viscous time scale which governs the Keplerian disk formation is longer compared
to the infall time scale of the sub-Keplerian matter.

2.11. Jets and outflows are products of CENBOL

In the case young stellar objects (YSOs) it is increasingly becoming clearer that the
boundary layer of the star plays a crucial role (e.g. Ref. 35). In the context of a black
hole accretion, it was assumed long ago that the jets and outflows are formed from
the so-called funnel wall of a thick accretion disk.4 However, subsequently CENBOL
replaced the thick disk, and numerical simulations indicated that CENBOL was the
reservoir where the jets are originated.28,32 Subsequently, Chakrabarti8,9 and Das
et al.19 computed theoretically the outflow rates as a function of the strength of the
shock wave and the specific angular momentum of the flow. The conclusions drawn
are valid for massive and super-massive black holes also. Indeed, high resolution
radio telescopes have shown22 that the entire M87 outflow is from a central region
of size � 100 Schwarzschild radii. Subsequently, it is found that the behaviour of
large number of variability classes in the galactic black hole GRS1915+105 can be
understood only if the interactions with outflows are included. The role of magnetic



September 16, 2011 13:8 WSPC/S0218-2718 142-IJMPD
S0218271811019803

field is minimal in such models, only to collimate centrifugally driven expanding
outflows by hoop stress due to buoyant toroidal magnetic field.

2.12. CENBOL oscillation produces quasi-periodic oscillations

To find the theoretical locations of the shocks, we assume that the
Rankine–Hugoniot relations are satisfied. However, in presence of loss of matter
due to outflows and winds, loss of energy due to radiative transfer, gain of energy
due to Ohmic heating or magnetic dissipation, it is almost impossible that the
shocks will remain steady at a given place. Furthermore, in Ref. 5 it was assumed
that the shocks are axisymmetric and also symmetric with respect to the equatorial
plane. However in a series of numerical simulations of the shocks which include a two
dimensional simulation on the equatorial plane by Refs. 14 and 17, a three dimen-
sional simulation by Ref. 33, without Ref. 32 and with Ref. 40 cooling effects, non-
axisymmetric simulations27 axisymmetric simulations with full meridional flow,10,26

show that the basic axisymmetric shocks are very stable, and even when they oscil-
late, they oscillate with a finite amplitude around the mean location predicted by
the theory. Nonaxisymmetric instabilities may develop and the shocks may break
up into nonaxisymmetric components or blobs which may ‘anchor’ themselves with
the axi-symmetric shocks. The frequency of oscillation is found to be comparable
to the inverse of the cooling timescale or the infall time scale from the shock to
the inner sonic point. Thus the observed frequency can give a rough estimate of
the shock location. Sometimes, if the Rankine–Hugoniot relation is not satisfied
anywhere within the sonic points, then the shock will also oscillate.

As we discussed before, the shock is the outer boundary of CENBOL, i.e., the
Compton cloud. Thus, in low/hard states the CENBOL is present and therefore
its oscillation also takes place on that state. It is observed in general that the
low and intermediate frequency QPOs form when the object is spectrally harder.
In black hole candidates, such as GRS1915+105, where at least thirteen types
of variabilities have been observed, we find that in harder states and burst-off
states, the QPOs are observed. The CENBOL intercepts soft photons which are
then reprocessed through Compton scattering and power-law hard photons are
generated. An oscillating CENBOL intercepts oscillating number of photons by
virtue of its modulating size. Thus the hard photons are primarily modulated by
�����

In black hole candidates, the rms value of the QPOs are typically less than five
percent, while in neutron stars, the rms amplitude is higher, and could be even 10%
or higher. This is because the neutron stars have hard surfaces and thus reflect the
perturbations effectively at both the surfaces of the boundary layer. In contrast,
a black hole does not have any hard surface, and the perturbations are reflected
between the inner sonic point and the shock (the sub-sonic region). This makes
the QPOs in black holes weaker, but this also proves that CENBOL behaves as a
boundary layer.
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2.13. Jets and outflows are not produced in spectrally soft states

Since the CENBOL is essential to the formation of jets and outflows, it must survive
the onslaught of soft photons. In a soft state, the CENBOL is cooled down and
due to the lose of pressure in the post-shock region, the CENBOL collapses. In
this case, the jets cannot form. When the CENBOL is present, the outflow rate
strongly depends on the strength of the shock. If the shock is very strong or very
weak (no-shock), the outflow rate is the lowest. For intermediate shock strength,
the outflow rate could be very high and could take part in inverse Comptonization
process in a significant way. At this stage, the outflow may be cooled down time to
time and fall back on the inflow, thereby modulating local accretion rates in short
time scale. These effects are clearly observed in objects such as GRS1915+105.

3. Concluding Remarks

After the standard accretion disk of Ref. 34 was proposed, it was found to be a
resounding success, partly because it explained the “big blue bump” is AGN spectra
as well as the black body bumps in binary systems having accretion disks. However,
with time and improvements in technology, it appears now that this models is
only a part of the story. Most of the observations, including the spectral state
variation, light curve variations, quasi-periodic oscillations, formations of jets and
their relation with spectral states, the outburst sources etc. point to the fact that the
lower angular momentum component play a major role. In particular the centrifugal
pressure dominated boundary layer of a black hole, i.e. the CENBOL basically
dictates the observations.

So far, we did not discuss the role of magnetic fields. It is true that some of
the observed jets are super-luminal, i.e. the apparent velocity is higher than the
velocity of light. In these objects at least the bulk velocity is very close to the
velocity of light and achieving them by purely hydrodynamical means is tough.
However, it does not mean that the acceleration process has to start right after the
matter is launched from the disks, since there is a possibility that the flow may be
slowed down subsequently. It is possible that the magnetic field is mostly toroidal
due to a large rotational velocity at the inner disk which shears and amplifies the
field. The toroidal field is buoyant and would come out of the disk whenever the
field is strong enough. This toroidal field is important only to stop the outflowing
plasma to expand sideways and thereby collimating it with a ∼1−2 degrees. It is
also possible that the magnetic dissipation and acceleration of the jet takes place
in situ on their outward journey. These issues require further investigations.
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