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Black Holes

Class of astrophysical objects with extreme small size : Compact Objects

Extreme small size : Compactness ratio = 

Accretion : Accumulation of matter from the ambient medium, due to strong gravitational potential energy

M*

R*

In case of spinning BHs, event horizon is 
dragged to a region

For a BH with spin , the horizon is at 

< rs = 2GM/c2

as

rh = [1 + 1 − a2
s ] GM/c2

The effect of spin ( ) on the location of BH horizon ( )as rh
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Motivation

https://www.smithsonianmag.com

Accretion flows carry imprints of the nature of the central object.

The structure of accretion flows close to the horizon is of 
considerable astrophysical interest

๏ Most of the gravitational binding energy is released close to the 
BH

๏ Strong-field gravitational effects close to the horizon that are 
unique to BHs

๏ Temperatures are highest close to the horizon, so exotic physical 
processes may occur there.



Motivation

https://www.smithsonianmag.com

Accretion flows carry imprints of the nature of the central object.

The structure of accretion flows close to the horizon is of 
considerable astrophysical interest

๏ Most of the gravitational binding energy is released close to the 
BH

๏ Strong-field gravitational effects close to the horizon that are 
unique to BHs

๏ Temperatures are highest close to the horizon, so exotic physical 
processes may occur there.

Our goal is to describe accurately the fluid flow in the highly 
relativistic regime close to the horizon and study the effect and imprint 
of BH spin, if any, on the spectrum. 
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Motivation                           Literature

๏ The most dramatic feature is an unusually strong gamma-ray “bump ” 
between 400 keV and ~ 2 MeV 

๏ Gamma rays are produced in the inner region of the accretion flow at the 
expense of the normal power-law hard X-rays producing pairs which 
annihilate to give this feature

๏  (Zhao et.al 2021)
๏

M* ∼ 21M⊙, as > 0.9985
D ∼ 2.2 kpc

Cygnus-X1



๏ Emitter of 511 keV   annihilation line : “The Great Annihilator”
๏ Spectacular feature centered on 500 keV region was discovered in the 

emission spectrum, suggesting that this object can produce hot plasma of 
pairs in a short time. 

๏  (Stecchini et.al 2020)
๏ Situated near the GC

e−e+

M* ∼ 5M⊙, as ∼ 0.998 ± 0.01

Motivation                           Literature 1E 1740.7-2942



Motivation                           Literature GRS 1124-68

๏ Discovery of an relatively narrow emission feature around 500 keV in the 
source spectrum  

๏ Production of pairs in the hot plasma of the innermost region of a BH 
accretion disk

๏  (Fishbach1 and Kalogera, 2022)
๏ Distance 

M* ∼ 5.6M⊙, as ∼ 0.63 ± 0.1
∼ 5 kpc



๏ The emission spectrum around 511 keV shows clear signatures of positron annihilation, which implies a high rate of positron 
production. 

๏ Microquasars may be the main sources of the electron–positron plasma responsible for  bright diffuse emission of annihilation 
γ-rays.

๏  (Walton 2017)

๏  

M* ∼ 9M⊙, as ∼ 0.92

D ∼ 2.39 kpc

Siegert et.al. 2016

Motivation                           Literature V404 Cygni
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All the candidates have stellar mass BHs at the center

High spinning BH at the center

Distinct narrow annihilation lines centered around ~ 511keV

Need to model these accretion flows to 
get an insight into the physical processes 

going on in these systems

Conclusions from literature

Our motivation

Obtain self-consistent global solutions : Missing in previous modelling 

Taking particular care of the radiation processes present in the system: Earlier studies considered selective photon 
production mechanisms which made pair production mechanism and its annihilation a debatable phenomena in accretion 
flows.

Obtaining spectrum and check if there are are any distinct spectral signature of the central object
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Basic Equations

Accretion disc

vv

r

e−

e+

e−

e+
Pair production

Annihilation

Photon productionp
e−e+

Br, Sy

CBr, Csy

BH

Continuity equation

Momentum conservation

Energy conservation equation } Equation Of State

Pair production and annihilation in advective accretion disks around black holes : Sarkar, S, Chattopadhyay, I; 2020, J. Phys.: Conf. Ser., 1640, 012022

Highly non-linear: Pairs produce photons & 
photons produce more pairs
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Radiation field : Bremsstrahlung + Synchrotron + Comptonized photons

Finding a transonic solution without pairs :
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Iteration : 6
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Iteration : 8
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Radiation field : Bremsstrahlung + Synchrotron + Comptonized photons + Annihilation photons
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Schwarschild BHs have no specific signature of  the event horizon.


Kerr BHs have a distinct annilation signature!


Shocked solutions with Kerr BHs have very strong annihilation line signature.

Conclusions



Thank you !
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Gamma Ray production

π0 → 2γ
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The flow parameters are,   E = 0.9984, P = 0.98s, B* = 1010G, ·M = 1015g/s
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Radiation Hydrodynamics of Accretion Column2

Representation of accretion flows around NS.



Radiation Hydrodynamics of Accretion Column2

Representation of accretion flows around NS.  Structure of the accretion column (Caiazzo & Heyl, 2021)



๏ Liang & Thompson et. al 1980 (Compact Objects): 
“because of  the uncertainty in the mechanism coupling 
electrons and ions, we simply parameterize  as a constant”


๏ Medvediv & Narayan 2001 (Neutron Stars): “Compton 
cooling balances heat transfer from the ions. Equating the two 
rates, we find, approximately ” 


๏ Saxton et. al 2005 (White Dwarfs): “The physics of  how 
the electrons couple with the ions is not well understood. We 
therefore treat the ratio between proton and electron 
temperature as a free parameter”

Tp/Te

Te ⟹ Q+
e = Q−

e

Kinetic and radiative e�ciencies in accretion flows 3

Table 1. Simulated models

Name Ti/Te Ṁ/ṀEdd Lrad/Ṁc
2

Ltot/Ṁc
2

Lkin/Ṁc
2

H/R tend/tg

f2t10 10 9.7 ⇥ 10�7 0.0005 0.035 0.034 0.38 25000
f3t10 10 1.0 ⇥ 10�5 0.0026 0.025 0.022 0.36 29000
f4t10 10 2.7 ⇥ 10�4 0.033 0.065 0.032 0.35 26000
f5t10 10 2.9 ⇥ 10�3 0.033 0.067 0.034 0.20 27500
f4t30 30 1.9 ⇥ 10�4 0.0026 0.033 0.030 0.35 25000
f5t30 30 4.1 ⇥ 10�3 0.017 0.056 0.039 0.20 28000
f6t30 30 1.6 ⇥ 10�2 0.020 0.062 0.042 0.17 28000
f5t100 100 1.7 ⇥ 10�3 0.0016 0.032 0.030 0.38 20500
f6t100 100 1.0 ⇥ 10�2 0.014 0.055 0.041 0.16 27000
H/R - average density scale-height measured at R = 15Rg.
Other parameters: a⇤ = 0.0, resolution: 336x336x32, ⇡/2 wedge in azimuth

Figure 1. Distributions of gas density (left panels) and gas temperature (right panels) in simulated accretion flows corresponding roughly to the accretion
rate of 10�3

ṀEdd and three values of ion to electron temperature ratio: (top to bottom) Ti/Te = 100 (least-e�cient, model f5t100), 30 (f5t30), and 10
(most-e�cient radiative cooling, f5t10).

3 RESULTS

3.1 General properties

The simulations initialized as described in the previous section
evolve into turbulent, magnetorotational instability (MRI) driven,

1 Although tempting, simulating accretion flows with accretion rates higher
than 10�2

ṀEdd is extremely challenging because such flows collapse to a
geometrically thin disk which accretes very slowly, and, therefore, obtain-
ing converged solution in a reasonable volume requires both extreme nu-
merical resolution and long simulation time.

optically thin accretion flows. The inflow of matter takes place in
the bulk of the disk where turbulent stresses take angular momen-
tum out of the gas. The bulk of the flow is relatively strongly mag-
netized due to the non-zero radial component of the initial mag-
netic field at the equatorial plane, with magnetic pressure con-
tributing ultimately to ⇠ 30% of the total pressure in the region
10 < R/Rg < 20. The magnetocentrifugal forces drive outflow from
the surface layers of the disk. Due to its low density, the outflowing
gas does not contribute significantly to the total radiative emission.

Di↵erent densities at the onset of the simulations determined
the e�ciency of radiative cooling – the larger the density, the higher

MNRAS 000, 000–000 (0000)

BH system, Sadowski & Gaspari, 17

Every work on two-temperature regime, considered to 
parameterize  to certain constant values or have forced 
some relation between them

Tp/Te
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๏ Liang & Thompson et. al 1980 (Compact Objects): 
“because of  the uncertainty in the mechanism coupling 
electrons and ions, we simply parameterize  as a constant”


๏ Medvediv & Narayan 2001 (Neutron Stars): “Compton 
cooling balances heat transfer from the ions. Equating the two 
rates, we find, approximately ” 


๏ Saxton et. al 2005 (White Dwarfs): “The physics of  how 
the electrons couple with the ions is not well understood. We 
therefore treat the ratio between proton and electron 
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Figure 2. Radiative (top) and kinetic (bottom panel) e�ciencies of the sim-
ulated accretion flows as a function of the normalized accretion rate. Di↵er-
ent symbols correspond do di↵erent ion to electron temperature ratios.

yet reached steady state3. Numerical simulations of the transitional
regime were performed, although with much simpler treatment of
radiation, also by Dibi et al. (2012) and Wu et al. (2016).

The bottom panel in Fig. 2 shows the kinetic e�ciency calcu-
lated from the di↵erence between the total and radiative luminosi-
ties (Eq. 6). In all cases the kinetic e�ciency is close to 3%. This
value is consistent with that observed in the non-radiative simula-
tion described in-depth in Sa̧dowski et al. (2016)4. It is interesting
to note, that the kinetic e�ciency does not go down with increas-
ing accretion rate and radiative luminosity. This is in part di↵erent
from previous idealized AGN models (Churazov et al. 2005). It re-
flects the fact that radiation comes from the innermost part of the
accretion flow and the underlying gas cannot e�ciently respond to
cooling in the last phase of accretion, crossing the horizon with

3 Our own experiments have shown that axisymmetric accretion flows are
characterized by significantly higher radiative e�ciency than the three-
dimensional counterparts – enforcing axisymmetry changes the nature of
turbulence leading to the formation of rapidly radiating, high density fil-
aments in the inner region which are not present in non-axisymmetrical
solutions.
4 We remind this 3% characterizes thick accretion flows on non-rotating
BHs. For non-zero BH spin this disk-related e�ciency may go up; on top
of it, a generated relativistic jet may overcome the total energy budget, albeit
having di�culty to e�ciently couple with the host halo due to the very high
collimation.

Figure 3. Ratio of the radiative to kinetic luminosities as a function of the
total luminosity (sum of the two). The horizontal line corresponds to the two
equal in value and separates the radiatively ine�cient regime (below) from
the luminous state (above the line). The shaded region reflects the range
of luminosities at which the observed AGN start producing radiative and
kinetic outputs of comparable magnitude (Russell et al. 2013).

Table 2. Transition to the luminous state

Ti/Te Ltrans/LEdd

100 & 10�2

30 & 10�2

10 ⇠ 10�4

Luminous state defined as
satisfying Lrad > Lkin.

intact dynamical properties (the total e�ciency is determined by
how bound such horizon crossing gas is). For the lowest accretion
rates in each subset, this kinetic energy extraction rate dominates
the total luminosity. In the case of the largest accretion rates, for
which the radiative output is significant, the kinetic and radiative
luminosities have comparable magnitudes.

The kinetic and radiative energy extraction rates are compared
in Fig. 3. As already discussed, the kinetic energy dominates when
radiative emission is negligible, i.e., for the lowest accretion rates.
Once mass transfer rate increases, so does the radiative e�ciency,
which for the hottest electron case can even become comparable or
exceed the kinetic component.

Table 2 puts together the estimates for the luminosities, Ltrans

(either kinetic or radiative), at which the transition to the luminous
regime (Lrad ⇡ Lkin) takes place. For the coldest electrons, we have
shown that the accretion flows remain radiatively ine�cient up to
10�2

LEdd and the radiative output never reaches the level of the ki-
netic one. The intermediate case behaves in similar way. For the
hottest electron case (Ti/Te = 10), however, the accretion flow
starts generating radiative luminosity comparable to the mechan-
ical one already at 10�4

LEdd. We discuss the implications of these
findings in the next Section.

4 IMPLICATIONS

Observational studies of AGN radiative luminosities and mechan-
ical output (Section 1.1) have shown that the radiative compo-
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Pair production & annihilation in accretion discs2

28
30
32
34
36 (a1) (a2) (a3) (a4)

28
30
32
34
36

lo
g
∫
L
∫
(e
rg
s
s°

1
)

(b1) (b2) (b3) (b4)

14 16 18 20
log ∫ (Hz)

28
30
32
34
36 (c1)

14 16 18 20
log ∫ (Hz)

(c2)

14 16 18 20
log ∫ (Hz)

(c3)

14 16 18 20
log ∫ (Hz)

(c4)

L0 = 2.90 L0 = 3.00 L0 = 3.02 L0 = 3.08

Ṁ
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e L ·M = 1 ·MEdd



Pair production & annihilation in accretion discs2

The black hole spin of V404 Cygni 
has been estimated to be a*>0.92 

from NuStar X-ray data (Walton et 
al. 2017)











  

Shocks :

●

● Shocks are centrifugal pressure mediated

● Characterized by an abrupt, nearly discontinuous change in pressure, 
temperature and density of the medium

● The Rankine-Hugonoit shock conditions :

, ,[nur]=0 [(e+ p)ur
u

r+ pg
rr ]=0 [E]=0but ϵ=ϵ−Δϵ

+ -



  

Accretion models developed so far :Accretion models developed so far :

Model Assumptions
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SS disk
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V
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Thick disk
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V
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 < λ λ
K
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Advective disk 
Narayan & Popham 
(1993)

Contains all terms
Sonic points can be anywhere

ADAF (Advection 
dominated accretion 
flow) (Narayan et. 
al., 1995) 

Subset of advective disks
Valid for low accretion rate 
Sonic points are near the 
horizon

Slim disks 
(Abramowicz et al 
1988)

Advective disk
Valid for high accretion rate 

V r≠0

One 
temperature 

solutions
&

No self 
consistent 
solutions

v
dv

dr
+

1
ρ

dp

dr
−λ2

r
3
+Φ=0Radial component of the momentum balance equation :
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We also assume that ions and leptons follow Maxwellian 
distribution. When particles are nonrelativistic, the time scales 
to establish Maxwellian distribution by Coulomb interaction 
are (Stepney 1983): 

= A - 2 , t, = A 
fit, 

mt Of12 (1) 

for electrons and ions, respectively. The constant A = 3c3/ 
[2(7r)1/2c4ln A], 0e = kTe/mec2

9 Oi^kTJnriiC2, and other 
symbols have their usual meanings. When electrons become 
relativistic. 

b) Hydrodynamic Equations 
The continuity equation and relativistic Euler’s equation in 

Schwarzschild coordinates are derived in Paper I (also see 
Shapiro 1973): 

4nn¡(l + 3YHe)mpur2 = M , 

1 d_ /V\ 1 dP 
2 dr \c2/ + P + e dr 

(7) 

(1 - RJr + u2/c2)1/2 

P + e Xco c (8) 

t ee (2) 

The energy exchange time scale between electrons and ions by 
Coulomb interaction is 

t ei 
A me mi 

4^/2 Zfne 
(ôe + e,)312 (3) 

in the nonrelativistic regime (Spitzer 1962). No simple formulae 
exist when electrons are arbitrarily relativistic and Tt and Te are 
arbitrarily different. But when 9e> 1 and 1, the time scale 
is given by (Gould 1981) 

A me mi 
lyfn Zfne 

0e ��(4) 

The equations (3) and (4) are well represented by the inter- 
polation formula 

tei = 9.0 x 1015 1 03/2 

ne 1 + e1/2 s , (5) 

where 0 = 0C + 0¿. When mec2 < kTe, kTt < miC2, the time 
scales usually satisfy tee < tn < tei (Gould 1981). When com- 
pared with the free-fall time scale, 

r ( r \3/2 

M*s’ <6) 

where r is the radius, u the flow velocity, Rs( = 2GM/c2) the 
Schwarzschild radius, and M8 the mass of the hole, M, in 108 

M©, tee is generally much shorter than iff for m > 1. So we 
assume electrons and positrons always have the same tem- 
perature 7¡. But tei and tH are not always shorter than iff. So 
ions can be weakly coupled with electrons, resulting in the 
different temperatures for ions and leptons. Also, ions may not 
follow the Maxwellian distribution or behave as a fluid. 
However, a very small magnetic field can make the Larmor 
radius of the ions smaller than the scales of interest so that ions 
behave as a fluid: for example, 10“11 of the equipartition field 
is all that required at the horizon for m = 1, M = 108 M© 
accretion. The Maxwellian description of ion distribution is 
not quite safe even in such case. We have to interpret the ion 
temperature as an appropriate mean quantity. 

Although ions and electrons are weakly coupled thermally, 
charge neutrality is always assumed: nl = n+ + n_ = 
(1 4- YHc + 2z)nh where nh n_, and n+ are the proper number 
densities of ion, electron, and positron, respectively, and z = 
n+Zn,. Any space charges built up can be rapidly neutralized by 
collective phenomena, which does not necessarily mean energy 
transport between ions and leptons. Due to this assumption, 
leptons are adiabatically heated whenever ions are. 

The symbols are 
mp = proton mass; u = c\Ur\; 
Ua = four-velocity of the fluid element; P = + Pz; 
Pi = nikTi; Pl = nlkTl; € = €¿ + 6*; 
et = fakTt + (1 + 3YHe)ntmpc2; 
€i = jx^n^Ti + ntmec2; 

^ = ^3(0r1)/^2(0r1); 
K3, K2 = modified Bessel functions ; 0Z = kTl/me c2 ; 

Fco = radiation flux in comoving frame ; x = ni ^kn ; 
<7kn = Klein-Nishina scattering cross section . 

The energy equations for ions and leptons are rederived 
from first principles. First, we consider leptons. For the 
moment, we drop all subscripts to denote leptons. Let be 
the energy momentum tensor of the leptons. Then the radi- 
ation hydrodynamic equation is (Mihalas and Mihalas 1984; 
Paper I), 

T*ß
;ß = G* + H«, a, 0 = 0,1, 2, 3, (9) 

where Ga is the radiation four-force density. The four-vector 
FF represents Coulomb heating by ions, which has a nonzero 
component (time component) equal to (3/2)ni/c(7] — T¡)/íei in 
the comoving frame. Hence, it is equivalent to heating by some 
external radiation field which is perfectly isotropic in the co- 
moving frame. So, the transformation laws of Ga between the 
fixed frame and comoving frame applies to /F. Projection on 
the direction of four-velocity (product with Ua) gives 

- nU^ + UxP.a = gxß UW + H») (10) 

where n = n+ + n_,cu = e-l-P, and is the Schwarzschild 
metric. Using the ion continuity equation (7), (nf £/a);a = 0, the 
equation can be written as 

- 2(f)(»+ + U°P;l = gxß Ux(Gß + H“) 

or 

(11) 
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We also assume that ions and leptons follow Maxwellian 
distribution. When particles are nonrelativistic, the time scales 
to establish Maxwellian distribution by Coulomb interaction 
are (Stepney 1983): 

= A - 2 , t, = A 
fit, 

mt Of12 (1) 

for electrons and ions, respectively. The constant A = 3c3/ 
[2(7r)1/2c4ln A], 0e = kTe/mec2

9 Oi^kTJnriiC2, and other 
symbols have their usual meanings. When electrons become 
relativistic. 

b) Hydrodynamic Equations 
The continuity equation and relativistic Euler’s equation in 

Schwarzschild coordinates are derived in Paper I (also see 
Shapiro 1973): 

4nn¡(l + 3YHe)mpur2 = M , 

1 d_ /V\ 1 dP 
2 dr \c2/ + P + e dr 

(7) 

(1 - RJr + u2/c2)1/2 

P + e Xco c (8) 

t ee (2) 

The energy exchange time scale between electrons and ions by 
Coulomb interaction is 

t ei 
A me mi 

4^/2 Zfne 
(ôe + e,)312 (3) 

in the nonrelativistic regime (Spitzer 1962). No simple formulae 
exist when electrons are arbitrarily relativistic and Tt and Te are 
arbitrarily different. But when 9e> 1 and 1, the time scale 
is given by (Gould 1981) 

A me mi 
lyfn Zfne 

0e ��(4) 

The equations (3) and (4) are well represented by the inter- 
polation formula 

tei = 9.0 x 1015 1 03/2 

ne 1 + e1/2 s , (5) 

where 0 = 0C + 0¿. When mec2 < kTe, kTt < miC2, the time 
scales usually satisfy tee < tn < tei (Gould 1981). When com- 
pared with the free-fall time scale, 

r ( r \3/2 

M*s’ <6) 

where r is the radius, u the flow velocity, Rs( = 2GM/c2) the 
Schwarzschild radius, and M8 the mass of the hole, M, in 108 

M©, tee is generally much shorter than iff for m > 1. So we 
assume electrons and positrons always have the same tem- 
perature 7¡. But tei and tH are not always shorter than iff. So 
ions can be weakly coupled with electrons, resulting in the 
different temperatures for ions and leptons. Also, ions may not 
follow the Maxwellian distribution or behave as a fluid. 
However, a very small magnetic field can make the Larmor 
radius of the ions smaller than the scales of interest so that ions 
behave as a fluid: for example, 10“11 of the equipartition field 
is all that required at the horizon for m = 1, M = 108 M© 
accretion. The Maxwellian description of ion distribution is 
not quite safe even in such case. We have to interpret the ion 
temperature as an appropriate mean quantity. 

Although ions and electrons are weakly coupled thermally, 
charge neutrality is always assumed: nl = n+ + n_ = 
(1 4- YHc + 2z)nh where nh n_, and n+ are the proper number 
densities of ion, electron, and positron, respectively, and z = 
n+Zn,. Any space charges built up can be rapidly neutralized by 
collective phenomena, which does not necessarily mean energy 
transport between ions and leptons. Due to this assumption, 
leptons are adiabatically heated whenever ions are. 

The symbols are 
mp = proton mass; u = c\Ur\; 
Ua = four-velocity of the fluid element; P = + Pz; 
Pi = nikTi; Pl = nlkTl; € = €¿ + 6*; 
et = fakTt + (1 + 3YHe)ntmpc2; 
€i = jx^n^Ti + ntmec2; 

^ = ^3(0r1)/^2(0r1); 
K3, K2 = modified Bessel functions ; 0Z = kTl/me c2 ; 

Fco = radiation flux in comoving frame ; x = ni ^kn ; 
<7kn = Klein-Nishina scattering cross section . 

The energy equations for ions and leptons are rederived 
from first principles. First, we consider leptons. For the 
moment, we drop all subscripts to denote leptons. Let be 
the energy momentum tensor of the leptons. Then the radi- 
ation hydrodynamic equation is (Mihalas and Mihalas 1984; 
Paper I), 

T*ß
;ß = G* + H«, a, 0 = 0,1, 2, 3, (9) 

where Ga is the radiation four-force density. The four-vector 
FF represents Coulomb heating by ions, which has a nonzero 
component (time component) equal to (3/2)ni/c(7] — T¡)/íei in 
the comoving frame. Hence, it is equivalent to heating by some 
external radiation field which is perfectly isotropic in the co- 
moving frame. So, the transformation laws of Ga between the 
fixed frame and comoving frame applies to /F. Projection on 
the direction of four-velocity (product with Ua) gives 

- nU^ + UxP.a = gxß UW + H») (10) 

where n = n+ + n_,cu = e-l-P, and is the Schwarzschild 
metric. Using the ion continuity equation (7), (nf £/a);a = 0, the 
equation can be written as 

- 2(f)(»+ + U°P;l = gxß Ux(Gß + H“) 

or 

(11) 
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