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» Introduction: disks in astrophysics
— Black-hole accretion disks as a powerful energy sources

» Quick summary of GR
— Relativity without relativity

» Accretion: what is going on?
— Basic principles of a cold thin-disk accretion
— Standard model with questions

» Advanced modeling
— Angular momentum transport
— Advection and transonicity
— ADAFs, slim disks, etc

» Global picture

— Accretion spectra
— Coronae



INTRODUCTION

Disks in astrophysics
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Protoplanetary disks

Protoplanetary Disks
Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1995
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Cataclysmic variables

Basic properties:

Close stellar binaries (primary is white dwarf)
Mwp ~ Mo,

Rout ~ (10% = 10'%)cm,

Artist’s impression
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Cataclysmic variables

Observational evidence:
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X-ray binaries & uquasars

QUASAR

MICROQUASAR

Stellar mass black-holes':
M. ~ (3-20)M,,
Disk sizes:

Rout ~ (10° —10™")
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Temperature:
i T~ (102 -107)K
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Roche lobe overflow
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Accretion power

» Force balance during inspiral:

mv
X r — 26— > VP~
r r2 r

E= Ekin—i-Epot = Emv -G— ~ -

> Energy loses during accretion:

AE = E(0) — E(ry) ~

> Black holes: riy ~ ry ~ GM/c? =

Realistically: AE = nmc?, where n is accretion efficiency.




Accretion power

Efficiency of energy generators in nature:

Chemical burning: n < 0.000 00001
Nuclear burning: < 0.01

>
»
> Disk accretion onto counter-rotating BH: n = 0.04
» Disk accretion onto non-rotating BH: = 0.06

>

Disk accretion onto rotating BH: n = 0.42

Black hole accretion is a POWERFUL source of energy!



Luminosity
Is there a limit on the luminosity of an object of a given mass?

Stars:
Frad
o L GMm
Fraa = FgraVa Fraa = EW’ grav — R2
4rGMmc
L < n = Lgdd
(oa
Disks:

> Rotation acts against radiation
» No principal limit

Accretion disks are the most LUMINOUS objects in the universe!



GENERAL RELATIVITY AND BLACK HOLES

i.e.,

what you need to know for accretion...
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Black holes

In strong gravitational fields the space time is warped and twisted

> Space time geometry of non-rotating BHs is described by the
Schwarzschild metric:

2M 2M\™
ds? — — (1 L T) at® + (1 - T) dr? + r?de? + r?sin® 0dg¢?

» Singular at r = 2M (horizon) and r = 0 (singularity)

&
» Euclidean geometry does not
apply:
C (4
A Z_ =
e 2r  2n




Black holes

“The black holes of nature are the most
perfect macroscopic objects there are in
the universe:
the only elements in their construction
are our concepts of space and time.
And since the general theory of relativity
provides only a single unique family of
solutions for their descriptions, they are
the simplest objects as well.”

S. Chandrasekhar, The Mathematical
Theory of Black holes




Circular orbits in black-hole spacetimes

Innermost stable circular orbit (ISCO) at r,,s = 6M
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Relativity without relativity

Paczynski’s trick: pseudo-Newtonian potential

Can we invent a Newtonian potential that mimics GR effects?

Even a small ‘perturbation’ of a Newtonian potential gives a big
change:

GM 2GM
<I>(r) — > I'Schw = o0
I = I'schw c

> Gives a correct formula for £k in Schwarzschild spacetime:

VGMr

- I'schw
1 r

b =

> Gives acceptable values for the epicyclic frequencies.
> Unsuitable for rotating BHs (gravito-magnetism, ergosphere)



Central question:

How to feed black hole?




Objects with zero angular momentum
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Sending an object with zero angular momentum is easy
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Rotating objects
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Rotating objects
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Rotating objects
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Increase of energy does not help (centrifugal barrier)
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Rotating objects
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Rotating objects
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Essential ingrediences

> Fluid (presure)
> Angular momentum transport (viscosity)
» Energy balance (removing mechanical energy)

= Disk accretion may be described by Navier-Stokes equations

Stars radiative Disks

pressure

energy

angular

momentum

D e

motion

= Disk accretion is essentially 3D problem
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Navier-Stokes equations

|

Radial momentum equation:
ov’ avr 10p 1dQ 10 v’ w18 ov 1
rOV 2V 22 Top B 2 _ o) v Tofov) 1
Ve TV %z it K) por 2 dr ° “rpor q'ﬁr pr2 pﬂzqaz +pz?
2 8 [na(rv) 2 9 ( ov?
-—=|= +-= =15
3p or ar 3p ar z
the azimuthal one:
Vo (e 0 _ 10 (3 09\, 1009
2 Q Pl - — (=],
r26r( )+V 0z r3p6r( Tor )T poz\"az
the vertical one:
L R P YR N N R NI i W I
ar oz " poz & o \"Mar )T war\"ez )T paz\“Taz
2 0 [na)], 2 o (0
3padz|r or 3p 0z "oz |
the continuity equation:
10 a
F(T("PV )+ E(PVZ) =

and the energy equation and equation of state
r ds + - 4
Tv ar = Qvisc = Qug: P =Pgas + Prad = RmpT +aT



Shakura-Sunyaev disk model

Radial momentum equation (Keplerian flow):

,z?v Z()v > A2 1dp | 1d 2 10 L ovh v 19 ov' 1.0 ( ov?
r(Q° - Q -—+ = =——2mir— |-2—5 + - — (n—— - —|n—
ar TV RS U o ar 7 gy o2 T paz\"oz |t 5oz \"ar
2 9 [no(rv) 2 4 ( ov?
—— = |- +-==r .
3p ar ar 3p ar\" 0z

the azimuthal one (radial transport of angular momentum):

V9 ey 200 _ 10 (5 00) 10 (00
T v (L B e

the vertical one (hydrostatic balance):

OO 1 g, L ()0 00 10,0
or oz p oz 0z sl “rpar ! or rp or 0z p 0z 0z

2 9 2 9 0vF
3poz\"az )

3p 0z

na(rv")
roor

the continuity equation (mass conservation):

1 T
v+ (Vi) =0

SIS

and the energy equation (local balance) and equation of state:

as _
Tv’ - = O\';c de, P = Pgas + Prad = RmpT + aT*.

Shakura & Sunyaev (1973)



Easy solution
Two equations are algebraic:
> Radial Euler equation:

Q(r) = Q(r)
> Vertical Euler equation:
_ &
H(r) = rQx(r)
Two equations are easily integrable:
» Continuity equation:
— (rxv’)=0 = |rXv =const= _M ... accretion rate
ar 2n
> Azimuthal equation:
d d aQ ; ;
= (rev'e) - - (rstE) =0 = |-Mfx—-G=const=-MC,
N————
G/(2r)

When ¢ =¢. = G =0 ... zero torque



Viscous dissipation & radiative cooling

Energy balance:
> Rate of energy production (viscous heating):

g aQ
Jr
Q " 8nr dr

> Rate of energy loss (radiative cooling):
Q = OSB T4

Thermal equilibrium Q™ = Q™ gives the local temperature:

M 1dQ E

T(r) =
(r) 47r0'53rdr

(tx = ¢.)

Local temperature in the disk is independent of the form
of the viscosity



Where is the zero-torque point (what is £,)?

Accretion torques are mediated throuhout the disk
(inner annuli act on the outer ones)

0.02 4

0.00 4

After reaching rms:

> no more centrifugal support
(plunging)
> flow becomes quickly transonic

—0.02 4

~0.04

0.06 4

Verr [GM /]

—0.08 4

> no causal connection from
supersonic flow

—0.101
—0.12 4

> no mediated viscous torques

—0.14 4

rlrs)

Assumption: at ry,s the applied torque is zero.

C. = tx(rms) | ... zero-torque boundary condition

BUT: Other torques, causality in viscous flow, etc...



Spectra

Local spectra of the disk are given by the Planck law:

V3
L(r)=B,[T(r)] = 2 [ehf/ilZT(r) _ 1]

Disk spectra after integrating over the surface:

log Fy (arbitrary units)

log (hv/kT o)

... see talk of Michal Bursa



Radial structure

For other physical quantities viscosity prescription needed.

Shakura & Sunyaev (1973):
Ti‘ic =ap| ...a-viscosity prescription

Radial structure (radiation-pressure dominated disk):

h = (1.59km) (fr)
v = (1.16 x 10®m/s) am™?(fn)?7~>/2
p = (0.0291kg/m®) o' m(frn)2#%/2
T. = (4.96 x 10°K) o /4m~1/4p~3/8
where
me M aa My
M ~10%kg/s”



Unphysical singularities at inner edge
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Shakura-Sunyaev (1973) model

Citations/Publication Year for 19734&4....24..3375
504

Unrefereed
462 W Refereed

420 Total citations: 6388
378 Total refereed: 5556
336
294
252
210
168
126
84
42

1972 1978 1984 1990 1996 2002 2008 2014
Publication Year

A fully relativistic version by Novikov & Thorne in the same year
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Applications

MNormalized

> Protoplanetary disks, layered disks with dead zones,...

» Measuring black-hole parameters (kerrBB, diskBB)

counts s 'kev’'

=

Ratio

S
=

=

115

(.85
1.15

0.85
115

(.85

Fsimpl @ diskbb E
memmﬁwg

Esimpl ®@diskbb + laor E

et o NI LR

simpl @diskbb + laor + gauss

Energy (keV)

McClintock et al. (2013)

System ax M /Mg
Persistent

Cyg X-1 >0.95 14.8+ 1.0
LMC X-1 0:9212:08 109+ 1.4
M33 X-7 0.84+0.05 1565+ 1.45
Transient

GRS 19154105 > 0.95" 10.1+ 0.6
4U 1543-47 0.80£0.10>° 9.4+ 1.0
GRO J1655-40  0.70£0.10°  6.3+0.5
XTE J1550-564  0.3470-20 9.1+0.6
H1743-322 0.240.3 ~ 8¢
LMC X-3 <0.3% 7.6+ 1.6
A0620-00 0.12+40.19  6.6+£0.25




Applications

Consistent result in a reasonable luminosity range!
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measuring the inner of the disk in LMC X3 (McClintock et al. 2013)



Polish doughnuts




Nature of the angular momentum transport

Viscosity?

Conditions in the accretion disks at r ~ 10'%cm:
» Temperature: T ~ 10'°K
» Density: n ~ 10'%cm3
» Thermal velocity: (v2)'/2 ~ 108cm
> Particle mean-free path (ionized gas):
A= k2T?/(ne*n) ~ 10%cm

» Kinematic viscosity: v ~ 103cm?sec™

This gives an inflow radial velocity of v/ ~ 3v/2R ~ 5cm/year.

Molecular viscosity too low



Nature of the angular momentum transport

Turbulence!

Enhanced momentum transport in turbulent flows:

dp
Fiy. =0,
(')t+ (pv)=0
0
2 (o) + V- (pvv) = ~Vp - pV O,

ot
Separation of mean and fluctuating quantities:

p=p+p, p={p), V=V+V, v=

Equations for mean flow:

op _—

— +V-(pv) =0,
pri )

%(pv>+v-(ﬁVV):-vp—v-R—pw,

where
R =(pvVv) ... Reynolds stress



Back to Shakura-Sunyaev prescription

a-viscosity as a prescription for Reynolds stress:

e )2

Cs )\ Cs

Now, pc? ~ p and |V] < ¢:

R™ = ap

Our ignorance is parameterized by the parameter a:
> a < 1 (subsonic turbulence)
> a may be function of r



Turbulence driving mechanism?

> Keplerian HDYN flows are boringly stable.
> [ocal instability discovered by Balbus & Hawley in 1993

’ Magneto-Rotational Instability ‘




Turbulent cascade

Injection
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More advanced models

Transonic flows with advection

Q\ji_SC - QI;d — Tvl’a_s

or

adv



Shakura-Sunyaev disk model

Radial momentum equation:

S Z()v 2 2y, 1P 1A o1 A N w19 () 19 (o
@02y P! = 2 UASIL G M I P
R i Y it et ol Gl et oaz\"az) T paz\Tar
2 9 [n o) 2 9 v
3p ar ar par\Taz |

the azimuthal one (radial transport of angular momentum):

V9 o 9 18 Q) 10 ( 00
= Z (P v = — (R -— (=],
r2 or (r )}V dz — rpor (r 6r) p 0z \"oz

the vertical one (hydrostatic balance):

Vrﬁ+Z”L+l‘lp+Q ooy 1o o) 18 g,ﬁ)
ar oz Tpoz T IKET o \"ar )T par\"az | T p 9z T ez
29 20 (0
- -—— — =1

3p 0z I()Z

3p 9z

na(rv")

roor

the continuity equation (mass conservation):
19 p [N
r 3r(rpv )+ /)Z(W )=0

and the energy equation (including advection) and equation of state:

Q\-,tgc Orad = TV =Qy Qugv P = Peas + Prad = RupT +aT*.



Slim accretion disks
> Probably suitable for higher luminosities

> Advection term included in the equations: | Q" = Q_, + Q.,

> Optically thick, geometrically ‘slim’, H/r < 1
» Global transonic solution: zero-torque point r, at black-hole
horizon

m = 0.10 fng,
T

M = 1.00 fg,
0 E T T

Surface density [g/em?]

ang. mom. [M]

n=5.00
m=0.10
- --- Keplerian

log Flux [erg/cm?/s]
8
T

Abramowicz, Lasota, Czerny, Suszskiewicz, Sadowski,...



ADAFs

Advection Dominated Accretion Flows

Low-luminosity disks

Advection term dominant in the equations | Q" ~ Q_,
Extended structures (almost spherical shape)
Significant radial inflow velocity

Many other versions correcting the original model (RIAF,
ADICS,...)
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Accretion disk ZOO
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BTW: What if we keep all the terms?

Analytic perturbative solution of Kluzniak & Kita (1995): backflows
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Still not complete picture

CORONAE
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Corona contribution in different spectral states

T T T T T T T ) 10

vF, kev ( keV/cm?® s keV)

L rg LKEV <l -

Zdziarski et al. (2003) Malzac et al. (2006)

2 spectral states, 3 spectral components (disk, corona, reflection):

» LHS: Weak disk component (BB and reflection),
thermal comptonization in the corona

» HSS: Strong disk component and reflection,
non-thermal comptonization in the corona.



Different geometries
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Poutanen et al. (2017)

‘H
E

Ursini et al. (2020)

» Point-like or extended
> Patchy or continuous
» Static or variable



Self-consistent modelling
The three components are not independent:

> Disk provides seed photons for Comptonization in the corona.
> Irradiation of the corona causes cooling of corona.

» Upscattered photons from the corona are primary radiation for
the reflection and (additional) heating of the disks

Energetic balance (Haardt+1991):

(1 =Py + (1 -a)lc = Ls

ng+LS:ALS

disk > fis the heating of corona
> f < 1 to explain observations.

Considering mutual effects may put strong constraints on both,
geometry and variability of the corona



