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Accretion disks

[to accrete ~ to collect, accumulate, gather;
accretion ~ inflow]

Small disks — protostellar and

protoplanetary disks = solar nebulae
of Democritus, Kant, and Laplace

Tiny disks — planetary rings



1 Core of Galaxy NGC 426l
- Hubble Space Telescope

Wide Field / Planetary Camera

Accretion disk +
Black Hole in the

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

core of elliptical

(Hubble Space Telescope)

A disk of cold gas and dust
fuels a black hole (BH).
300 light-years across, the
disk is tipped by 60 deg,
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providing a clear view of the 2000 LIS PYRARS 400 LIGHTYEARS

bright inner disk. The dark, dusty disk represents a cold outer region, which
extends inwards to an ultra-hot accretion disk with a few AU from the BH. This
disk feeds matter into the BH, where gravity compresses and heats the
material. Hot gas rushes from the vicinity of the BH creating the radio jets. The
jets are aligned perpendicular to the disk. This provides strong circumstantial
evidence for the existence of BH "central engine" in NGC 4261.




Large AGN/Quasar disk luminosities
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2.

Accretion disks are often found in close, interacting pairs of

stars, such as the cataclysmic variables (CVs). One star,
originally more massive, evolves to a compact companion: a
white dwarf or perhaps a neutron star (pulsar) or a black hole.
The other, originally less massive, star bloats toward the end of
its main-sequence life and fills the critical surface (Roche Lobe)
after which it sends a stream of gas onto a compact companion,

creating an accretion disk.
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Superhumps are distortions (local maxima) of the light curve
of the s-called dwarf novae systems, belonging to cataclysmic

variables class. The light curve is due to a varying viewing
angle of the accretion disk and companion. Superhumps are
due to resonances and waves in the disk.
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. . . VH-1
3. Small disks in binary stars

sizesup to~ 10 AU




VH-1

Roche lobe overflow & mass transfer
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shock waves in a vertical cross-section of a disk



Planetary rings are also accretion disks, sort of.

They are special: their thickness is extremely small:
z/r ~10 m / 66000 km ~ 10-°, very slowly accreting disks.




From: Diogenes Laertius, ®wocodor Bror (3rd cn. A.D.), [X.31

The first description of an accretion disk?

“The worlds come into being as follows: many bodies of all
sorts and shapes move from the infinite into a great void; they
come together there and produce a single whirl, in which,
colliding with one another and revolving in all manner of ways,
they begin to separate like to like.”




Kant-Laplace nebula ~ primitive solar nebula ~ accretion disk
~ protoplanetary disk ~ T Tauri disk e

R. Descartes (1595-1650) - vortices of matter
-> planets

recently revived by: Cameron et a
P.S. de Laplace (1796) - version with rings

g infalling disk around the young stellar objec

imaged at 267 and 89 GHz with the Berkeley—Illincis—Maryland Array
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Age ~1 Myr or less
Primordial solar nebulae = protoplanetary disks =
= protostellar disks = T Tau disks = accretion disks

HST - WFPC2

Silhouette disk in Orion
(McCaughrean, O’Dell)

HH30 (C. Burrows, 1997)

S5
These disks are very opaque (opt. thickness T~ 10 in the visible)
Dust(+ice) in such disks is frozen dynamically to gas,
Dust:gas = 1:100 by mass; gas = H + He (mostly)



Protlanetary Disks | HST - WFP2
Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA




Edge-On Protoplanetary Disk HST - WFPC2

Orion Nebula

PRC95-45c - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA
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IRAS 04016+2610 IRAS 04248+2612 IRAS 04302+2247
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Young Stellar Disks in Infrared

PRC99-05a « STScl OPO

HST ¢ NICMOS

D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA



DG Tau B

Disks around Young
PRC99-05b + STScl OPO

C. Burrows and J. Krist (STScl), K. Stapelfeldt (JPL) and NASA

Stars

200 AU
—————
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HST - WFPC2



Accretion rate in T Tau disks decreases with time (age)
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'EVOLUTION OF DISK ACCRETION . 395

Mass Accretion Kate (solar masses/yr)

Figure 7. Sketch of disk evolution with time, summarizing the ideas presented in
this chapter. The disk remains most of the time in a quiescent state, punctuated

byepnsod&sofhxghuahqastheenvelopefeeds“toﬂ.cmsk. When
 infall ceases, the disk evolves viscously, and M slowlv decreases with time.

Observed dM/dt ~ 10 M., /yr for ~0.1 Myr time
= total amount accreted ~0.1 M,

Observed dM/dt ~ 10" M_,,,/yr for ~1 Myr

= total amount accreted ~0.1 M,



T Tau star, schematic diagram of magnetic field 'in the
central clearing & evolution (Hayashi and Henyey track)
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RY Lupi - the first scattered light image of a transition disk
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Facts from of accretion disk theory

Third Edition

Accretion Power in Astrophysics

Juhan Frank, Andrew King and Derek Raine
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Kinematics (in stellar disks dispersion of veloc.

Geometry @ plays a role of the soundspeed c)
(z/r, shape) Thermodynamics (c, T)
Zo . & C 2_ KT
—F_‘ - s-Q::;: " .‘._):; /‘"’MoLmH
4/2
4%
K
o = CM A
= i ke /M2 Sy 72
Uk ™30 g (ﬁ%) |'Au.>

Geowelyical Hatwness oﬁ acoetion dosles s
a Juireckt cpwseclyuzmcc C‘C Hrelr rcl.aﬂzvew
low  Huw acal evaluve. T)




eq., gds heated by blackb GronS, which
3 aJosorb e )Cro:ad‘j e souwwve Ly
W the center (Hhis Wovks for ophi-

cally Hnin conditions only!)
Loa Vi fr\Y
T(r) = 280K ()" @™

Solaxw Systenn ¢ aver. N

euwper,
e.q. )’ obgevt‘/wh'ons of ]l’/a,} = _;;W CoA0n e
6’{‘;%@\'\*) T(r) = 260 IK ( A%)fos %g_)o.z.s‘
Therefore ﬂ . L ) =

o
fl Z 3&3 Wy ﬁn.ﬁvﬁ
, > acsle shape
l

> swace irvadiakion)



Another exqucple of T :
Stuaplified  didle wiodel of Movfill ef ok (PPL)

=2 .
TG ~ 732 = 3 ; T
= cln) "’V'—m, =T e =y 1
fz Zo(")

| e

——

T ~ 2 - = > s~ Wedge
ALl



Accretion disks are interesting objects, in a sense they are
a crossover between planetary systems (in radial direction,

force of gravity is mainly balanced by centrifugal force)
and flat stars (in vertical direction, force of gravity is

In the rest of this lecture (L12), we outline some of the basic
physics of circumstellar gas disks. You do not need to master
all the details.

Quiz may test you on your understanding of some the
key concepts (but not derivations about them — those are
optional reading for those interested!)

There will be no computational problems involving disk
(thermo)dynamics in the written part of the final exam.
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(on the other hand, in debris disks which don’t have a lot of gas
and much less dust as well, both the opacity of dust and the
surface density of matter are much lower, so that the optical depth
is tau_0 << 1 in every direction.)
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v = Kinematic viscosity coeff.
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The ratio of viscous to dynamical time is called Reynolds number (Re).
It is a very large number in astrophysics, here on the order ~10°, which means
a very slow spiraling of gas toward the star (along a tight spiral).



The analytical solutions (Pringle 1981)

n T=0.002

of
I

n'ZR 02/ m
Lo

T=0.512

0.5 10 1.5 2.0

X=R/RO

. 5.1. A ring of matter of mass m placed in a Kepler orbit at R = Ro spreads out under
action of viscous torques. The surface density X, given by equafrmn (5.10), is shown as a
ction of x = R/Ry and the dimensionless time variable 7 = 12vtR; %, with v the constant
atic viscosityv.



THE VISCOSITY
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Thermal Convection 1n a Disk!

Plotted are surfaces of same convective velocity.
Grid: 40x40x40  Code: TRAMP
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It was initially thought
that convective rolls
provide the turbulent
mixing that creates the
anomalous viscosity.

Problem: convection
transports angular
momentum /inwards
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o« - disks  Shakhura-Sunyayev (1973)

Non-dimensional parameter ¢ = soundspeed

v — ol C‘Z > O(< ' z = disk scale height
Idea: gather all uncertainties in one parameter a:
C o e | = Specific
-\) .—-. oL (Y’) l/ because ¢ = T angular
l/ _Qr momentum
Reynolds number: R:a = - 2 (o4
i r} — a4
5= » = Re 2 p‘“'bdn e t&‘:lw

o | = Ve ~ (O U'K (spiralling of gas very much
Je | j@ = “slower than vy, Keplerian vel.)



* Mysterious viscosity in disks:
Disks need to have Shakura — Sunyayev alpha

o ~ from 0.001 to 0.1, in order to be consistent with
observations such as UV veiling, Ha emission line
widths etc., which demonstrate sometimes quite
vigorous accretion onto central objects.

[v=acz can be computed from the theoretical
prediction of stationary disk theory that dM/dt =3nvX]

* What is the a priori prediction for the Shakura-
Sunyaev o parameter, which so cleverly combines all
our 1gnorance into a single dimensionless number?

That depends on the mechanism of instability!



Magneto-rotational instability (MRI) as a source of viscosity
in astrophysical disks.

Velikhov (1959), Chandrasekhar (1960), later re-discovered
by Balbus and Hawley (1991).

‘ e

-
k. 2-D and 3-D simulations of Madnetic turbulence inside the dlsk



Basic equations are complicated...

Magnetic pressure

at
)
Y v By L gv)Bvg=o,
d p 87 4np
a—B—Vx(va)zQ
ot

; : (kpR+k,z—ot
Consider perturbations o' FrftHhzz=ar)

Using approximations:

1. Boussinesq Apprximation: ignore oP/P. 2. Adiabatic 3. B is Poloidal



..but MRI instability can be explained by

magnetic field tension (you must imagine the orbital
motion going into the plane of the picture)

s [wo fluid elements, in the same orbit, are joined by a field line
(B,)- The tension in the line is negligible.

m If they are perturbed, the line is stretched and develops tension.

< o

O

m The tension acts to reduce the angular momentum of m; and
increase that of m, (since ). This further increases the
tension and the process “runs away".
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Results: alpha computed ab initio,
sometimes noft fully self-consistently,
often not in a full 3-D disk:

a~ 10 -3

(the work on MRI is ongoing... also
on whether the disks have sufficient
ionization for MRI).

AME 140 FRAME 1402

Charles Gammie et al. densuty(rho) rho*dL,color=dL



Alpha estimate from observations... -(15+23)

Tau: M~ 6" y_@_(.@

Jr
tolal dM=fdbM = 60) 152 Mg ~
~ observed
(pnmanciionl), | Mg “FTRSAL

..Agrees with pure theory: o = (afaw) x 163

OGUM MwU'r'—D
MHD calewloleons
off MRI

Observations

Modeling of
observations

Ab-initio
calculations
(numerical)




Radio . X-ray
Infrared Visible uv
Cos]

UCL Thin disk approximation

If each disk annulus radiates as a blackbody,
overall spectrum has a slope of 1/3 In frequency
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Summary of the most important facts about accretion disks:
These disks are found in:

* quasars — in their central engines

* active galactic nuclei (AGNs), galaxies

 around stars (cataclismic variables, dwarf novae, young stars)
« around planets.

Disks drain matter inward, angular momentum outside.
Release gravitational energy as radiation, or reprocess radiation.

Easy-to-understand vertical structure: z/r = c/vg

Radial evolution due to some poorly known viscosity,
parametrised by a << 1.

The best mechanism for viscosity is MRI (magneto-rotational

instability), an MHD process of growth of tangled magnetic fields

at the cost of mechanical energy of the disk.

Simulations give a =a few * 103



The following few pages are optional, the information is not required for
ASTC25 exam, but you may find it interesting.

Recent simulations and their problems
Shearing box: useful but distort results

o
X

Siorle, rlawlay, Balous & Garnrlle, 1998, Aod 489, 898
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Original estimates of strength (a) of angular

momentum and mass transport - very optimistic

* Balbus and Hawley (1990s) :
depending on the geometry of the external field,

could reach a=0.2-0.7 if the field is vertical, or 10x
less if toroidal.

 Taut and Pringle (1992): a~0.4

* Usually, non-stratified cylindrical disks are
assumed



More recently...

much reduced estimates of maximum alpha: a~10-3

conflguratlons of B field were assumed IocaI periodic
boundaries, no vertical stratification

e (e.g. Fromang and Papaloizou 2007; Pessah 2007)

* This caused a dependence of a on these rather arbitrary
assumptions

 They can be relaxed, i.e. something like a disk dynamo can
occur in a total zero flux situation (cf. Rincon et al 2007)



Possible non-MRI Sources of Turbulence (a)

— Molecular viscosity (far too weak, orders of magnitude)

— Convective turbulence (Lin & Papaloizou 1980, Ryu &

— Tidal effects (Vishniac & Diamond 1989)

— Purely hydrodynamical instabilities: Dubrulle (1980s)
and Lesur & Longaretti (2005) — anticyclonic flows do
not produce efficient subcritical turbulence

— Gravito-turbulence (Rafikov 2009)
— Baroclinic instabilities (Klahr et al. 2003)
— Modes 1n strongly magnetized disks (Blockland 2007)



