Black Hole accretion and its
Variability
“ Effects of adiabatic index on the transonic solution of low angular
momentum accretion flow.”

Ishika Palit
Supervisor : Prof. Agnieszka Janiuk

Date : 14 - 11 - 2018
Centrum Fizyki Teoretycznej PAN
Al. Lotników 32/46
Warszawa, Polska

Plan of Talk
Section I : General Introduction
Section II : Motivation.
Section III : Introduction to the model.
Section IV : Analytical Approach
Section V : Numerical Simulation
Section VI : Results

Section I : General Introduction

Black Hole : solution to Einstein’s
field equation.

(Einstein Tensor) = constant *
(stress energy tensor
representing energy
and momentum
present in spacetime)

Einstein tensor (built up from metric tensor) : generalization of the gravitational
potential of Newtonian gravitation.
Region of space time where gravity is so strong that nothing can escape, not even light.
Black holes : singularities in space time, censored from the rest of the universe by
mathematically defined one way surfaces, the event horizons.

Black Hole:
Parameters characterizing the vacuum exterior of a classical black hole:

1] Mass of the black hole, M
2] Angular momentum, J
3] Charge, Q
Exact solution to Einstein field equation by imposing space time symmetries :

1] Spherically symmetric spacetime
- Schwarzschild Black hole

(J = 0)
(Q = 0)

2] Axially symmetric spacetime
-Kerr Black hole

(J > 0)
(Q = 0)

Astrophysical Black Hole:

Black holes
> 3.0 solar masses
Primordial Black Holes

Neutron star
1.5 to 3.0 solar masses

White dwarf
< 1.4 solar masses

Tolman–Oppenheimer
–Volkoff limit (or TOV limit)

Chandrasekhar Limit

Stellar Mass Black Holes (between 4 and 15 solar masses)
Intermediate Mass Black Holes
Supermassive Black Holes (between 10^6 and 10^9 solar masses)

How we observe a Black hole?
Accretion onto Black hole

Observation Across the Electromagnetic Spectrum

X- Ray Telescopes

Chandra

Rosita

EXOSAT

Light curves observed from
accreting sources.

1ES 1927+654

GRS 1915+105

variations in X-ray brightness appears,These variations are oscillations.
Sometimes they are periodic, appearing at specific dependable rates.
Sometimes they are quasi periodic oscillations.

Section II : Motivation

Quasi periodic oscillations(QPO)
GRS 1915+105

XTE J1550-564

Section III : Introduction to the model.

Black hole accretion flows
: cold and hot
Cold accretion flow:

Hot accretion flow:

cool optically thick gas,

virially hot and optically thin

found at relatively high mass
accretion rates

occur at lower mass accretion rates,

Examples: standard thin disk, slim
disk

Advection-dominated accretion flow ,
luminous hot accretion flow

Luminous active galactic nuclei
radiating and black hole X-ray
binaries in the soft state.

Low-luminosity active galactic nuclei
and in black hole X-ray binaries in the
hard and quiescent states.

Hot Accretion flow (Disk) Models
The temperature of a hot accretion flow is almost virial, which is much larger than the
temperature of a thin disk.
T ≃ GMmp/6kR ∼ (10^12/r) K
The radial velocity is much larger than in a thin disk. This is because accretion
theory predicts v ∼ α cs H/R , and both cs and H/R are much larger in a hot
accretion flow.
The angular velocity is sub-Keplerian. This is because the pressure is much larger than
in a thin disk (higher temperature) and so gravity is partially balanced by the radial
pressure gradient

The large radial velocity and the low mass accretion rate generally cause the optical
depth of a hot accretion flow to be less than unity. Therefore, the emitted radiation is
almost never blackbody, but is dominated by processes like synchrotron,
bremsstrahlung and inverse Compton scattering.

Accretion flow (Disk) Models

Four known self consistent solutions of differentially rotating , viscous accretion
flows around Black hole:
[1] Shakura Sunyaev Disk (SSD) (Shakura & Sunyaev 1973),
[2] Shapiro, Lightman and Eardley (SLE) Disk (Shapiro, Lightman and Eardley ,1976)
[3] The slim disk (Abramowicz et. Al, 1988)
[4] Advection–dominated accretion flow (ADAF) ( Narayan & Yi, 1994 ; Abramowicz, 1995)

Advection-Dominated Accretion Flows
(ADAF).

Viscous flow : thin disk model [ Shakura & Sunyaev (1973), Novikov & Thorne(1973),
Lynden–Bell & Pringle (1974). ]
The accreting gas forms a geometrically thin, optically thick disk, and produces a quasi–blackbody
spectrum.
Inviscid flow : ADAF model [ (Ichimaru 1977; Rees et al. 1982; Narayan & Yi 1994,
1995a, 1995b; Abramowicz et al. 1995) ]
viscous energy is therefore stored in the gas as thermal energy instead of being radiated,
and is advected onto the central star. v

Two component Advection flow (TCAF)

In TCAF model, where a Keplerian disk (high viscosity) at the equatorial plane is immersed
, inside a low angular momentum sub-Keplerian halo and the ﬂow is considered to be
axisymmetric.
,

CENBOL :Centrifugal force dominated boundary layer
Centrifugal force (1/r3) increases very rapidly compared to gravitational
force (1/r2) as r decreases.
(Ref :(Chakrabarti 1989; Chakrabarti & Titarchuk 1995; Chakrabarti 1999)

Two component Advection flow (TCAF)

Figure 1: The three spectral states of Cygnus X-1

Growth tree of theories with shock
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Quasi-spherical distribution of the gas endowed by constant specific angular momentum λ
and the arisen bistability was studied already by Abramowicz & Zurek (1981).
Fukue (1987) studied the existence of critical points for realistic equation of state of the gas
and showed the corresponding Rankine-Hugoniot conditions for standing shocks.
The possibility of the shock existence together with shock conditions in different types of
geometries was discussed also by Abramowicz & Chakrabarti (1990).
the shock existence was found also in the disc-like structure with low angular momentum in
hydrostatic equilibrium both in pseudo-Newtonian potential Das 2002) and in full relativistic
approach (Das & Czerny 2012)
Regarding the sequence of steady solutions with different values of specific angular
momentum, the hysteresis like behavior of the shock front was proposed in the latter work.
Different geometrical configurations with polytropic or isothermal equation of state were
studied in the post Newtonian approach with pseudo-Kerr potential (Saha et al. 2016).
In the general relativistic description the dependence of the flow properties (Mach number,
density, temperature and pressure) in the close vicinity of the horizon was studied by Das et
al. (2015)

Two main regimes of accretion in
respect of angular momentum
(at free fall time scale)
Transonic solution :
No angular momentum
- Spherically symmetric Bondi Accretion

Low angular momentum
- disk-like accretion with Keplerian distribution of
angular momentum

Spherically symmetric Bondi
accretion.
Bondi Solution

Spherical symmetry
No angular momentum
No shock

represents spherically symmetric, steady state accretion of a non-self-gravitating gas.
Inviscid Bondi type solution, characterized by a single sonic point far away from the
horizon.

bondi radius , r b =

GM
c 2s ,∞

(Ref : Bondi, 1952, MNRAS, 112, 195 )

Accretion onto Black Hole

Hot accretion flow

Cold accretion flow

Standard thin disk model

Quasi spherical, Sub Keplerian
Keplerian, viscous flow

ADAF ( Advection dominated accretion flow.)

Inviscid Transonic flow

Disc like, axisymmetric, low angular momentum

Bondi, sperically symmetric,
no angular momentum

Accretion onto Black Hole

Hot accretion flow

Cold accretion flow

Standard thin disk model

Quasi spherical, Sub Keplerian
Keplerian, viscous flow

ADAF ( Advection dominated accretion flow.)

Inviscid Transonic flow

Disc like, axisymmetric, low angular momentum

Bondi, sperically symmetric,
no angular momentum

Transonic behaviour of inviscid, low
angular momentum flow.

Inner sonic point

Outer sonic point

Shock point.

u (flow velocity)
M ( Mach)=
c (local sound speed )

Supersonic – mach > 1
Subsonic – mach < 1

Adiabatic dependence of such flow
microphysical properties of the flow are related with adiabatic index.
flow properties such as topology of the sonic surface and time behaviour strongly
depends on adiabatic index.
A black hole accretion from infinity to horizon cannot be described by a fixed adiabatic
equation of state.
for relativistic flow described by adiabatic index = 4/3,
for non-relativistic flow described by adiabatic index= 5/3,
generally it will be 5/3 > Γ > 4/3
In weakly active galaxies, usually considered to be around 5/3,
these flows are believed to be radiatively inefficient and gas pressure dominated
large energetic output observed in gamma ray burts indicates accretion flow must be
radiation pressure dominated
relativistic equation of state required with 4/3

Section IV : Analytical Approach

Analytically achieving the shock
solution.
Following standard literature, we consider a thin, rotating, axi-symmetric, inviscid
flow.
The flow is assumed to posses considerably large radial velocity which makes the
flow ‘advective’.

The complete solutions of such a system require the dimensionless equations :
[1] conserved specific energy
[2] angular momentum λ of the accreting material,
[3] the mass conservation equations supplied by transonic conditions at the sonic
points
[4] the Rankine Hugoniot conditions at the shock.

Ref: (Sukov´a P., Janiuk A., 2015, MNRAS, 447, 1565)

Analytical Approach
For a non-viscous flow obeying the polytropic equation of state
(K is a measure of the specific entropy of the flow),
integration of radial momentum equation:
u

P=k ρ

γ

du 1 dP d
+
+ (Φ(r ))=0
dr ρ dr dr

leads to the following energy conservation equation in steady state:
2
1 2
a2
λ
ϵ= u +
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2
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and the continuity equation:

d
2
(u ρ r )=0
dx

a is the local sound speed
phi(r) is the graviational potential
ϵ−specific energy .
λ−specific angular momentum .
γ−adiabatic index .

can be integrated to obtain the Mass conservation equation:
Ṁ =uρ r 2

Analytical Approach
Entropy accretion rate which undergoes a discontinuous transition at the shock location
where local turbulence generates entropy to increase Ṁ for post-shock flows.

Ṁ = Ṁ i K
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K is a measure of
the specific entropy of the flow
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2
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a is the local sound speed

For a particular value of parameter space ,

(ϵ , λ , γ)

it is now quite straight-forward to derive the space gradient of flow velocity :

(r )
du
1
da λ 2
u +
2 a = 3 −d ϕ
dr (γ−1)
dr r
dr

da
1 du 1
=(1− γ)a( u + )
dr
2 dr r

Gradient of local sound speed

Analytical Approach
Since the flow assumed to be smooth everywhere
if the denominator vanishes at any radial distance r, the numerator must
also vanish

to maintain the continuity of the flow.
The sonic point conditions can be
expressed as:

√

√

2
r d ϕ(r ) λ 2
r
λ
ac =
− 2=
− 2
2
2 dr
2r
4 (r−1) 2 r

solving the following polynomial , obtained the sonic point(s) of the flow :
2
2
rc
γ+1
1
λ
λ
ϵ− 2 +
−
(
− 2 )=0
2
2 r c 2(r c −1) 2( γ−1) 4 (r c −1) 2 r c

ϵ−specific energy .
λ−specific angular momentum .
γ−adiabatic index .

Analytical Approach
Because we assume the flow to be inviscid without any dissipative or radiative
processes
the Rankine-Hugoniot conditions have to be fulfilled at the shock position .

(a) the energy flux is continuous across the shock —
(b) the mass flux is continuous across the shock —
(c) the momentum balance condition —

shock condition :

Section V : Numerical Simulation

Motivation for numerical scheme
All astrophysical phenomenon subjected to strong gravity, strong
electromagnetic fields, and rotation.
The governing physical laws though well known, are non linear, time dependent
intrinsically multidimensional.
Need to follow the interaction of a non-Maxwellian plasma with a relativistic
gravitational field, a strong electromagnetic field, and possibly a strong radiation
field as well.

Useful Approximations:
nonradiating magnetohydrodynamic (MHD) model.
plasma as a fluid, greatly reducing the number of degrees of freedom,
radiation field ignored.

Setting up a Numerical Simulation
The general steps involved :
Physical phenomena

Mathematical model

Discretise the model

Numerical algorithm

Computer program

chose the physical system
to investigate

Setting up a Numerical Simulation
The general steps involved :
Physical phenomena

Mathematical model

Discretise the model

Numerical algorithm

Computer program

the physical system can
be approximated by a
mathematical model,
which generally uses
some simplifying
assumptions to describe
the workings of the
physical system

Setting up a Numerical Simulation
The general steps involved :
Physical phenomena

Mathematical model

Discretise the model

Numerical algorithm

Computer program

the mathematical model must
be converted from a
continuous or differential
equation into an algebraic
approximation which the
computer can solve.

Setting up a Numerical Simulation
The general steps involved :
Physical phenomena

Mathematical model

Discretise the model

Numerical algorithm

Computer program

chose the choice of
discretisation is often related
to the algorithm chosen to
solve the discrete system

Setting up a Numerical Simulation
The general steps involved :
Physical phenomena

Mathematical model

Discretise the model

Numerical algorithm

Computer program

writing the code is what it’s
all about!

High-accuracy relativistic magnetohydrodynamics

HARM (high-accuracy relativistic magnetohydrodynamics) is a conservative,
shock-capturing scheme for evolving the equations of general relativistic
magnetohydrodynamics

High-accuracy relativistic magnetohydrodynamics
High-accuracy:
High-resolution schemes are used in the numerical solution of partial differential
equations where high accuracy is required in the presence of shocks or
discontinuities.
Monotone Upstream-Centered Schemes for Conservation Laws (MUSCL)

Conservative :
A particular measurable property of an isolated physical system does not
change as the system evolves over time.
shock-capturing scheme:
In computational fluid dynamics, shock-capturing methods are a class of techniques
for computing inviscid flows with shock waves.
shock waves may result in sharp, discontinuous changes in flow variables such as
pressure, temperature, density, and velocity across the shock.
[Godunov's scheme]

Ref :(Charles F. Gammie and Jonathan C. McKinney, 2004)

GENERAL RELATIVISTIC
MAGNETOHYDRODYNAMICS (GRMHD) Primer
fundamental equations as used in HARM :
1] the particle number conservation equation ;
2]The four energy momentum equations given by equation
3]The MHD stress energy tensor of equation ;
4] The induction equation .
The first governing equation describes the conservation of particle number:

For numerical purposes we rewrite this in a coordinate basis :

The next four equations express conservation of energy momentum:

where T is the stress energy tensor.

The stress energy tensor for a system containing only a perfect fluid and an electromagnetic
field is the sum of a fluid part, :

(here u ≡ internal energy and p ≡ pressure), and an electromagnetic part,

Substitution and some manipulation yield the MHD stress energy tensor.:

The space components of the induction equation then reduce to

and the time component reduces to

HARM : GENERAL RELATIVISTIC
MAGNETOHYDRODYNAMICS (GRMHD) scheme
Benifits:
(1) magnetic fields,
(2) fully verified, convergence tested
(3) stable and capable of integrating
flow over many dynamical times.

logarithmic grid in radius
outer region is covered with low resolution grid and provide the reservoir of gas
for accretion.
super exponential grid spacing in the outermost region
Innermost region, the grid spans below the horizon having several zones

inside the black hole and the free outflow boundary

Initial conditions : Bondi solution.

Mach number
Equation of state:

Angular momentum
p = Kργ ,

Density profile

p is pressure, ρ density in the gas,
γ

is adiabtic index.

The initial condition is modified by prescribing the rotation according to relations

λ = λeq sin2θ
The initial conditions are set using Boyer-Lindquist coordinates, and they are transformed into
the code coordinates, which are the Kerr-Shild ones.

Section VI : Result

Results
Mach number :

γ=1.2

γ=4 /3

γ=1.4

The inner sonic surface evolves on longer time scale for adiabatic index of gamma = 1.2 rather than that
for gamma = 4/3.
A delay in formation of the outflow is caused by the fact that for lower gamma, the sound speed is lower
and the radius of the initial outer sonic surface is larger. At the end of run, the flow is very asymmetric.
For higher gamma, the gas pressure is larger and the information about the perturbation propagates faster.
For gamma = 4/3 and 1.2, the amplitude of the fluctuations is significant.
In the cases where the gas pressure is reduced, the asymmetry is stronger.

The gas pressure works against effects of shocks and tries to restore the symmetry.
It appears that for smaller gamma shock position is more closer since lower γ means
cooler disk with a larger Mach number of the flow.
The position of the shock front is not stable and the shock is expanding until it meets the
outer sonic point and the distant supersonic region dissolves, yielding only the inner type
of accretion.

Mass Accretion rate

γ=1.2

γ=4 /3

γ=1.4

Angular momentum

γ

= 1.2

γ

= 4/3

γ

= 1.4

Density profile

γ=1.2

Power spectrum :
Frequency calculated from mass accretion rate

γ=4 /3

γ=1.4

Recent work:
“Accretion in a dynamical space-time and spinning up of the black hole in the gamma
ray burst central engine”, by A. Janiuk, P. Sukova and I. Palit (accepted to the Astrophysical
Journal)

Model is relevant for the central engine driving a long gamma ray burst, that originates from the
collapse of a massive star.
ArXiv:1810.05261 - A. Janiuk, P. Sukova and I. Palit

Thank you.

Few quick References:
[1] Sukov´a P., Janiuk A., 2015, MNRAS, 447, 1565
[2] Sukov´a P., Janiuk A., 2017, MNRAS, 447, 1565
[3] Bondi, H. 1952, MNRAS, 112, 195
[4] Chakrabarti S. K., Das S., 2001, ApJ,557,2
[5] Das T. K., 2002, ApJ, 577, 880
[6] Gammie C. F., McKinney J. C., Tth G., 2003, ApJ, 589,444
[7] Begelman, M. C. 1978, AA, 70, 583
[8] Das T. K., Czerny B., 2012, NA, 17, 254
[9] Das T. K., Nag S., Hegde S., Bhattacharya S., Maity I., Czerny B., Barai P.,
Wiita P. J., Karas V., Naskar T., 2015, New Astronomy, 37, 81

Godunov's scheme is a conservative numerical scheme, suggested by S. K. Godunov in 1959, for solving
partial differential equations. One can think of this method as a conservative finite-volume method which solves
exact, or approximate Riemann problems at each inter-cell boundary. In its basic form, Godunov's method is first
order accurate in both space, and time, yet can be used as a base scheme for developing higher-order methods.

low angular momentum flow – LAF - radial velocity close to
free fall – electrons gain high energy (' 100 keV) – inverse
Compton scattering of radiation – hard X-ray component

The possible existence of shocks in low angular momentum flows
connected with presence of multiple critical points
Relation with variability of some X-ray sources
has been pointed out.
“ The S-shaped accretion
rate vs density relation
in the case of accretion
disks in dwarf novae
plays an important role in
the explanation of the
outbursts.
Similar non stationary,
quasi-periodic behaviour
should be expected also
in the innermost,
transonic part of the slim
accretion disks. “

(Ref : M. A. Abramowicz, B. Czerny, J. P. Lasota, and E. Szuszkiewicz ; (1988) )

low angular momentum flow – LAF - radial velocity close to
free fall – electrons gain high energy (' 100 keV) – inverse
Compton scattering of radiation – hard X-ray component

Hot Accretion flow (Disk) Models

Start from Kepler motion:
Optically thick, geometrically thin
“standard disk model” .
Optically thin , geometrically thick
“advection-dominated accretion flow (ADAF) model”.
Start from free fall :
Hydrodynamic spherical accretion flow = Bondi Accretion
(Transonic flow)

A problem in Carroll (a general relativity textbook) asks if a certain metric is regular. What does it mean for a metric to be regular?

It means that the metric and its inverse are well-defined everywhere in the space-time.

However, most of these works were done with fixed Γ (adiabatic index) equation of state (EoS). A black hole
accretion from infinity to horizon cannot be described by a fixed Γ EoS, since for ultra-relativistic temperature (T)
the flow is described by Γ = 4/3, for non-relativistic T it is Γ = 5/3, and generally it will be 5/3 > Γ > 4/3. Inviscid
accretion models with relativistic EoS and in general relativistic regime, were employed by various authors
(Fukue 1987; Chattopadhyay 2008; Chattopadhyay & Ryu 2009; Chattopadhyay & Chakrabarti 2011; Kumar et
al. 2013). The temperature range of the advective accretion flow is 106K < T < 1011K, which warrants the fluid
to be at least fully ionized. This means that such a flow if composed of similar kind of particles, then it should

In this work, we address the problem of how the properties of the accretion flow presented in PB03a change when
different microphysical properties of the flow are assumed. In particular, we explore effects of changing in the
polytropic equation of state. In reality, accretion flows with different values may correspond to different types of objects
or different phases of activity. For example, in weakly active galaxies, e.g., Sgr A, is usually considered to be around
5/3, because these flows are believed to be radiatively inefficient and gas pressure dominated. On the other hand, the
large energetic output observed in GRBs indicates that an accretion flow must be radiation pressure dominated (e.g.,
Meszaros 2006), and a relativistic equation of state is required with ¼ 4/3. Another example is protogalactic disks,
which are sometimes considered as being formed by isothermal accretion flow ( 1; e.g., Mo et al. 1998). In addition,
the so-called high and low accretion states in the X-ray binary systems may reflect physical

Our aim is to provide numerical simulations of low angular momentum flows,
which would support or correct the semi-analytical findings about the shock
existence and behavior

the viscously dissipated accretion energy can go into heating the accretion flow rather than being radiated
away. This is the most important feature of the general class of advectiondominated accretion flows (ADAFs),

The temperature of a hot accretion flow is almost virial, T ≃ GMmp/6kR ∼ (1012/r) K, (16) which
is much larger than the temperature of a thin disk. Because of the near-virial temperature, the
accretion flow is geometrically quite thick, H/R ∼ 0.5. Nevertheless, the height-integrated
equations used in the 1D analysis appear to be reasonably accurate (Narayan & Yi 1995a). • The
radial velocity is much larger than in a thin disk. This is because accretion theory predicts v ∼
αcsH/R (e.g., eq. 3), and both cs and H/R are much larger in a hot accretion flow. • The angular
velocity is sub-Keplerian. This is because the pressure is much larger than in a thin disk (higher
temperature) and so gravity is partially balanced by the radial pressure gradient (right hand side of
eq. 2). • The large radial velocity and the low mass accretion rate generally cause the optical
depth of a hot accretion flow to be less than unity. Therefore, the emitted radiation is almost never
blackbody, but is dominated by processes like synchrotron, bremsstrahlung and inverse Compton
scattering. In addition, as we discuss in §2.4, the radiative efficiency,

the sub-Keplerian flow should behave in the following way: at first, it accretes quasi-spherically with an infall time
similar to the free-fall time tinfall ∼ r/vff ∼ r3/2 until the specific angular momentum of the flow becomes comparable to
the local Keplerian angular momentum l 2(r) ∼ l 2 Kep(rs). At this point, rs ∼ l 2(r) ( ∼ 8rg for marginally bound angular
momentum) the flow may be virtually stopped by the centrifugal barrier, and a standing shock will form. Subsequently,
the flow continues its journey to the black hole and accretes on it supersonically. Due to pressure effects, the shock
actually forms farther away and also when the angular momentum is less that marginally stable value. The shock can
form anywhere between 10 to 104rg depending on the specific energy and angular momentum of the flow and the
heating and cooling mechanisms.

hereafter they showed that an accretion disk should naturally segregate into two regions, one a Keplerian disk on the equatorial plane and the other a sub-Keplerian halo Ñanking
the Keplerian disk, although eventually the Keplerian component should also become sub-Keplerian close to the black hole, in order to satisfy boundary conditions on the horizon.

CENBOL
Because centrifugal force l2/r3 increases very rapidly compared to the gravitational force (which goes as 1/r2) as the
distance r decreases, matter feels increasing centrifugal force as it approaches a black hole. Thus the matter initially
slows down, typically through a shock transition, and then accelerates again to become a supersonic flow.[1]

The importance of CENBOL is that it behaves like a boundary layer of a black hole. This region is located between the
shock and the innermost sonic point of an accretion flow. CENBOL becomes hot due to sudden reduction of radial
kinetic energy and the flow is puffed up, since hot gas can fight against gravitational. In a certain sense it behaves like
a thick accretion disk (ion pressure supported torus if the accretion rate is low; or radiation pressure supported torus, if
the accretion rate is high), except that it also has radial velocity, which original models of thick disk did not have.[2]
Because it is hot, the electrons transfer their thermal energy to the photons. In other words CENBOL inverse
Comptonizes low energy X-rays or soft photons (also called seed photons) and produces very high energy X-rays
(also called hard photons).[3] Just as a boundary layer, it also produces jets and outflows.

The observed spectrum of a black hole accretion disk is in reality partly coming from a Keplerian disk (viscous Shakura
and Sunyaev (1973) [4] type disk) in the form of multi-colour black body emission. But the power-law component
primarily comes from the CENBOL. In presence of high accretion rates in the Keplerian component, the CENBOL can
be cooled down so that the spectrum may be totally dominated by the low energy X-rays. The spectrum goes to a 'socalled' soft state. When the Keplerian rate is not high compared to the low-angular momentum component, the
CENBOL survives and the spectrum is dominated by the high energy X-rays. Then it is said to be in a so-called 'hardstate'.
In the presence of radiative or thermal cooling effects, CENBOL may start to oscillate, especially when the infall time
scale and the cooling time scale are comparable.[5][6] In this case, number of intercepted low energy photons would
be modulated. As a result, the number of high energy photons are also modulated. This effect produces what is known
as quasi-periodic oscillations (or QPOs) in black hole candidates.

Take home message!
You can do amazing things with X-ray timing, even measure black
hole spins and masses
QPOs can tell a lot about accretion and about black holes (if you
understand them)
QPOs are fun…and useful!

Regardless, the oscillations reveal the nature of the physical environment of the star system. By studying these oscillations and
tracking the same X-ray sources for years, RXTE scientists form a picture of the events that are taking place.

Accretion is a complex time-varying process: -Hydrodynamical flows (1,2,3
dimensional) - Angular momentum losses -Heating and cooling mechanisms -Optical
depth effects -Magnetic fields -Radiation pressure -Boundary conditions at the outer
and inner edge Requires solving time-dependent relativistic magnetohydrodynamic
equations with coupled radiative transfer Here summarize hydrodynamic flow for two
geometries: Spherical - Useful for obtaining insight - Relevant for advection dominated
accretion flows - Applies to accretion of hot gas surrounding giant ellipticals Disk-like
(next lecture) - Standard model - Natural geometry for infall of gas with angular
momentum

In the case of high viscosity, matter injected at the outer boundary would form a Keplerian disk before entering into the
black hole (Chakrabarti 1996b). In the present paper, we study what happens when an inviscid flow of low angular
momentum matter spirals into a rotating black hole, spacetime geometry around which is the well known Kerr
geometry. A low-angular momentum matter would feel the centrifugal barrier ( ∼ l 2 /r3 , l and r being the specific
angular momentum and the radial distance) and would slow down, and pile up eventually making a possible density
jump, before entering the black hole. This is a possibility for inviscid flow, though in presence of viscosity the result
depends on the exact magnitude of viscosity. These shock waves, just outside the horizon provides an opportunity to
study the emission of radiation in a strong gravity limit and would therefore be of great interest, especially to pinpoint
the mass and the spin of the central object. In the two-component advective flow (TCAF) scenario ⋆ E-mail:
sgarain@nd.edu (Chakrabarti & Titarchuk 1995, and references therein), the soft photons from the Keplerian disk are
intercepted by the post-shock region and leave the system as hard radiation. The oscillations of the post-shock region
will leave its signature in the outgoing hard photons. It has been shown using numerical simulations and theoretical
work (Molteni et al. 1996; Chakrabarti et al. 2004; Garain et al. 2014; Chakrabarti et al. 2015) that when there is a
resonance between the infall time-scale (compressional heating) and the cooling time-scale, the shock surface
oscillates at a particular frequency which is approximately inverse to the infall (or, cooling) time-scale. It was further
shown in Garain et al. (2014) that the resulting light curves exhibit quasi-periodic oscillations (QPOs) and the
frequency of the QPOs are consistent with the infall time-scales (see also Chakrabarti et al. 2015). Since the infall
time-scale is proportional to the (radius)3/2 of the shock, larger shock radius produces lower QPO frequency.

Black hole accretion flows can be divided into two broad classes: cold and hot. Cold accretion flows, which consist of
cool optically thick gas, are found at relatively high mass accretion rates. Hot accretion flows, the topic of this review,
are virially hot and optically thin. They occur at lower mass accretion rates, and are described by models such as the
advection-dominated accretion flow and luminous hot accretion flow. Because of energy advection, the radiative
efficiency of these flows is in general lower than that of a standard thin accretion disk. Moreover, the efficiency
decreases with decreasing mass accretion rate. Detailed modeling of hot accretion flows is hampered by theoretical
uncertainties on the heating of electrons, equilibration of electron and ion temperatures, and relative roles of thermal
and non-thermal particles. Observations show that hot accretion flows are associated with jets. In addition, theoretical
arguments suggest that hot flows should produce strong winds. This link between the hot mode of accretion and
outflows of various kinds is currently being explored via hydrodynamic and magnetohydrodynamic computer
simulations. Hot accretion flows are believed to be present in low-luminosity active galactic nuclei and in black hole Xray binaries in the hard and quiescent states. The prototype is Sgr A*, the ultra-low-luminosity supermassive black
hole at our Galactic center.

Another important aspect of the black hole accretion is that the infall time close to the black hole is so short that the
angular momentum remains virtually constant. This is because viscosity, which transports momentum, and therefore
angular momentum, necessarily requires frequent collisions and time is simply inadequate for such collisions just
outside the horizon. The implications of this is profound: the centrifugal force l 2/r 3 , which goes as ∝ 1/r 3 ,
increases more rapidly than the gravitational force ( ∝ 1/r 2 ) as matter approaches the black hole and thus the matter
is slowed down. The incoming matter piles up on the top of this matter and forms a shock wave. Depending on
whether the Rankine-Hugoniot condition is satisfied or not, this shock may or may not remain steady. One can divide
the entire parameter space spanned by the two conserved quantities, namely, the specific energy (E ) and specific
angular momentum λ, (Chakrabarti 1990) to show that various types of solutions will exist.

Extra info
Black holes are the most compact objects in the
universe. Therefore, matter accreting onto is likely
to radiate photons of energy comparable to very
high gravitational potential energy. We discuss the
nature of the emitted radiation in X-rays and
gamma-rays from black hole candidates.

Therefore, geometrically, ADAFs resemble spherical Bondi (1952) accretion more than thin disk accretion. It is, however, important to note that the dynamics of ADAFs are very
different from that of Bondi accretion (§2.7). (4) The gas flow in an ADAF has a positive Bernoulli parameter (Narayan & Yi 1994, 1995a), which means that if the gas were somehow
to reverse its direction, it could reach infinity with net positive energy. This suggests a possible connection between ADAFs and jets. (5) The entropy of the gas increases with
decreasing radius. ADAFs are therefore convectively unstable (Narayan & Yi 1994, 1995a; Igumenshchev, Chen, & Abramowicz 1996).

Accretion of gas onto a black hole provides the most efficient means known for liberating energy in the nearby universe. This is good for
observational astronomers, since it allows regions close to the event horizon to be studied directly through emitted radiation.

How title of my talk “ Effects of adiabatic index on the
transonic solution of low angular momentum accretion
flow.” related with Quasi periodic oscillations(QPO) ??

When a massive star is in the late stages of evolution, it undergoes a gravitational collapse that results in an
extremely violent supernova explosion and the formation of a black hole. A good amount of stars in the sky are in the
so-called 'binary systems' where two stars orbit around one another. If the companion star survives the explosion, a
star-black hole system is formed, called an X-ray binary.

In X-ray binaries, material coming from the star spirals into the black hole, forming an accretion disc, where very hot
matter (about 10 million °C) heats up and produces X-ray radiation due to intense frictional forces. It is thought that, in
addition, there is an even hotter plasma (about 10 billion °C) that sandwiches the disc around its inner regions, which
we call the 'corona'. Of course, we have no information about what happens very close to the black hole, beyond the
famous 'event horizon', where not even light can escape the tremendous drag of gravity produced by such a massive
and dense object.

These objects can show abrupt changes in their brightness over timescales of seconds or even less. The small
variations in the light that the instruments onboard X-ray satellites observe, carry encoded information about the
mechanisms of the emission and the properties of the medium surrounding the black hole, which is of crucial
importance as X-ray detectors do not have enough angular resolution to discern this geometry in their images.

What is interesting is that we observe both low energy 'soft' X-ray and high energy 'hard' X-ray photons, and we don't
see these coming at the same time, but hard photons lag the soft ones by some fraction of a second. We assume that
soft photons come from the accretion disc, whereas the hard ones come from the corona surrounding it. Now, lags can
be explained by assuming that soft photons come from the disc, where perturbations in the outer rings of the disc
propagate down to the inner radius, modulating the soft X-rays emission that we receive. In the inner regions, some of
the soft photons collide with the hot electrons in the corona, gaining energy and becoming hard. Therefore the
perturbations that reach the inner regions modulate the hard X-ray emission, producing the lags between the two
bands that we observe.

A careful study of the light we receive from X-ray binaries using tools such as time lags, allows us to map these
objects, constrain the mechanisms that govern their emission and ultimately understand black holes better.

Why do we care about QPO’s?
They are useful!
Common and easy to study, they help identifying
source states
Produced close to the central compact object.

Geometry constraints and strong gravity tests.

the key question: where does disk accretion change to an ADAF answer from modelling the interaction of the disk
matter with the gas in the corona above physics: An equilibrium establishes between the disk and the hot coronal flow
above, the corona is fed by matter which evaporates from the cool disk underneath. In the inner region evaporation
becomes so efficient that at low accretion rates all matter flows via the corona and procedes towards the black hole
as an ADAF

4 Rapid variability and source size
The flux from a object cannot vary faster than the light travel time across the object, unless special conditions apply
such as relativistic beaming. X-ray binaries, such as GRO J1655-40, show rapid variability, on the time scale of
milliseconds. Rapid variations of this type are called ``flickering''. The light travel time across the region occupied by
solar mass black hole is of order 10-5 sec, which is well consistent with the flickering observed. Super-massive black
holes, for which excellent evidence exists from studies of the central regions of nearby galaxies with the Hubble Space
Telescope, and which are thought to reside at the centers of quasars, also show flickering on much longer time scales
(hours to days) which is consistent with their larger masses. From the light travel time to cross the Schwarzschild
radius, one can show that the minimum time scale for flickering is given by

T = 10-5 M / M sec.

Purely Bondi flow onto a black hole (Bondi 1952) is of low luminosity, and Keplerian disc produces high luminosity
(Shakura & Sunyaev 1973) but cannot account for non-thermal radiation. The advective model and two component
accretion flow model (TCAF) can qualitatively explain the observations from black hole candidates in all frequency
range.

Cold accretion flow:
Observed at higher
red shift.

Hot accretion flow:
Observed at lower
red shift.
Time component.

The average temperature (left-hand panel) and density (right-hand panel) evolution of cold-mode (solid line)
and hot-mode (dashed lines) particles that are accreted on to galaxies at z= 2.

(Ref : Duˇsan Kereˇs, Neal Katz, David H. Weinberg and Romeel Dav´ (2004))

“ The S-shaped M(L) relation in the case of accretion disks in dwarf novae plays an important
role in the explanation of the outbursts.
Similar nonstationary, quasi-periodic behavior should be expected also in the innermost, transonic part of the
slim accretion disks. “

