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Abstract. Accretion disks are observed in association with a variety of
astrophysical objects, ranging from binary systems to active galactic nu-
clei. A very efficient energy conversion process is believed to take place in
accretion disks, transforming gravitational energy into kinetic and thermal
energy of the plasma, and typically converting them into X-ray sources.
Within the general framework of hydrodynamics and magnetohydrody-
namics, we present the basic features required to perform a theoretical
description of the process of accretion for a number of cases of astrophys-
ical interest.

1. Introduction

The gravitational accretion of matter is ubiquitous in Astrophysics. It is a mech-
anism able to efficiently convert gravitational energy into kinetic energy. This
kinetic energy can in turn be converted into heat and radiation, or it can also
power relativistic jets.

The advent of high resolution X-ray observations required to seek for new
mechanisms to power intense X-ray sources such as binaries, quasars or Active
Galactic Nuclei (AGN).

The gravitational energy delivered by one gram landing on an object of mass
M and radius R is AE4../m = GM/R. For a compact object such as a neutron
star (i.e. M ~ 1Mg and R ~ 10km) the accreted energy is

AFEq. GM ~ 102 erg

- 7 P (1)

For the sake of comparison, the energy per gram delivered by fusion of
hydrogen is

AE
SIS 4 0.007¢2 & 6 1018 % 2)
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If mass is continuously being accreted at a rate M, the so called accretion
luminosity is

GMM
Lacc - R (3)

For an extremely compact object such as a black hole, we use the Schwarzschild
radius R = Rge, = 2GM/c? and obtain that Lge. ~ Mc?, which simply states
that virtually all the accreted rest mass is absorbed by the black hole. Even
though we call it luminosity, note that in general it is just accreted energy per
unit time.

Active galactic nuclei (AGNs) have luminosities of about 10*7erg/s. If we
have to power these objects with nuclear fusion (with its 0.7% efficiency), it will
demand a very high mass rate of M ~ 250M¢ /yr. For a black hole instead, even
at 10% efficiency, it requires only M ~ 20Mg /yr.

Very luminous objects produce radiation pressure on their surrounding ma-
terial, mostly through Thomson scattering so that the net radial force on every
atom is

_GMmp 4 orT L

F,. = —
" r2 c 4mr?

(4)
where op = 6.7 10725 em? is the cross-section for Thomson scattering.

This expresion poses an upper limit to the luminosity of an object of mass
M, known as Eddington’s luminosity:

AmGMmye gy M _crg

or M s ()

Lgad =

For luminosities larger than Lgg4q, the radiation pressure exerted by photons
overcomes the gravitational force, thus halting the accretion process.

Therefore, AGNs would require central objects in excess of M ~ 109 M, if
powered by accretion. The only plausible candidates for such a high concentra-
tion of mass are supermassive black holes.

In this paper we concentrate on the basic features that allow a theoretical
description of accretion disks. Many lines of research have been developed and
hundreds of papers have been published in this fascinating area of Astrophysics,
but a thorough description of these results is well beyond the scope of this pre-
sentation. A descriptive study of the general scenario of accretion in binary
systems is given in §2. In §3 we introduce the theoretical framework of hydro-
dynamics, which is the approach that we use throughout the rest of the paper.
The purely hydrodynamic equations (i.e. with no magnetic field) are listed in
subsection 3.1., and the natural extension to include magnetic effects (i.e. mag-
netohydrodynamics) is given in subsection 3.2. The particular case of spherical
accretion is addressed in §4, including the classical Bondi model (see subsection
4.2.). The theoretical description of thin disks is discussed with some detail in §5,
showing the important of viscosity in the accretion process. In §6 we describe a
few microphysical processes, specially those that might seriously affect the large
scale dynamics of disks, such as the so called magneto-rotational instability (see
subsection 6.1.). Finally, in §7 we summarize the main conclusions of this study.
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Figure 1.  Roche potential for a mass ratio ¢ = My/M; = 1/3.

2. Accretion in binary systems

Accretion disks can also generate in binary systems, specially in X-ray binaries.
This is particularly important, since probably a fair fraction of all stars are bi-
naries. Mass transfer in binaries can occur when one of the stars displays an
intense wind, and some of this matter is gravitationally captured by its com-
panion. Also, mass transfer in binaries can arise when one of the stars in its
evolution increases its radius or when the binary separation is reduced, and fills
its Roche lobe. At least in this second scenario, the mass being transferred, also
carries angular momentum. Angular momentum is crucial for the formation of
a disk, and it is just as important for the disk to somehow get rid of its angular
momentum for the accretion mechanism to proceed. The orbital period T and
separation a of a binary system with masses M; and My are related through
Kepler’s law, i.e.

02 — (21)2 _ G(Ml + MQ)

T 0/3 (6)
The mass flow between the stars is described from the rotating frame by
1
aatfl+(u‘V)u:—V<I>—2Q><u—pr (7)
where GM,  GM, 1
d=— Lo 2 |9 xrf (8)
r—ri1] |r—ro| 2

is the Roche potential. The shape of the Roche potential is fully determined
by the mass ratio. In Figure 1 we show the Roche potential for a mass ratio
q = My/M; = 1/3. If for some reason we are able to neglect the Coriolis and
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pressure forces (see Eqn (7)), the Roche potential provides a qualitative idea
of the motion of fluid elements. The Roche lobes are the wells associated with
each star, while the depletion of the potential at large distances from the binary
system is a result of the centrifugal force (the last term in Eqn. (8)).

If for instance one of the stars swells up (supergiant phase) it might fill its
Roche lobe and start passing matter through the L1 point, which is the local
maximum between the two stars in Figure 1. The accreting star sees matter
approaching from the orbiting point L1, and therefore carrying a large amount
of angular momentum. Typical numbers are

km M 1/ km, T
~ 100~ (—— 1/3T 1/3 1/2
ws A~ 100==(37m) s ST

Although mass would tend to describe eliptical orbits as it passes through
the L1 point, dissipative processes in the flow leads to a state of minimum energy
at constant angular momentum, i.e. to a circular orbit.

According to this argument, matter would form a ring rather than a disk.
Also, since angular momentum does not dissipate, this ring will not be accreted.
In §4 we will see that viscous torques within concentric rings will cause matter to
diffuse radially, transferring mass preferentially inward and angular momentum
preferentially outwards.

3. Hydrodynamic description

Hydrodynamics (HD) is a reasonable framework to describe the dynamics of
gases, as long as the relevant length and time scales are respectively much larger
than the mean free path and the time between collisions. When the gas particles
are electrically charged, they can generate and interact with self-consistent elec-
tric and magnetic fields. The large scale dynamics of plasmas (i.e. electrically
charged gases) is appropriately described by magnetohydrodynamics, as shown
in Subsection 3.2.

3.1. HD equations

In the simplest cases, the state of the flow is described by the mass density p(r, t),
the velocity vector field u(r,t), and the scalar pressure p(r,t).

The hydrodynamic equations are, the continuity equation, which describes
the conservation of mass

op

£ __vy. 10
2 — V(). (10)

the Navier-Stokes equation, which is the equation of motion

Ou visc
pgp = P V)u = Vp —foxg = V- 07, (11)
and to close the system, a polytropic equation
1)

p=po(—)" . (12)

Po
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where pp and po are constant reference values for pressure and mass density.
For a newtonian fluid, the expresion of the viscous tensor c¥**¢ (see Eqn. (11))
is

visc 2
oi5 = —u(@iuj + 8jui — géwv . u) — §6UV -u (13)
where p and € are viscosity coefficients which depend on the thermodynamic
properties of the gas.

The polytropic relation can describe physically meaningful scenarios for par-
ticular values of the parameter . For instance, the adiabatic case of monoatomic
gases corresponds to v = 5/3 and the isothermal case is described by v = 1. The
incompressible case is described by the limit v — oo, which according to Eqn.
(12) implies that changes in pressure will not be accompanied by changes in mass

density. For an initially homogeneous mass distribution, the continuity equation
(Egn. (10)) in the incompressible case reduces to

V.ou=0. (14)

In more realistic cases, the polytropic equation (Eqn. (12)) is replaced by a
thermodynamic equation to describe the evolution of temperature. It might in-
clude heating and cooling effects caused by viscosity, radiation and heat transfer
effects such as thermal conductivity.

3.2. MHD equations

Magnetohydrodynamics is the natural extension of hydrodynamics for plasmas,
i.e. gases made of electrically charged particles.

For a hydrogen plasma, fluid elements are now composed of as many elec-
trons as protons, and therefore all fluid elements satisfy charge quasi-neutrality,
ie.

n(r,t) =ne =mny (15)

However, in general there is a net current density

j(r,t) = enpup — encue (16)

which is preferentially carried by the (much lighter) electrons. The current
density induces magnetic fields as described by Maxwell’s equations, which in
turn react back on the fluid.

The electric force on each fluid element will be negligible since

fe =e(np —ne) E=0 (17)
while the magnetic force is
e 1,
fg = —(npup —necue)xB =—-jx B (18)
c c

These equations are supplemented by Ohm’s law
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1 1
E*=E+ -uxB="j (19)
C g

where E* is the electric field in the reference frame of the fluid and o is the
electric conductivity of the plasma.
In summary, the Navier-Stokes equation (Eqn. (11)) for a plasma is

o _

Pot ~

The magnetic field is generated by the plasma flow and satisfies the so called
induction equation

1 .
—p(u . V)u —Vp+ EJ X B —foxg — V-0V ) (20)

0B
5 = Vx(ux B) +1V*B (21)
where i = 47c? /o is the electric resistivity of the plasma. Equation (21) is
a consequence of Ohm’s law (Eqn (19)), as well as Maxwell’s equations

V-E =4re(ny, —ne) =0 (22)
V-B=0 (23)
10B
4
VXB:%_] (25)

We have neglected the displacement current in Ampere’s equation (Eqn
(25)), which is a reasonable assumption for non-relativistic flows, i.e. for |u|] < c.

4. Spherical accretion

Let us assume a spherical and stationary accretion process onto a point mass M,
such that the velocity vector field points radially inward. Although the spherical
and stationary assumptions constitute oversimplifications of the accretion prob-
lem, they allow a straightforward integration of the equations, which allows to
gain some insight.

4.1. Spherical stationary equations

From the continuity equation (Eqn (10))we obtain, in the stationary (i.e. d; = 0)
and spherical (0p = 0 = 0y) case

Amrlpu = —M (26)

where the constant M is the accretion rate. Bernoulli’s theorem, arises from
the stationary equation of motion when viscosity is neglected (see. Eqn (11))
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Lo v p GM v px

—ut + £ _ — /oo

2 y—1p r Y= 1P
since we assume boundary values at r — 00 equal t0 Poo, Poo and use = 0.
We define the speed of sound as ¢ = dp/dp = vp/p. To get rid of dimen-

sions, we use the constants Poo, oo, Coo and a typical radius GM/(2¢2,). The
above equations in dimensionless variables become

(27)

m = r’pu (28)
=p! (29)
u? c? 2 1

PR R 30

We differentiate these equations with respect to the radial coordinate (the
prime indicates radial derivative) and obtain

ru 02—% 31
20 22— 2 (31)
r c’_u2—% 39
y—1lc 2—u? (32)

This set of ODE’s becomes singular at every point r, such that u(r,) = ¢(ry),
which are therefore called sonic points. This type of singularities can be avoided
if we also have u(r.) = c(ry) = r /2, Among the solutions of equations (31)-
(32), those corresponding to accretion should satisfy that u(r) < 0 and «/(r) > 0.
The existence of this kind of solutions can be assured, since the numerator and
denominator in Eqn. (31) are both positive, and both simultaneously change
sign at the sonic point.

4.2. Bondi model

A particularly interesting case is for the isothermal case, i.e. v = 1, for which we
have c=1. The first equation can be integrated to have all the possible velocity
profiles:

— — In(ur?) — 2. E (33)

Each solution (plotted in Figure 2) corresponds to a particular value of the
integration constant E. There are only two transonic solutions, plotted in black
trace. The decreasing black curve corresponds to the accretion problem (Bondi
1952). The inflowing gas reaches the sound speed at the Bondi radius

GM

5.2
2c5,

TR (34)
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Figure 2. Radial velocity vs. radius for spherical, isothermal and
stationary accretion. Black curves are separatrices. Blue curves are
multivalued and considered unphysical. Red curves correspond to fully
supersonic or fully subsonic solutions. The Bondi solution for accretion
is the black separatrix that goes to zero at r — oo, while the Parker
solution for the solar wind is the separatrix going to infinity for r — oo.

The other transonic branch, for which the velocity increases with radial
distance, corresponds to Parker’s wind solution (Parker 1958).

The blue solutions have to be discarded, since they are multivalued. There
are two classes of red curves, those that are either fully subsonic and those
fully supersonic. The subsonic solutions correspond to inefficient accretion (or
wind), while the supersonic ones display unrealistic boundary conditions either
at r —oooratr—0.

The Bondi branch corresponds to the maximum stationary accretion rate,
which is

M = 47e3/% pogcocry (35)

5. Thin disks

In the so called accretion disks an important energy conversion mechanism takes
place, transforming gravitational energy into kinetic energy. Kinetic energy in
turn transforms into heat and radiation, or it can also power intense jets. A
reliable theoretical modelling of the dynamics of accretion disks is relevant for
systems ranging from X-ray binaries to AGNs.

A particularly interesting theoretical problem, is the outward transport of
angular momentum, as mass flows invard. This transport is controlled by the
viscosity of the fluid, as shown below. In this section, we will concentrate on a
hydrodynamic description of the dynamics of accretion disks.
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However, magnetic fields are expected to play an important role in the dy-
namics of digks, in at least two very different levels. First, at a microscopic level,
it seems apparent that magnetic fields cause the so called magneto-rotational in-
stability. This microinstability in turn produces an enhancement of the effective
viscosity of the flow, thus appreciably increasing the radial transport of angular
momentum. At a macroscopic level, in many cases a fraction of the accreted
mass gives rise to intense bipolar jets along the rotation axis. Although there is
consensus in that magnetic fields advected by the disk are responsible for the col-
limation of these jets, there is still no satisfactory explanation for their formation
and high degree of collimation.

One of the standard theoretical models to describe accretion is the so called
thin disk approximation. It uses another standard model known in fluid theory
as shallow water, which we describe in the next subsection.

5.1. Shallow water equations

We consider a disk of radius Rg;s, and half-thickness h rotating around a central
object of mass M, and radius R, as shown in Figure 3.

The disk is assumed to be axisymmetric (i.e. dp = 0) and thin, in the
sense that h(r,t) < r. We therefore use the shallow water approximation, which
assumes that the velocity field components on the disk plane (i.e. u,(r,t) and
ug(r,t), see Fig. 3) are independent of z, while the component u. satisfies

_z dh
" hodt

In the incompressible limit we have V - u = 0 and the mass density p remains
constant. Combining the divergence-free condition with Equation (36), we obtain

uy(z) (36)

O+ %&(ler) ~0 (37)

We restrict our analysis to the incompressible limit for the sake of sim-
plicity, but the extension to compressible cases (assuming a polytropic law) is
straightforward. Consistent with the shallow water approximation, we neglect
the inertia terms in the Z-component of the Navier-Stokes equation, and derive
the following pressure profile

1 1
P2 =+ M (s = s ) (38)

where pg is the external gas pressure.

In cylindrical coordinates the 7 and é dimensionless components (using Rg;sk
and /G M, /Rg;sk as units of longitude and velocity) of the Navier-Stokes equa-

tion are:
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Figure 3.  Cartoon of thin disk model.

where v is the dimensionless kinematic viscosity (i.e. the inverse of the
Reynolds number Re). From equations (37)-(40) we can compute the global bal-
ance of (dimensionless) quantities such as the total mass M (t) = 27 [ dr rh(r,t)

OuM = —2m [rhu,] i (41)

angular momentum L, (t) = 27 [ dr r2uy(r,t)h(r,t)

9 3 u¢ Rdisk
oL, =27 {—hr Uytgy + vhr ar()} (42)
r Rmin
. . u%(r,t)—&—ui(r,t) 1
and mechanical energy E(t) =27 [ dr { 3 T e
2 2 2 2 2 Raisk R1
Uy + Uy Uy Uy + Uy disk
3tE = 27nrh [UT 9 + (7‘2 + h2>3/2 +Var( 92 ) o - Vv/Rmm drD
(43)
In equation (43) D(r,t) is the energy dissipation function
2 u? dh
D(r,t) = 2rh [r(arur)Q + % +7r(0rug)? + 7¢ +uj ;L ] (44)

Assuming that all the energy dissipated by viscous friction is converted into
radiation, the disk luminosity can be simply estimated as

L(r,t) =vD(r,t) (45)

5.2. Diffusion approximation

The equations for thin disks (i.e. h(r,t) < r) described in the previous subsection
become considerably simpler if we further assume that u, < ug. In this limit,
from the radial equation of motion (Eqn (40)) we obtain

ug(r,t) ~ =2 (46)
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Figure 4.  Disk thickness vs. radial distance for successive values of
T = 12vt/r} (labelled).

which corresponds to a stationary Keplerian flow. Replacing this Keplerian
profile into the azimuthal equation of motion (Eqn (39)), we actually obtain an
expresion for u,

or(r'/2h)
ri/2h

up(r,t) = —3v (47)
As anticipated at the beginning of this section, we do not have radial fluid
motion (i.e. accretion) if we do not have viscosity.
Replacing this expresion for u, into the continuity equation (Eqn (37)), we
obtain

oh  3v
o = 0 (r'720,(r'/2h)) (48)
which is a diffusion equation for the disk thickness.

Let us think of a very simple scenario, consisting of a binary system with
one star providing mass to the other through the L1 point, which gradually
reaches a circular keplerian orbit (because dissipative processes reduce energy
while conserving angular momentum) with radius rg. Therefore, considering as
initial condition an infinitely narrow ring of radius r¢9 and total mass M, i.e.

Wt = 0) = %Mp‘“‘ow (49)

the solution of Eqn. (48) is
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Figure 5. (a) Angular momentum density vs. radial distance for dif-
ferent values of 7 (labelled); (b) Same as (a) for the radial flux of angular
momentum.
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1+w2
M e 2z
h@ﬂ') = m Yy 11/4(7) (50)

where x = r/ro, 7 = 12vt/r§ and I 4(.) is a modified Bessel function. This
solution is displayed in Figure 4, showing different profiles h(r) corresponding
to different times, labelled with the value of 7. We can see that the ring is
gradually shifting inwards (accretion) while at the same time it broadens in the
radial direction.

In Figure 5a we show the density of angular momentum at successive times.
According to the expresion for angular momentum (right below Eqn (41)), the
angular momentum contained in the interval [r,r + dr] is I(r,t) = 2wr?ugh.
We can see in Fig. 5a that viscous diffusion causes the radial distribution of
angular momentum to gradually shift outward while it also broadens. Figure
ob shows the radial flux of angular momentum at different times. From Eqn
(42) we can see that the radial flux of angular momentum can be expressed as
F; = 2mrh(ruyug — vr?0,(ug/r)). Fig. 5b confirms that a larger fraction of
angular momentum is transported outward (i.e. F; > 0), while the inner part of
the ring carries a smaller part of the angular momentum inward.

5.3. Stationary models

From the stationary azimuthal equation (see Eqn (39)), we can easily obtain a
first integral

M
—72Q + vhr®Q) = const. (51)
27mp
which expresses the conservation of angular momentum. Using the Kepler

differential rotation profile, i.e. Q = ug/r = r—3/2

M 3 const.
2 e
2rp 2 ri/2

The integration constant is fixed by assuming the disk thickness to vanish
at a point r = r.. We therefore obtain the following stationary disk profile

(52)

h(r) = hoo(1 = 1/25) (53)

where hoo = M /(3mpv). Since, —M = 2mwphu,, we can also determine the
radial velocity profile

Figure 6a shows the thickness profile (see also Eqn (53)) vs. radial distance,
where the dotted vertical line corresponds to r = r,. Figure 6b shows the
velocity components vs. radial distance for a stationary regime. The blue trace
corresponds to u,(r), while the red trace corresponds to ug(r). Note that the
assumption u, < ug breaks down sufficiently close to r = r,, which calls for a
more sophisticated theoretical description.

We can for instance assume r, =~ 0 for a really compact object. Another
usual assumption is to model the central object as a rigid rotator of radius R,
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Figure 6. (a) Disk thickness vs. radial distance for a stationary
regime. (b) Velocity components vs. radial distance for a stationary
regime. Radial velocity u,(r) is indicated in blue, while the azimuthal
velocity ug(r) is shown in red.

and angular velocity £2.. In this case the Kepler rotation profile needs to be
adapted to match Q(r = R,.) = .. This condition will generate a boundary
layer of thickness dr, such that Q'(R.+4dr) = 0. In the asymptotic limit 7 < R,
we reobtain the previous profiles for r, = R..

The energy balance equation for the portion of disk contained between R;
and Ry can be written as

dE
— = —AFE - VDE (54)
dt
where the energy is
Ry u,,% + u(% 1

E=2 drrh
B N RN

The radial energy flux Ffg is

) (55)

Fp(r) =2 (P P Y
and AFg = Fg(R2) — Fg(R1). The energy dissipation rate Dg in this
portion of disk is

Ry u? 4+ u? Orh
Dp =2mp drh (r@T(uT)Q +1r0p(ug)® + T(b + U?g ;L (57)
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Temperature

r/r

Figure 7.  Temperature profile vs. radial distance for a stationary
regime.

With the approximations h < r and u, < ug, the energy dissipation rate
per unit disk area I'(r) reduces to

2mrdrT(r) ~ 2ndrpvh(rY)? (58)
Replacing the thickness profile given in Eqn (53), we readily obtain

() = 3GMM

The total energy dissipated in the disk is then

(1—4/=7) (59)

473 r

o0
Lgis = 2 drrl(r) = lLacc (60)
R. 2
where Lgee is the accretion luminosity (see Eqn (3)). According to this
result, only half of the gravitational energy (per unit time) being accreted is
actually dissipated in the disk. The other half can either dissipate in the narrow
boundary layer surrounding the solid object, or can be swallowed by the central
object, or else it can power intense jets.
To compute the emitted spectrum, let us assume the disk to be optically
thick, even though it is geometrically thin. As a result, energy dissipated per
unit area produces a blackbody flux on each face, i.e. oT% = I'/2. Therefore

3GMM R v
T(r) = ((1— *)) (61)

S8mors3 r

According to this result, temperature reaches a maximum value at Ty =
0.29(GMM /o R3)'/* at r = 1.36R,, falling off at larger distances like T' & r—3/4
as shown in Figure 7. For typical values of white dwarf stars, is Tiuae ~ 5 10°K,
which corresponds to UV emission. On the other hand, if the compact object
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is a neutron star, the maximum temperature can be as high as T4 ~ 107K,
which is therefore an X-ray source.

A very important observable feature that can be derived from this very
simple theoretical model, is the spectrum emitted by the disk. The emitted
spectrum at radial distance r can be very crudely approximated by a blackbody
function, i.e.

2hv? 1

T (62)
€ eRT(H — 1

Since the accretion disk is not spatially resolved, to obtain the total emitted
flux, we integrate Equation (62) in space. The emitted photon energy flux to be

measured at a distance D from the source is

2 [Bout dmhy?  [Rout r
FV:I)Q,/]%* drrl, = —pr ./R* drieﬁ - (63)
which is shown in Figure (8) for disks of different ratios Ryyu:/R«. Note
that the emitted spectrum is independent of the fluid viscosity, which is a direct
consequence of having assumed a stationary regime.
Note that the log-log plot has the shape of a blackbody spectrum, stretched
in its central part and displaying a power-law behavior like

F,~v'/? (64)

which is considered characteristic of disks. At sufficiently small frequencies,
i.e. for hv < kTyy, the spectrum can be approximated by the Jeans limit and
therefore

F, ~v* (65)

On the other end, at large frequencies such that hv > kT,,, the spectrum
is well approximated by the Wien limit, which corresponds to an exponentially
decreasing behavior.

5.4. Dynamic solutions

We developed a Fortran code to integrate the dynamic equations in the thin disk
approximation (see Egs. (37)-(40)). We used a centered finite differences scheme
for the spatial derivatives and Runge-Kutta for the time integration (see Vigh
et al. 2005 for further details). For the inner boundary at R. we adopted open
boundary conditions, so that any fluctuation of the variables can escape freely
through that boundary. To perform relaxation simulations, we adopted open
boundary conditions in the outer boundary Ry as well. We also performed ex-
ternally driven simulations to allow for the injection of mass, angular momentum
and mechanical energy at 7 = Royt.

To check the quality of the code, we numerically computed the various
terms participating in equations (41)-(43), which describe the balance of global
quantities such as mass, angular momentum and mechanical energy. In Figure 9
we display a comparison between the left hand side of each of these balance
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log Fy (arbitrary units)

log (hv/AT)

Figure 8.  Emitted spectra of optically thick and geometrically thin
accretion disks, for different values of the ratio Rou/R. (labelled).
Adapted from Frank et al. 1985.

equations vs. time (dotted line) and the right hand side (full line). The left
panel corresponds to mass (i.e. equation (41)), the central panel displays the
balance of angular momentum (equation (42)), and the right panel corresponds to
mechanical energy (i.e. equation (43)). This particular simulation was performed
with a mass injection rate M=5- 107°, a time step At = 10~*, dimensionless
viscosity v = 2- 1074, and R,u:/ R« = 10.

To study the diffusion of mass, angular momentum and mechanical energy,
we performed simulations starting with a relatively narrow ring of mass rotat-
ing with a Keplerian profile (i.e. ug = 7~1/2). The thickness of the ring has a
Gaussian radial profile and the radial velocity is initially zero. In Figure 10 we
display the disk thickness vs. radius at various times throughout the simulation
(left), the angular momentum density (middle) and also the expected luminosity

dE/dt vs TIME

dM/dt vs TIME dL/dt vs TIME

Figure 9. Balance of mass (left), angular momentum (center) and
mechanical energy (right) in arbitrary units.
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Figure 10.  An initial ring of matter diffusses radially for v = 0.04.
Left: disk thickness. Center: Angular momentum density. Right: Lu-
minosity density.
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Figure 11.  Externally driven run with v =4-1072 and M = 1.5 - 1074,

(right). For this particular simulation, viscosity is v = 0.04 and the boundary
conditions are free in both R, and R,,;. We can see that while the mass distri-
bution shifts inwards (accretion), the angular momentum diffusses outwards.
To evaluate the long-term dynamics of thin accretion disks, we performed
simulations with given values of the dynamic variables in the outer boundary:
h(Rout), ur(Rout) and ug(Royu). These boundary conditions translate into sta-
tionary injection of mass, angular momentum and mechanical energy. Figure 11
shows disk thickness, angular momentum and luminosity as a function of radius
for various times. The propagation of gravity surface waves can be observed in
this simulation, as shown in Figure 12. We speculate that gravity waves might
play a role in the redistribution of angular momentum in accretion disks. Another
feature which emerges rather clearly in all the externally driven simulations that
we performed, is the relation toward a Keplerian rotation profile, i.e. ug = r1/2,
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Figure 12. Image of an externally driven disk displaying the propa-
gation of surface gravity waves.

6. Microphysics

In the previous sections we concentrated on the large scale dynamics of accretion
disks. We have seen that the fluid viscosity plays a crucial role in the accretion
process, as well as in the outward transport of angular momentum. Viscosity
arises from the molecular diffusion that transports momentum between layers of
flow. Spitzer’s coefficient is therefore of the order of

Vmol =~ Amfputh (66)

where A, rp is the mean free path of the molecules and uy, is their thermal
speed. A crude estimate of v,,,; shows that it is far too small to be relevant
in accretion disks. Assuming a purely HD scenario, Shakura & Sunyaev (1973)
proposed that the relevant viscous stress component is simply proportional to

pressure, i.e.
visc

0'7,¢ =

prefsrQ = ap (67)

where « is a dimensionless number. For an isothermal fluid is p = pc? and we
now that the rotation profile is approximately kelplerian, i.e. [rQ| = 3Q/2 ~ Q.
Therefore, the effective viscosity becomes

— ﬁ_ ﬁ (68)
I/eff—aQ—a

Cs

since h/r = ¢;/(rQ2) < 1 for thin disks.
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Figure 13.  Cartoon model of MRI, consisting of two fluid elements
advected with the differential rotation flow while undergoing an elastic
interaction exerted by the magnetic field.

Equation (68) is the Shakura and Sunyaev prescription (Shakura & Sunyaev
1973), which is simply a consecuence of a dimensional analysis. Our lack of
knowledge on the dissipation mechanism is now hidden in the dimensionless
parameter . The physical interpretation might be that the radial speed of
momentum-carrying fluctuations can not exceed the sound speed, and that the
typical size of these fluctuations is the disk thickness h.

6.1. Magneto-rotational instability

Although it is still being debated, there does not seem to be purely HD insta-
bilities able to generate microturbulence. However, the posibility of enhancing
viscosity within the framework of hydrodynamics, can not be ruled out (see for
instance Umurham & Regev 2004 or Lesur & Longaretti 2005). The promis-
ing candidate seems to be the magneto-rotational instability (MRI, see Velikhov
1959; Chandrasekhar 1960; also Balbus & Hawley 1991).

A simple explanation for MRI is as follows. Because of the differential
rotation, two fluid elements with a small radial separation will separate further
away. However, it they are threaded by a magnetic field line, the role of the
magnetic force can be imitated by a spring. The effect of the spring interaction is
to slow down the inner ball m; (and reduce its angular momentum) and accelerate
the outer one m, (increasing its angular momentum). This will cause the inner
ball to fall further in, and the outer one to move radially out, as sketched in
Figure 13.

The mathematical version for this instability consists in perturbing the cir-
cular orbit of two particles in a central potential and adding a spring between
them. The equilibrium is

0
— 2 e -
oo = (5 ) (69)

where i®(r) = ®o(r/r)?1=% and Q(r) = Qo(r/ro)~* Let us linearly
perturb the equilibrium shown in Eqn (69), i.e. r =19+ 07 and ¢ = Qpt + J¢.
To simulate the restoring force of the magnetic field we assume 0F = —xdr. The
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equations of motion for the displacement are

6F — 2Qprodp = 20021 — Ko (70)

7’0(59.25 + 2Q007 = —K1dP (71)

Assuming 67, 8¢ ~ e~ leads to the following dispersion relation
wh =22 (1 + (2 = @)F) + Kl — 200F) =0 (72)

Let us explore two different asymptotic limits for this general expresion. In
the purely HD case, we do not have the spring (k = 0) and therefore

w? =2(2 - a)Q2 (73)

which is the so called epicyclic frequency, and describes stable oscillations
of a fluid element about its keplerian orbit.

The second asymptotic limit that we would like to address, corresponds to
a non-rotating disk, i.e. 9 = 0. In this particular case,

w?=r?=(k-va)? (74)

since the evolution should correspond to the propagation of Alfven waves
along the magnetic field (va = Bo/v/4mp is the Alfven velocity).

In summary, if we only have rotation or magnetic field, there is no instability.
However, if we consider the two effects combined, replacing Eqn (74) into Eqn
(72) leads to

1 1
w2:p+2i\/(p+2)2—p(p—3) (75)

where p = (k- va/Q0)% The two solutions of Eqn (75) are shown in Figure
(14). One of the branches is stable for all values of the parameter p, but the
other one shows instability for p < 2a. Therefore, the instability condition can
be expressed as

k-va| < V2aQ (76)

indicating that for the instability to occur, the magnetic field has to be
non-zero but at the same time needs to be sufficiently weak.

6.2. Shearing box simulations

Although global numerical simulations of the dynamics of accretion disks are
currently being performed (see for instance Hawley et al. 2001), they are rather
prohibitive, since one lacks the spatial resolution to simulate microscale pro-
cesses. To compensate for this, one normally uses artificially enhanced viscosity
coefficients.

On the other hand, for local simulations (i.e. for a small fluid parcel) it
is esential to use proper boundary conditions. At least for MRI, the shear flow



144 D. Gémez

Figure 14.  Dispersion relation of Eqn (74). The unstable case corre-
sponds to w? < 0.

corresponding to differential rotation (i.e. for a # 0) is a central ingredient in
driving the instability. The idea of shearing bozes was developed (see Hawley
et al. 1995 and references therein) to consistently include the role of differential
rotation. Locally, cartesian coordinates are used such that (r,¢,z) — (x,v, 2),
whith boundary conditions

f(x7y7 Z) = f(x + Ly, y — afdoL,t, Z) ) (77)
flz,y,2) = flx,y+ Ly, 2) , (78)
f($,y,2):f($,y,Z+Lz) I (79)

for every physical quantity f, which corresponds to a box gradually shearing
in the z-direction (i.e. the radial direction).

The HD equations (the extension to MHD is straightforward) in cartesian
coordinates including the effect of differential rotation are

D 1
ﬁ‘; - —;vp VD — 200 X u+ aQouy§ (80)

where the time derivate is defined as

D 0 0
and
P p 1 9
. ile) 2
© =Ll xx] (52)

As shown in Egs. (80)-(82), the inertial forces are also considered. The
Coriolis force is explicitly written (see Eqn (80)), while the centrifugal potential
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has been added to the pressure term (Eqn (82)). Hawley et al. 1995 integrated
these equations numerically, using a finite difference scheme to confirm the de-
velopment of the MRI instability. More recently, these equations have also been
numerically integrated using spectral schemes, which are much more accurate

(Umurhan & Regev 2004; Lesur & Longaretti 2007).

7. Conclusions

e During this set of lectures, we tried to focus on the basic features of the
dynamics of accretion disks required to perform their theoretical modelling.
As a result, many of the new and exciting results on this field might not
have not been fully addressed.

e We have seen the relevance of angular momentum in the accretion disk,
both in providing the disk shape and their negative role in the accretion of
matter.

e We have seen the requirement for microscopic processes to provide en-
hanced viscosity. One of the promising candidates is MRI.

e We have seen that shearing box simulations are interesting tools to study
the ongoing microphysics in small fluid parcels.

e Large scale simulations do self-consistently show the development of MRI
and the corresponding enhancement in the accretion process.

e One of the big questions that still remains unsolved, is the powering of the
intense jets observed in association with microquasars and AGNs.
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