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Feeding black holes: microquasars



Feeding black holes: Active Galactic Nuclei



Feeding black holes: Gamma-Ray Bursts



Feeding black holes: Gamma-Ray Bursts



Feeding isolated black holes



What is accretion?

Accretion is the process of matter falling into the potential well of a 
gravitating object. The accretion of matter with no angular momentum 
is basically determined by the relation between the speed of sound as in 
the matter and the relative velocity vrel between the accretor and the 
medium.  

The accretion of matter with angular momentum can lead to the 
formation of an accretion disk around the compact object.



Types of accretion



The hydrodynamic description of accretion (or any other physical 
process) is valid if the mean free path of the particles in the 
medium is shorter than the typical size scale of the system. In the 
case of accretion the self-gravitation of the fluid is usually 
negligible, so the characteristic length scale is, as we shall see, the 
gravitational capture radius or accretion radius, RG or Raccr .  

This quantity is roughly equal to the distance to the accretor at 
which the kinetic energy of an element of matter is of the order of 
its gravitational energy,



Basic equations

In the absence of radiation, the equations that fully describe the 
accretion process are:



A key parameter in the study of accretion flows is the mass accretion 
rate dM/dt, defined as the mass per unit time captured by the 
gravitating center.

This cross section depends strongly on the nature of the gas. If the gas is 
made of collisionless non-relativistic particles, the gravitational capture 
cross section in a Schwarzschild black hole is

Gravitational capture



Gravitational capture

Under typical conditions in the interstellar medium the capture cross 
section for accretion of a fluid is about a million times that for the 
accretion of collisionless particles.
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Spherically symmetric accretion

Equation of state: 

From the Euler equation:
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If the effect of radiation is to be taken into account, then we must add the 
second law of thermodynamics. The variation of the internal energy per unit 
mass of the gas is

For a monoatomic gas                                        

Energy associated with one atom



Using dr = vdt, we can obtain the equation for the temperature 
distribution in a steady-state spherically symmetric accretion flow:

If there are no additional radiation losses besides free-free radiation

where we have assumed that at R = RG the temperature is T∞.



The previous equation shows that under such conditions the 
temperature decreases as the flow approaches the black hole. A 
flow that behaves in this way is called a cooling flow.



Eddington luminosity

Close to the black hole there could be sources of radiation, for 
example if a magnetic field and dissipation of angular momentum 
are involved. The outgoing radiation will pass through the 
accretion flow and may influence its dynamics. Each particle 
experiences a force



Eddington luminosity
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Eddington luminosity



Wind pressure

      

      

      

      



Cylindrical accretion

The problem of cylindrical accretion is the problem of the 
determination of the gas accretion onto a moving gravitating 
center. Unlike the case of spherical accretion, the problem is 
quite complex and there are not analytical solutions of it.  

In cylindrical accretion, the velocity of the compact object with 
respect to the medium vrel is not negligible.  

The symmetry axis of the problem is determined by the line of 
motion of the object. The stream lines of the fluid then are 
hyperbolae centered on this axis. As individual particles move, 
the angular momentum is conserved relative to the accreting 
object.



v||

v⊥



Only particles satisfying v⊥ ≤ vrel will be captured. The gravitational capture 
cross section is determined by the capture radius:

RHL =
2GM
v2

∞

·MHL = πR2
HLρ∞v∞ =

4πG2M2ρ∞

v3
∞



If we work in the fluid approximation, the supersonic motion of 
the compact object will lead to the formation of a bow shock





Perturbing and linearizing: 



The Jeans wavelength  is defined such that any small sinusoidal 
density disturbance with a wavelength exceeding  2 π /kJ will be 
gravitationally unstable. The Jeans critical mass is usually defined 
as the density times the cubic of the length. Higher masses than the 
Jeans mass start to condense gravitationally.



Using the Jeans wavelength: 

To simplify, we center the center the coordinate system in the moving object 
and neglect self-gravity of the gas (kJ):

We get: 





The solution is not valid close to the cone, which implies that 
a shock wave is formed, with a form of a cone with opening 
angle θsh . This shock is called a “bow shock”.





Numerical simulations show that the accretion flow pattern is 
complicated and dependent on the efficiency of the gas cooling 
mechanism. The simulations also show the formation of a frontal 
shock at a distance ∼ RG. This region is prone to suffer Rayleigh-
Taylor instabilities.

Allard et al. 2013







Black hole in a massive binary system



Okazaki, Owocki & Romero 2008



Romero, Okazaki, Owocki & Orellana 2007



Disk accretion



In most realistic astrophysical situations the matter captured by 
a gravitational field will have a total non-zero angular 
momentum. The accretion of matter with angular momentum 
onto a black hole leads to the formation of an accretion disk. 
The main difficulty in the formulation of a consistent theory of 
accretion disks lies in the lack of knowledge on the nature of 
turbulence in the disk and, therefore, in the estimate of the 
dynamic viscosity.

Disk accretion





We shall start with the following simplifying assumptions:  

1) the disk is thin, i.e. its characteristic scale in the z-axis is H << R, 
2) the matter in the disk is in hydrostatic equilibrium in the z-axis,  
3) self-gravitation of the disk can be neglected.  

Condition 2) can be expressed as:

Disk accretion: thin disks



If as is the sound speed, H = Δz is the half-thickness of the disk, 
and P = ρas

2, we can re-write:

Disk accretion



Notice that since the particles move into Keplerian orbits there is no 
pressure gradient along R. The transport of angular momentum along the 
disk is associated with the moment of viscous forces:

Disk accretion



Transport of angular momentum

Disk accretion

·M
d(ωKR2)

dR
= 2π

d(WrϕR2)
dR



Viscosity



Disk accretion



Disk accretion



In the steady state Q+ = Q−. If Q+ > Q−, 
the disk becomes thermally unstable.

Disk accretion



Disk accretion: basic equations



Disk accretion: basic assumptions



Disk accretion: regions



Disk accretion: structure



Disk accretion: luminosity



Disk accretion: luminosity



Adopting Rd = 3RSchw and dividing by (dM/dt)c2 we get 
the efficiency of energy release in the disk accretion 
process: ∼ 8 %. For a Kerr black hole, where Rd = Rg, the 
efficiency reaches ∼ 42 %.

Disk accretion: luminosity



for R >> Rd. Through the energy energy balance equation  
Q+ = Q− = σSBT4, we can obtain the temperature distribution 
along the radial direction in the disk:

Disk accretion: luminosity



Disk accretion: luminosity



Disk accretion: luminosity



Disk accretion: luminosity



Disk accretion: luminosity



6 Rg 
50 Rg 
150 Rg





The need for new solutions

Cygnus X-1

Emission above what is expected from a 
thin disk with T~107 K (~ a few keV).



Disk accretion: hot accretion flows and ADAF

Shapiro, Lightman, and Eardly (1976) found a self-consistent 
solution for the hydrodynamic equations of an accreting flow onto a 
compact object, including both rotation and viscosity. This solution 
has the characteristic that the plasma has two-temperatures.  

The ion temperature (T ∼  1012 K) is much higher than the electron 
temperature (T ∼  109 K). The plasma is optically thin and the 
radiation has a power-law spectrum in X-rays, consistent with what 
is observed in sources like Cygnus X-1. However, the solution is 
thermally unstable.



Thermally stable solutions were found by Begelman and Meier 
(1982) in a super-Eddington accretion regime (the disk results 
optically thick) and by Ichimaru (1977) and Narayan and Yi 
(1994a,b, 1995a,b). The latter solution corresponds to sub-
Eddington accretion of a low-density gas.  

The energy released by viscosity is stored in the plasma, which is 
advected and swallowed by the black hole. The plasma is optically 
thin and with two temperatures. This type of solution describes 
what is known as advection-dominated accretion flows (ADAFs).

Disk accretion: ADAF



Disk accretion: ADAF



Disk accretion: ADAF



Disk accretion: ADAF



Disk accretion: ADAF





Disk accretion: ADAF

We also need an equation of state



Disk accretion: ADAF

Angular velocity Ω, radial velocity v, mass density ρ, and speed of sound cs at fixed radius as 
a function of the polar angle θ, for α = 0.1 and several values of the parameter ε. From 
Narayan et al. (1998b).



Disk accretion: 2T ADAF

t



Disk accretion: 2-T  ADAF



Disk accretion: 2-T  ADAF



Disk accretion: 2-T  ADAF



Disk accretion: 2-T  ADAF





Generic SED of an ADAF



Non-thermal contributions to the 
radiative spectrum in a corona 
model for Cygnus X-1.Figure 
from Romero et al. (2010).



Non-thermal contributions 
to the radiative spectrum 
in a corona model with a 
relat ivist ic proton-to-
electron power ratio of 
100. From Romero et al. 
(2010).



Thermal emission from the accretion flow around a supermassive black hole of mass 
MBH = 108Msol  for four different models (from Gutierrez, Vieyro & Romero 2021)

Radiatively inefficient accretion flows (RIAFs)



Spectral energy distribution of a supermassive RIAF with non-thermal particles. 
Accretion rate: dm/dt out = 10-2(from Gutierrez, Vieyro & Romero 2021)

Radiatively inefficient accretion flows (RIAFs)





Ohsuga 2018







                       Photon trapping in super critical accretion                               



Super accreting disks

Fukue 2004

The critical radius:



Super accreting disks

where c3 is a numerical factor of the order of unity

fin = 1 − rin /r



      

      

Fukue 2009Super accreting disks



Super winds

Fukue 2009



Super winds
















