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Provisional synopsis

e Equations of ideal gas dynamics and MHD, including compress-
ibility, thermodynamic relations and self-gravitation. Microphys-
ical basis and validity of a fluid description.

e Physical interpretation of MHD, with examples of basic phenom-
ena.

e Conservation laws, symmetries and hyperbolic structure. Stress
tensor and virial theorem.

e Linear waves in homogeneous media.

e Nonlinear waves, shocks and other discontinuities.

e Spherical blast waves: supernovae.

e Spherically symmetric steady flows: stellar winds and accretion.
e Axisymmetric rotating magnetized flows: astrophysical jets.

e Waves and instabilities in stratified rotating astrophysical bodies.

Please send any comments and corrections to giol0@cam.ac.uk

1 Ideal gas dynamics and MHD

1.1 Review of ideal gas dynamics
1.1.1 Fluid variables

A fluid is characterized by a wvelocity field u(x,t) and two independent
thermodynamic properties. Most useful are the dynamical variables:
the pressure p(x,t) and the mass density p(x,t). Other properties, e.g.
temperature 7', can be regarded as functions of p and p. The specific
volume (volume per unit mass) is v = 1/p.

We neglect the possible complications of variable chemical composition
associated with ionization and recombination, or chemical or nuclear
reactions.

1.1.2 Eulerian and Lagrangian viewpoints

In the Eulerian viewpoint we consider how fluid properties vary in time
at a point that is fixed in space, i.e. attached to the (usually inertial)
coordinate system. The Fulerian time-derivative is simply

0

%
In the Lagrangian viewpoint we consider how fluid properties vary in
time at a point that moves with the fluid. The Lagrangian time-
derivative is then

D 0

ﬁ:aﬁ-u'v.

1.1.3 DMaterial points and structures
A material point is an idealized fluid element, a point that moves with

the bulk velocity u(x,t) of the fluid. (Note that the true particles of
which the fluid is composed have an additional random thermal motion.)



Material curves, surfaces and volumes are geometrical structures com-
posed of fluid elements and moving (and distorting) with the fluid flow.

An infinitesimal material line element dx evolves according to

Déx
D =du = dx - Vu.

It changes its length and/or orientation in the presence of a velocity
gradient.

Infinitesimal material surface and volume elements can be defined from
material line elements according to

§S = sz x 52,
oV = 62 . 52@ x 52,

They therefore evolve according to (exercise)

DéS
DoV

(See, e.g., Batchelor, An Introduction to Fluid Dynamics, chapter 3.)
In Cartesian coordinates and suffix notation the equation for §S reads
D5Sz 8’&]' 8u i
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1.1.4 Equation of mass conservation

The equation of mass conservation,

ap
—+V. =0,
g TV (ou) =
has the typical form of a conservation law: p is the mass density and
pu is the mass flux density. An alternative form is
Dp

=P V.
Dt YV

If dm = pdV is a material mass element, it can be seen that mass is
conserved in the form

Dom

=0.
Dt

1.1.5 Equation of motion

The equation of motion,

Du

= V-V

derives from Newton’s second law with gravitational and pressure forces.
®(x,t) is the gravitational potential. Viscous forces are neglected in
ideal gas dynamics.

1.1.6 Poisson’s equation

The gravitational potential is related to the mass density by Poisson’s
equation,

V2® = 47Gp,

where G is Newton’s constant. The solution
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generally involves contributions from both inside and outside the fluid
region V under consideration.

Non-self-gravitating means that (variations in) ®j,; can be neglected.
Then ®(x,t) is known in advance and Poisson’s equation is not coupled
to the other equations.



1.1.7 Thermal energy equation

In the absence of non-adiabatic heating (e.g. by viscous dissipation or
nuclear reactions) and cooling (e.g. by radiation or conduction),

Ds

—— =0,

Dt
where s is the specific entropy (entropy per unit mass). Fluid elements
undergo reversible thermodynamic changes and preserve their entropy.

This condition is violated in shocks (see later).

The thermal variables (7', s) can be related to the dynamical variables
(p, p) via an equation of state and standard thermodynamic identities.
The most important case is that of an ideal gas together with black-body
radiation,
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where £ is Boltzmann’s constant, m; is the mass of the proton and c
the speed of light. p is the mean molecular weight (the average mass
of the particles in units of my), equal to 2.0 for molecular hydrogen,
1.0 for atomic hydrogen, 0.5 for fully ionized hydrogen and about 0.6
for ionized matter of typical cosmic abundances. Radiation pressure is
usually negligible except in the centres of high-mass stars and in the
immediate environments of neutron stars and black holes.

We define the first adiabatic exponent

_ (9Olnp
= <3lnp>s’

related to the ratio of specific heats v = ¢, /¢, by (exercise)

'y = Xxp7s

where

_ (Olnp
Xp = Olnp /),

can be found from the equation of state. For an ideal gas with negligible
radiation pressure, x, = 1 and so I'1 = 7.

We often rewrite the thermal energy equation as

Dp _TupDp
Dt p Dt’

and generally write v for I';.

1.1.8 Simplified models

A polytropic gas is an ideal gas with constant cy, ¢p, v and p. The
polytropic index n (not generally an integer) is defined by v =1+ 1/n.
Equipartition of energy for a classical gas with N degrees of freedom
per particle gives v = 1+ 2/N. For a classical monatomic gas with
N = 3 translational degrees of freedom, v = 5/3 and n = 3/2. In
reality I'; is variable when the gas undergoes ionization or when the
gas and radiation pressure are comparable. The specific internal energy
of a polytropic gas is

N
(v—=1p ey

A barotropic fluid is an idealized situation in which the relation p(p)
is known in advance. We can then dispense with the thermal energy
equation. e.g. if the gas is strictly isothermal and ideal, then p = c2p
with ¢ = constant being the isothermal sound speed. Alternatively,
if the gas is strictly isentropic and polytropic, then p = Kp? with
K = constant.

An incompressible fluid is an idealized situation in which Dp/Dt = 0,
implying V - u = 0. This can be achieved formally by taking the limit
v — o0. The approximation of incompressibility eliminates acoustic
phenomena from the dynamics.

The ideal gas law itself is not valid at very high densities or where
quantum degeneracy is important.



1.2 Elementary derivation of the MHD equations

Magnetohydrodynamics (MHD) is the dynamics of an electrically con-
ducting fluid (ionized plasma or liquid metal) containing a magnetic
field. It is a fusion of fluid dynamics and electromagnetism.

1.2.1 Induction equation

We consider a non-relativistic theory in which the fluid motions are slow
compared to the speed of light. The electromagnetic fields E and B
are governed by Maxwell’s equations without the displacement current,

0B

— =-VXxEFE
ot St
V.-B =0,

VXB:,U,()J,

where pg is the permeability of free space and J is the electric current
density. The fourth Maxwell equation, involving V - E, is not required
in a non-relativistic theory. These are sometimes called the pre-Mazwell
equations.

Exercise: Show that these equations are invariant under the Galilean
transformation to a frame of reference moving with uniform relative
velocity v,

' =x—vt,

t =t,

E' =E +vxB,
B' = B,

J =J,

as required by a ‘non-relativistic’ theory. (In fact, this is simply Galilean,
rather than Einsteinian, relativity.)
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In the ideal MHD approzimation we regard the fluid as a perfect electri-
cal conductor. The electric field in the rest frame of the fluid vanishes,
implying that

FEF=—-uxB

in a frame in which the fluid velocity is u(x,t).

This condition can be regarded as the limit of a constitutive relation
such as Ohm'’s law, in which the effects of resistivity (i.e. finite conduc-
tivity) are neglected.

From Maxwell’s equations, we then obtain the ideal induction equation

0B
E—VX(UXB)

This is an evolutionary equation for B alone, and E and J have been
eliminated. The divergence of the induction equation

0
Z(V-B)=
at(V )=0

ensures that the solenoidal character of B is preserved.

1.2.2 The Lorentz force

A fluid carrying a current density J in a magnetic field B experiences
a bulk Lorentz force

1
Ho

F,=JxB=—(VxB)xB

per unit volume. This can be understood as the sum of the Lorentz
forces on individual particles,

qu X B = (qu) x B.

(The electrostatic force can be shown to be negligible in the non-relativistic
theory.)



In Cartesian coordinates
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Thus

The first term can be interpreted as a curvature force due to a magnetic
tension T, = B?/ug per unit area in the field lines. The second term

is the gradient of an isotropic magnetic pressure
B2
Pm = 2—H07

which is also equal to the energy density of the magnetic field.

The magnetic tension gives rise to Alfvén waves (see later), which travel
parallel to the field with characteristic speed

7.\ /2 B
Va=(—) =—375;
< p > (Hop)/?

the Alfvén speed. This is often considered as a vector Alfvén velocity,

B
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The magnetic pressure also affects the propagation of sound waves,
which become magnetoacoustic waves (see later).

The combination

2

B
H=p+—
2410

is often referred to as the total pressure. The ratio

p
B2 /210

6=

is known as the plasma beta.

1.2.3 Summary of the MHD equations

A full set of ideal MHD equations might read

%—l—V-(pu):O,
p%l;:—;)V<I>—Vp+i(V><B)><B7
D

%—?sz(uxB),

V.B=0,

together with the equation of state, Poisson’s equation, etc., as required.
Most of these equations can be written in at least one other way that
may be useful in different circumstances.

These equations display the essential nonlinearity of MHD. When the
velocity field is prescribed, an artifice known as the kinematic approx-
imation, the induction equation is a relatively straightforward linear
evolutionary equation for the magnetic field. However, a sufficiently
strong magnetic field will modify the velocity field through its dynam-
ical effect, the Lorentz force. This nonlinear coupling leads to a rich
variety of behaviour. (Of course, the purely hydrodynamic nonlinearity
of the u - Vu term, which is responsible for much of the complexity of
fluid dynamics, is still present.)



1.3 Microphysical basis

It is useful to understand the way in which the fluid dynamical equations
are derived from microphysical considerations. The simplest model in-
volves identical neutral particles with no internal degrees of freedom.

1.3.1 The Boltzmann equation
Between collisions, particles follow Hamiltonian trajectories in their six-

dimensional (x,v) phase space:

09
8372- '

Ty =0, U =a;=

The distribution function f(x,v,t) specifies the number density of par-
ticles in phase space. The velocity moments of f define the number
density n(x,t) in real space, the bulk velocity wu(x,t) and the velocity
dispersion c¢(zx,t) according to

/fd3v:n,

/vf 3o = nu,
/ v —ul?f d3v = 3nc?
Equivalently,

/v2f d®v = n(u® + 3¢%).

The relation between velocity dispersion and temperature is kT = mc?.

In the absence of collisions, f is conserved following the Hamiltonian
flow in phase space. This is because particles are conserved and the
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flow in phase space is incompressible (Liouville’s theorem). f evolves
according to Boltzmann’s equation

of ., of of (9f
8t+vjaxj+a]8vj_<@t 5

The collision term on the right-hand side is a complicated integral oper-
ator but has three simple properties corresponding to the conservation
of mass, momentum and energy in collisions:

of
/m <E) d3v =0,
/m'v (%)C d*v =0,
/%va (%) d3v = 0.

The collision term is strictly local in @ (not even involving derivatives)
although it involves integrals over v. The Mazwellian distribution

_ 2\—3/2 v —uf?
= 27?3 Pnexp (—2—02>

is the unique solution of (0fy1/0t). = 0 and can have any parameters
n, w and c.

1.3.2 Derivation of fluid equations

A crude but illuminating model of the collision operator is the BGK
approximation

ary _ 1
(3) ~-20-

where fyr is a Maxwellian with the same n, w and c as f, and 7 is the
relaxzation time. This can be identified with the mean free flight time

11



of particles between collisions. In other words the collisions attempt to
restore a Maxwellian distribution on a characteristic time-scale 7. They
do this by randomizing the particle velocities in a way consistent with
the conservation of momentum and energy.

If the characteristic time-scale of the fluid flow is T° > 7, then the
collision term dominates the Boltzmann equation and f must be very
close to fy. This is the hydrodynamic limit.

The velocity moments of fy; can be determined from standard Gaussian
integrals, in particular (exercise)

/fMd%zn,

/wa d*v = nu;,
/vivij v = n(uju; + 0252']')7
/v2vz~fM v = n(u? + 5c)u;.

We obtain equations for mass, momentum and energy by taking mo-
ments of the Boltzmann equation weighted by (m, mv;, %mvz). In each
case the collision term integrates to zero and the 9/0v; term can be in-
tegrated by parts. We replace f with fyr when evaluating the left-hand
sides and note that mn = p:

dp

0

0 0
g(pul) + o, [p(usuj + ¢*6;5)] — pa; =0,
D1 9,3 2

These are equivalent to the equations of ideal gas dynamics in conserva-
tive form (see later) for a monatomic ideal gas (v = 5/3). The specific

internal energy is e = %02 = %kT/ m.

[(%puz + %pcz)ui] — puja; = 0.
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1.3.3 Validity of a fluid approach

The basic idea here is that deviations from the Maxwellian distribution
are small because collisions are frequent compared to the characteristic
time-scale of the flow. In higher-order approximations these deviations
can be estimated, leading to the equations of dissipative gas dynamics
including transport effects (viscosity and heat conduction).

The fluid approach breaks down if 7 is not < 7T, or if the mean free path

~ ¢t between collisions is not < the characteristic length-scale L of
the flow. A can be very long (measured in AU or pc) in very tenuous
gases such as the interstellar medium, but may still be smaller than the
size of the system.

This approach can be generalized to deal with molecules with internal
degrees of freedom and also to plasmas or partially ionized gases where
there are various species of particle with different charges and masses
experiencing electromagnetic forces. The equations of MHD can be
derived using a similar method.

Some typical numbers:

Solar-type star: centre p ~ 102gem™3, T ~ 107 K; photosphere p ~
107" gem™3, T ~ 10* K; corona p ~ 107 gem™3, T ~ 106 K.

Interstellar medium: molecular clouds n ~ 103cm™3, T ~ 10K; cold
medium (neutral) n ~ 10 — 100cm ™3, T' ~ 102 K; warm medium (neu-
tral/ionized) n ~ 0.1 — lem™3, T' ~ 10* K; hot medium (ionized)
n~1073—-102cm 3, T ~ 10° K.

The Coulomb cross-section for ‘collisions’ between charged particles
(electrons or ions) is o ~ 1 x 10~4(T/K)~2 cm?. The mean free path is
A =1/(no).

13



2 Physical interpretation of MHD

There are two aspects to MHD: the advection of B by w (induction
equation) and the dynamical back-reaction of B on u (Lorentz force).

2.1 Kinematics of the magnetic field

The ideal induction equation

%—?:VX(UXB)

has a beautiful geometrical interpretation: the magnetic field lines are
‘frozen in’ to the fluid and can be identified with material curves. This
is sometimes known as Alfvén’s theorem.

One way to show this is to use the identity
Vx(uxB)=B-Vu—B(V-u)—u-VB+u(V-B)

to write the induction equation in the form

DB
D—t:B’VU—B(V‘U),

and use the equation of mass conservation,

to obtain

5(2)-() =

This is exactly the same equation satisfied by a material line element dx.
Therefore a magnetic field line (an integral curve of B/p) is advected
and distorted by the fluid in the same way as a material curve.
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Precisely the same equation,

Ow

— =V X (u X w),

T ( )
is satisfied by the vorticity w = V x w in homentropic/barotropic ideal
fluid dynamics in the absence of a magnetic field. However, the fact
that w and w are directly related by the curl operation means that the

analogy between vorticity dynamics and MHD is not perfect.

Another way to demonstrate the result of flux freezing is to represent
the magnetic field using Fuler potentials o and (3,

B=VaxVg.

This is sometimes called a Clebsch representation. By using two scalar
potentials we are able to represent a three-dimensional vector field
satisfying the constraint V - B = 0. A vector potential of the form
A = aV 3 + V-~ generates this magnetic field via B = V x A. The
magnetic field lines are the intersections of the families of surfaces
«a = constant and 3 = constant.

After some algebra it can be shown that

E—Vx(uxB)-V(%)xVﬁ—i—VaxV(%f).

The ideal induction equation is therefore satisfied if the Euler potentials
are conserved following the fluid flow, i.e. if the families of surfaces
« = constant and 3 = constant are material surfaces. In this case the
magnetic field lines can also be identified with material lines.

Yet another viewpoint is that the magnetic flux 0 = B-4S through a
material surface element is conserved:

Dod DB D&S
- . B.——
Dt Dt 05 + Dt
ou; ou; ou; ou;
=(Bj— —Bi=2)6Si+ B; | =268, — =245,
( ]al‘j 81‘]) 5 + (61:] & 695@ S])
= 0.
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By extension, we have conservation of the magnetic flux passing through
any material surface.

2.2 The Lorentz force

The Lorentz force

240

can also be written as the divergence of the Mazwell stress tensor:

2
Fo-B-VE-V ()
140

B2
F,=V-M, M——<BB——1>
Ho 2

In Cartesian coordinates

OMj; 1 B?

If the magnetic field is locally aligned with the z-axis, then

M=|0 00/-]0 pua 0],
0 00 0 0 pm

showing the magnetic tension and pressure.

Combining the ideas of magnetic tension and a frozen-in field leads
to the picture of field lines as elastic strings embedded in the fluid.
Indeed there is a close analogy between MHD and the dynamics of
dilute solutions of long-chain polymer molecules.

2.3 Differential rotation and torsional Alfvén waves

We first consider the kinematic behaviour of a magnetic field in the
presence of a prescribed velocity field involving differential rotation. In
cylindrical polar coordinates (R, ¢, z), let

u=RQR,z)e
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Consider an axisymmetric magnetic field, which we separate into poloidal
(meridional) and toroidal (azimuthal) parts:

B = By(R, z,t) + B4(R, 2, ) e4.

The ideal induction equation reduces to (exercise)

0B,
-0
ot ’
B
9By = RB, - V.
ot

Differential rotation winds the poloidal field to generate a toroidal field.
To obtain an steady state without winding, we require

B,-VQ =0,
known as Ferraro’s law of isorotation.

There is an energetic cost to winding the field, as work is done against
magnetic tension. In a dynamical situation a strong magnetic field tends
to enforce isorotation along its length.

We now generalize the analysis to allow for axisymmetric torsional os-
cillations:

u = RQ(R, z,t) e4.

The azimuthal component of equation of motion is (exercise)

89 1
—B, - V(RB,).
This combines with the induction equation to give
9*Q 1
— =—-=B,-V(R’B, - VQ
ot popR? ( )

This equation describes torsional Alfvén waves. e.g. if B, = B, e, is
vertical and uniform, then

3292 _ v2 8292'

ot? & 022
This is not strictly an exact nonlinear analysis because we have ne-
glected the force balance (and indeed motion) in the meridional plane.
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2.4 Magnetostatic equilibrium

A magnetostatic equilibrium is a static solution (u = 0) of the equation
of motion, i.e. one satisfying

1
Oz—pV@—Vp—i—M—(VxB) x B,
0

together with V - B = 0.

In regions of low density, such as the solar corona, the magnetic field
may be dynamically dominant over the effects of gravity or gas pres-
sure. Under these circumstances we have (approximately) a force-free
magnetic field such that

(V xB)x B=0.

Magnetic fields B satisfying this equation are known in a wider mathe-
matical context as Beltrami fields. Since V x B must be parallel to B,
we may write

V x B = )\B, (1)
for some scalar field A(x). The divergence of this equation is
0=B-V),

so that A is constant on each magnetic field line. In the special case
A = constant, known as a linear force-free magnetic field, the curl of
equation (1) results in the Helmholtz equation

—V?B = \’B,
which admits a wide variety of non-trivial solutions.

A subset of force-free magnetic fields consists of potential or current-free
magnetic fields for which

V x B =0.
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In a true vacuum, the magnetic field must be potential. However, only
an extremely low density of charge carriers (i.e. electrons) is needed to
make the force-free description more relevant.

An example of a force-free field is
B = B4(R) ey + B.(R) e,

B, 1
(ille ey + —i(Rqu) e..

RdR
Now V x B = AB implies

1d [ dB.\ .,
EE(RdR>+)\Bz_O.

VxB=-—

The solution regular at R =0 is
B, = ByJo(AR), By = BoJi(AR),

where .J,, is the Bessel function of order n. This solution can be matched
smoothly to a uniform exterior field at a zero of Ji.

1.0

0.5

0.0

-0.5

The helical nature of this field is typical of force-free fields with A # 0.
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2.5 Magnetic buoyancy

A magnetic flux tube is an idealized situation in which the field is lo-
calized in a tube and vanishes outside. To balance the total pressure at
the interface, the gas pressure must be lower inside. Unless the temper-
atures are different, the density is lower inside. In a gravitational field
the tube therefore experiences an upward buoyancy force and tends to
rise.
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3 Conservation laws, symmetries and hyper-
bolic structure

3.1 Synthesis of the total energy equation
Starting from the ideal MHD equations, we construct the total energy
equation piece by piece.

Kinetic energy:

D 1o _ 1
pD—t(gu)——pu Vo —-u Vp—i—%u [(V x B) x BJ.

Gravitational energy (assuming first that the system is non-self-gravitating
and ¢ is independent of ¢):

Do
— =pu-VOo.
Ppr — P
Thermal energy (using the thermodynamic identity de = T'ds — pdv):
De Ds Dlnp

ot =T TP = —pV -u.

Sum of these three:

D 1
p— (R + @ +e)=-V-(pu)+ —(V x B) - (~u x B).
Dt Ho

Using mass conservation:

0 1
g [p(3u? + @ + )| + V- [pu(3u + @ +€) + pu] = %(V xB)-E.
Magnetic energy:

0 [ B? 1
— (= )=-—B-VxE.
ot <2M0> 1o

Total energy:

0 B? Ex B
&[p(%u2+¢’+e)+—}+v-[pu(%u2+<1>—|—w)+ =0,

240 o
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where w = e+ p/p is the specific enthalpy. Note that (E x B)/ug is the
electromagnetic Poynting flux. The total energy is therefore conserved.

To allow for self-gravitation we write ® = @iy + Poyt. Now

D , 1~ D dm/’
2 (i) = —3Gp~ [
th(2 t) 2Gth |z’ — x|
/ /
1 (v -—u)- (=)
/ r_
=pu - VP + %Gp/ (W tu)- (@ —z) dm’.
P

The volume integral of the last term vanishes because it is antisymmet-
ric:

b [[ W02 g

x —x|3

The final conservation equation is therefore non-local:

9 1,2 1 B’

a p(§u + §q)int + Pyt + 8) + 2—#0

E x B ]
Ho

+ (term that integrates to zero) = 0.

+V. [pu(%uQ—i-CI)—i-w)—i-

3.2 Other conservation laws in ideal MHD

In ideal fluid dynamics there are certain invariants with a geometrical or
topological interpretation. In homentropic/barotropic flow, for exam-
ple, vorticity (or, equivalently, circulation) and kinetic helicity are con-
served, while, in non-barotropic flow, potential vorticity is conserved.
The Lorentz force breaks these conservation laws because the curl of the
Lorentz force per unit mass does not vanish in general. However, some
new topological invariants associated with the magnetic field appear.
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The magnetic helicity in a volume V is
H, = / A-BdV,
1%

where A is the magnetic vector potential, such that B =V x A. Now

0A

— =—-FE—-V® =uxB-Vo,,

ot
where @, is the electrostatic potential. This can be thought of as the
‘uncurl’ of the induction equation. In ideal MHD, therefore, magnetic
helicity is conserved:

0
&(A~B)+V~[<I>6B+A>< (u x B)] =0.
However, care is needed because H,, is not uniquely defined unless
B -n =0 on the surface S of V. Under a gauge transformation A —
A+ Vy, & +— &, — 0x/0t, Hy, changes by an amount

/B-deV:/V-(XB)dV:/XB-ndS.
v v S

Magnetic helicity is a pseudoscalar quantity (it changes sign under a re-
flection of the spatial coordinates). It is related to the lack of reflectional
symmetry in the magnetic field. It can also be interpreted topologically
in terms of the twistedness and /or knottedness of the magnetic field (see
Example 1.5). Since the field is ‘frozen in’ to the fluid and deformed
continuously by it, the topological properties of the field are conserved.
The equivalent conserved quantity in ideal gas dynamics (without a
magnetic field) is the kinetic helicity

Hk:/u-(qu)dV.
1%

The cross-helicity in a volume V is

HC—/u-BdV.
1%
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It is helpful here to write the equation of motion in ideal MHD in the
form
ou 1

E+(qu)xu+V(§u2+<I>+w)

1
=TVs+ —(V x B) x B,
fop

(1)

using the relation dw = T'ds + v dp. Thus

%(u-BHV-[ux(uxB)+(%u2+w+<b)B] =TB-Vs,

and so cross-helicity is conserved in ideal MHD in homentropic/barotropic
flow.

Bernoulli’s theorem follows from the inner product of equation (1) with
u. In steady flow

u-V(Eu®+ @+ w) =0,

but only if - F, = 0 (e.g. if w|| B), i.e. if B does no work on the flow.

3.3 Symmetries of the equations

e translation of space and time, and rotation of space (if ®ey has
those symmetries): related to conservation of momentum, energy
and angular momentum

e reversal of time: related to absence of dissipation

e reflection of space (but note that B is a pseudovector and does
not change sign)

e Galilean invariance (relativity principle)

e reversal of the sign of B
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3.4 Hyperbolic structure

We neglect the gravitational force here, since it involves action at a
distance.

The equation of mass conservation, the thermal energy equation, the
equation of motion and the induction equation can be written in the
combined form

ot 261:1- -
where
U= [PaZ%Ua B]T

is an eight-dimensional state vector and the A; are three 8 x 8 matrices,
e.g.

uz, 0 p 0 0 0 0 0
0 wuz ~yp 0 0 0 0 0
B

0 4 wuy O o 0 = ,ffp

A, — 0 0 0 ug 0 0 -2 %
00 0 0 w 0 0 =

0 0 0 0 0 wu, O 0

0 0 B, -B, 0 0 0
|0 0 B. 0 —-B, 0 0 Uy |

The system of equations is said to be hyperbolic if the eigenvalues of
A;n; are real for any unit vector n and if the eigenvectors span the eight-
dimensional space. The eigenvalues can be identified as wave speeds,
and the eigenvectors as wave modes. n is the local normal to the wave-
fronts.

Taking n = e, WLOG, we find
det(A; —vl) = (v — ux)2 [(U — ux)2 — viz]
2.2

x [(v— )t — (V2 4 ) (v — uy)? + 0 Voo 5
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where

B <’Yp>1/2
Vg = | —
1%

is the adiabatic sound speed. The wave speeds v are always real and the
system is indeed hyperbolic. The various wave modes will be examined
later.

For ideal gas dynamics without a magnetic field, the state vector is
five-dimensional and the wave speeds for n = e, are u, and u,; + vs.

In this representation, there are two modes that propagate at the fluid
velocity, so they do not propagate relative to the fluid. One is the
entropy mode, which is physical but involves only a density perturba-
tion. The other is the ‘V - B’ mode, which is unphysical and involves
a perturbation of V - B. This is eliminated by imposing the constraint

V.B=0.

3.5 Stress tensor and virial theorem

The equation of motion can be written in the form

Du

—=V.T
"Dt ’
where
1 g° 1 B?
T=-pl—— ~Z21)+—(BB-=—1
P 47rG<gg 2>+u0< 2
is a symmetric stress tensor and g = —V®. The idea of gravitational

stress only works if the system is self-gravitating and ® and p are related
through Poisson’s equation:

V(99— 39°1) = (V -g)g = —47Gpg

Consider

D2 D T Tk
pm(fﬂﬂj) = Pﬁ(uifﬂj + ziug) = 2puiu; + xjaTI: + ax:
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Integrate over a material volume V' bounded by a surface S (mass ele-
ment dm = pdV):

d? 0T 0Ty
@/inxj dm:/v <2PUin+xj—8$k +x; By dVv

|4 S

If the surface term vanishes (e.g. if 7;; falls off faster than 73 and we
let V' occupy the whole of space) and Tj; is symmetric, we obtain the
tensor virial theorem

1d%1;;
2 de?

=2K;; — Tjj,
where

Ii; = /a:ia:j dm,
K;; :/%uiuj dm,
Ty = /Tij dv.

The scalar virial theorem is the trace of this expression:
1d%1

K is the total kinetic energy. Now

2 BZ
T = <3p—g—+—> av
=3vy—-1HU+W + M,

for a polytropic gas with no external gravitational field, where U, W
and M are the total internal, gravitational and magnetic energies. The
gravitational integral is

2 2 2
g VO /cwcb 1/
) Lgv=— [ gy = av == [ poav.
/‘/87TG e v 8nG 2 )"
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Thus

1d21

On the RHS, only W is negative. For the system to be bound (i.e. not
fly apart) the kinetic, internal and magnetic energies are limited by

2K +3(y — 1)U + M < |W|.

The tensor virial theorem provides more specific information relating
to the energies associated with individual directions.

28

4 Linear waves in homogeneous media

In ideal MHD the density, pressure and magnetic field evolve according
to

dp

T, =—u-Vp—pV-u,
dp

5= W VPPV -u,
%—?:Vx(uxB).

Consider a magnetostatic equilibrium in which the density, pressure
and magnetic field are po(x), po(x) and Bp(x). Now consider small
perturbations from equilibrium, such that p(x,t) = po(x) + dp(x,t)
with [dp| < po, etc. The linearized equations are

)

a—tp = —5u-Vp0 —ng-éu,
DPb _ 5. Vpo —vpoV - 0w,
ot

00B

W:VX((S'U/XBQ).

By introducing the displacement &(x,t) such that du = 9€/0t, we can
integrate these equations to obtain

op=—-E-Vp—pV ¢

op=—-£-Vp—pV -,
dB =V x (& x B)
—=B-VE—€¢-VB—(V-€)B.

We have now dropped the subscript ‘0’ without danger of confusion.
We have also eliminated the entropy mode, which would consist in this
case of a time-independent perturbation of the density distribution.
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The linearized equation of motion is

2
1
p% =—0pVd — pVid — VIl + M—((SB -VB+ B-ViB),
0
where the perturbation of total pressure is
B-/B
Ho

oIl = op +

B? 1
=—£-VII - <7p+—>V-£+—B-(B-V£).
Ho Ho

The gravitational potential perturbation satisfies the linearized Poisson
equation

V25® = 4nGop.
We consider a basic state of uniform density, pressure and magnetic
field, in the absence of gravity. Such a system is homogeneous but

anisotropic, because the uniform field distinguishes a particular direc-
tion. The problem simplifies to

¢

1

with
B? 1
l=—(yw+—)|V:-£+—B:(B-V¢).
Ho Ho

Owing to the symmetries of the basic state, plane-wave solutions exist
of the form

&(x,t) = Re {fexp(—iwt +ik-x)|,

where w and k are the frequency and wavevector, and é is a constant
vector representing the amplitude of the wave. Then (omitting the tilde
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and changing the sign)

2
p6 = [(fw B—) k& —(k-B)B-¢|k
Ho Ho (1)

+ (k- B)[(k-B)¢ — (k-€)B].
to

For transverse displacements that are orthogonal to both the wavevector
and the field, i.e. k- & = B - £ = 0, this simplifies to

1
p’e = —(k- B)’¢.
Ho
Such solutions are called Alfvén waves. Their dispersion relation is

w? = (k- v,)%

Given the dispersion relation w(k) of any wave mode, the phase and
group velocities of the wave can be identified as

w A

vp = 3 k,
ow
’Ug: a_kj :ka,

where k = k /k. The phase velocity is that with which the phase of the
wave travels; the group velocity is that which the energy of the wave
(or the centre of a wavepacket) travels.

For Alfvén waves, therefore,
vp, = v, cos 12:,
Vg = 1V,,
where 0 is the angle between k and B.

To find the other solutions, we take the inner product of equation (1)
with k and then with B to obtain first

2 B2 1 2
pitteeg = |+ Y heg o e B)B ]
Ho Ho
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and then
pw’B - & =p(k-£)k - B.

These can be written in the form

o sy

The ‘trivial solution’ k- & = B - & = 0 corresponds to the Alfvén wave
that we have already identified. The other solutions satisfy

B? 1
pw? [pw2 - (’YP+ E) kQ] +'ypk2%(k -B)* =0,

which simplifies to

vé — (v + vg)vg + 0202 cos? 0 = 0.

The two solutions

vl = 5 +v7) £ [§(0F +v3)* — viv] cos® 9]1/2
are called fast and slow magnetoacoustic waves, respectively.
In the special case § = 0 (k|| B), we have

2 2

=wv; or v,

2
Yp

together with vg = v2 for the Alfvén wave. Note that the fast wave

could be either vg =02 or vg = 02, whichever is greater.
In the special case § = 7/2 (k L B), we have

2_ .2 ,2
vy =vs +uy; or 0,

together with ,Ug = 0 for the Alfvén wave.
The effects of the magnetic field on wave propagation can be understood

as resulting from the two aspects of the Lorentz force. The magnetic
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tension gives rise to Alfvén waves, which are similar to waves on an
elastic string, and are trivial in the absence of the magnetic field. In
addition, the magnetic pressure affects the response of the fluid to com-
pression, and therefore modifies the propagation of acoustic waves.

The phase and group velocity vectors for the full range of 6 are usually
exhibited in Friedrichs diagrams. We can interpret:

e the fast wave as a quasi-isotropic acoustic-type wave in which both
gas and magnetic pressure contribute

e the slow wave as an acoustic-type wave that is strongly guided by
the magnetic field

e the Alfvén waves as analogous to a wave on an elastic string,
propagating by means of magnetic tension and perfectly guided
by the magnetic field
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5 Nonlinear waves, shocks and other disconti-
nuities

5.1 One-dimensional gas dynamics

5.1.1 Riemann’s analysis

The equations of mass conservation and motion in one dimension are

dp dp  Ou
ot " or T Por

ou ou 10p

Ao
WO
1
N

— +tu— .
ot * oz p Ox
Phase and group velocity diagrams for the case va = 0.7vs. We assume the gas is homentropic (s = constant) and polytropic. Then

p o< p? and v2 = vp/p oc p?~L. Tt is convenient to use vs as a variable
in place of p or p:

2 dvy
dpzvgdp, dp:£< U>.
vg \y— 1

Then

2 20 +u2 20 +v@—0
ot \y—1 Oor \v—1 0x

We add and subtract to obtain

O ) L] (ur 2% ) =0
ot TN TS\ M y—1) 7

dON
NOY
1
N

Phase and group velocity diagrams for the case vg = 0.7v,. o ) 20,
= — Vs) = — =0.
it g (-
Define the two Riemann invariants
2
Ri=u+ Us .
v—1
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Then we deduce that Ry = constant along a characteristic (curve) of
gradient dz/dt = u=4 vy in the (z,t) plane. The + and — characteristics
form an interlocking web covering the space-time diagram.

Note that both Riemann invariants are needed to reconstruct the solu-
tion (u and vg). Half of the information is propagated along one set of
characteristics and half along the other.

In general the characteristics are not known in advance but must be
determined along with the solution. The + and — characteristics prop-
agate at the speed of sound to the right and left, respectively, with
respect to the motion of the fluid.

This concept generalizes to nonlinear waves the solution of the classical
wave equation for acoustic waves on a uniform background, of the form
f(x —vgt) + g(z + vst).

5.1.2 Method of characteristics

A numerical method of solution can be based on the following idea.

e start with the initial data (u and vg) for all relevant x at t = 0
e determine the characteristic slopes at ¢ =0

e propagate the Ry information for a small increment of time, ne-
glecting the variation of the characteristic slopes

e combine the R4 information to find u and vg at each x at the new
value of ¢

e re-evaluate the slopes and repeat

The domain of dependence of a point P in the space-time diagram is
that region of the diagram bounded by the + characteristics through
P and located in the past of P. The solution at P cannot depend on
anything that occurs outside the domain of dependence. Similarly, the
domain of influence of P is the region in the future of P bounded by
the characteristics through P.
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5.1.3 A simple wave

Suppose that R_ is uniform (the same constant on every characteristic
emanating from an undisturbed region to the right). Its value every-
where is that of the undisturbed region:

2’US N 21}50
y—1 4 —-1
Then both Ry and R_ must be constant on the + characteristics, so

both u and wvs are constant on them, and the + characteristics have
constant slope v = u + vy (they are straight lines).

u —

The statement that the wave speed v = constant on the straight lines
dz/dt = v is expressed by the equation
ov n ov 0
— +v—=0.
ot ox
This is known as the inviscid Burgers equation or the nonlinear advec-
tion equation.

It is easily solved by the method of characteristics. The initial data
define vo(x) = v(x,0). The characteristics are straight lines. In regions
where dvg/dz > 0 the characteristics diverge in the future. In regions
where dvg/dz < 0 the characteristics converge and will form a shock at
some point. Contradictory information arrives at the same point in the
space-time diagram, leading to a breakdown of the solution.

Another viewpoint is that of wave steepening. The graph of v versus x
evolves in time by moving each point at its wave speed v. The crest of
the wave moves fastest and eventually overtakes the trough to the right
of it. The profile would become multiple-valued, but this is physically
meaningless and the wave breaks, forming a discontinuity.

Indeed, the formal solution of the inviscid Burgers equation is
v(x,t) = vo(xo) with 2 = xo + vo(xo)t.
Then dv/0x = v|/(1 + v{t) diverges first at the breaking time ¢ =

1/ max(—vy().
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The crest of a sound wave move faster than the trough for two reasons.
It is partly because the crest is denser and hotter, so the sound speed
is higher (unless the gas is isothermal). But it is also because of the
self-advection of the wave (the wave speed is u+vg). The breaking time
depends on the amplitude and wavelength of the wave.

5.2 General analysis of simple nonlinear waves

Recall the hyperbolic structure of the ideal MHD equations:

ou ou

U=[p,p,U,B]".

The system is hyperbolic because the eigenvalues of A;n; are real for
any unit vector n;. The eigenvalues are identified as the wave speeds,
and the corresponding eigenvectors as wave modes.

In a simple wave propagating in the x-direction, all physical quantities
are functions of a single variable, the one-dimensional phase ¢(x,t).
Thus U = U(p) and
du o du o
dUde  , dudp
de Ot dy Ox

This works if dU/dy is an eigenvector of the hyperbolic system and then

dp ~ Op
E—f—va—‘r—o

where v is the corresponding wavespeed. But since v = v(yp) we again
find

@—i—v@—o
ot or

the inviscid Burgers equation.
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Wave steepening is therefore generic for simple waves. However, waves
do not always steepen in practice. For example, linear dispersion arising
from Coriolis or buoyancy forces (see later) can counteract nonlinear
wave steepening. Waves propagating on a non-uniform background are
not simple waves.

5.3 Shocks and other discontinuities
5.3.1 Jump conditions

Discontinuities are resolved in reality by additional physical effects (vis-
cosity, thermal conduction and resistivity, i.e. diffusive effects) that be-
come more important on smaller length-scales.

Properly, we should solve an enhanced set of equations to resolve the
internal structure of a shock. This would then be matched on to the
external solution where diffusion is neglected. But the matching condi-
tions can in fact be determined from general principles without resolving
the internal structure.

We consider a shock front at rest at x = 0 (making a Galilean trans-
formation if necessary). We look for a stationary solution in which gas
flows from left (p;, etc.) to right (p2, etc.). On the left is upstream,
pre-shocked material.

Consider any equation in conservative form

oQ
— + V. .F=0.
ot +
For a stationary solution in one dimension,
dF;,
=0
dx ’

which implies that the flux density F, has the same value on each side
of the shock. We write the matching condition as

[Fx]%:FIQ_Fxlzo
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Including additional physics means that additional diffusive fluxes (not
of mass but of momentum, energy, magnetic flux, etc.) are present.
But these fluxes are negligible outside the shock, so they do not affect
the jump conditions. This approach is permissible as long as the new
physics doesn’t introduce any source terms in the equations. So the
total energy is a properly conserved quantity but not the entropy (see
later).

From mass conservation:
2
[puc]i = 0.

From momentum conservation:

- B2 2
pu’ 4+ 11 — —x] =0,
L Mo |1
[ B.B,1*
PULUy — — y} =0,
L o 1
[ BIBZ] 2
Pz, — =0,
L Mo ]q

From V.- B = 0:
[Ba]i =0.
From 0B/t +V x E = 0:
[uaBy = uyByJt = —[E:]{ =0,

(These are the standard electromagnetic conditions at an interface: the
normal component of B and the parallel components of E are contin-
uous.) From total energy conservation:

2

1
pur(%u2+<b+w)+lu— (B®uy — (u- B)B,)| =0.
0 1
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Note that the conservative form of the momentum equation is

0 B;B
7 (Pu; . i i~ =0.
8t(pu)+V (puu+IIe ” ) 0

Including gravity makes no difference to the shock relations because ®
is always continuous (it satisfies V2® = 47Gp).

Although the entropy in ideal MHD satisfies an equation of conservative
form,

0
5 (P3) +V - (psu) =0,

the dissipation of energy within the shock provides a source term for
entropy. Therefore the entropy flux is not continuous across the shock.

5.3.2 Non-magnetic shocks

Consider a normal shock (u, = u, = 0) with no magnetic field. We
obtain the Rankine—Hugionot relations

[PU;U]% = 07

[pu2 + p]f =
(L + W) = 0.

For a polytropic gas,

w:<;L>B
y=1/)p

and these equations can be solved algebraically (see example 2.2). In-
troduce the upstream Mach number (the shock Mach number)

Uzl
M= .

Us1
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Then we find

P2 Uzl (v + 1)M%

P uz2 (Y= 1M+ 2

P2 _ 29Mi—(y=1)
P1 (v+1)

24 (y — 1) M?
29Mi = (v = 1)

)

M3 =

Case (i): M3 > 1, M2 < 1: supersonic upstream, subsonic downstream.
This is a compression shock (p2 > p1, p2 > p1).

Case (ii): M? < 1, M3 > 1: supersonic upstream, subsonic down-
stream. This is a rarefaction shock (p2 < p1, p2 < p1).

Trivial case: M? =1, M2 =1 (no shock).

It is shown in example 2.2 that the entropy change in passing through
the shock is positive for compression shocks and negative for rarefac-
tion shocks. Therefore only compression shocks are physically realizable.
Rarefaction shocks are excluded by the second law of thermodynamics.
All shocks involve dissipation and irreversibility.

In the strong shock limit My > 1, common in astrophysical applica-
tions, we have

p2 Uz y+1
— —_ =

p1 Uz y—1’
P2

— > 1,
p1

Note that the compression ratio ps/p; is finite (and equal to 4 when
v = 5/3). In the rest frame of the undisturbed (upstream) gas the
shock speed is ughock = —uz1. The downstream density, velocity (in
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that frame) and pressure in the limit of a strong shock are (to be used

later)
v+1
P2 - - 7 pla
v—1

2
Ug2 — Uyl = (ﬁ) Ushock s
2 2
b2 = 5 4 1 P1Ughock:

This last equation can be thought of as determining the thermal energy
that is generated out of kinetic energy by the passage of a strong shock.

5.3.3 Oblique shocks
When u, or u, are non-zero, we have the additional relations

[Pumuyﬁ = [PumUZ]% =0.

Since pu, is continuous across the shock (and non-zero), we deduce that
[uy]? = [u:]? = 0. Momentum and energy conservation apply as before,
and we recover the Rankine-Hugoniot relations.

5.3.4 Tangential discontinuities

There is a separate case with no flow through the discontinuity (u, = 0).
This is usually called an interface, not a shock. We can deduce only
that [p]? = 0. Arbitrary discontinuities are allowed in p, u, and u,.
If [uy]? = [u.]? = 0 we have a contact discontinuity (only p and s
may change across the shock), otherwise a vortex sheet (the vorticity is
proportional to §(z)).
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5.3.5 MHD shocks and discontinuities

When a magnetic field is included, the jump conditions allow a wider
variety of solutions. There are different types of discontinuity associated
with the three MHD waves (Alfvén, slow and fast). Since the parallel
components of B need not be continuous, it is possible for them to
‘switch on’ or ‘switch off’ on passage through a shock.

A current sheet is a tangential discontinuity in the parallel magnetic
field. A classic case would be where B, say, changes sign across the
interface. The current density is proportional to d(x).
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6 Spherical blast waves: supernovae

6.1 Introduction

In a supernova, an energy of order 10°! erg is released into the inter-
stellar medium. An expanding spherical blast wave is formed as the
explosion sweeps up the surrounding gas. Several good examples of
these supernova remnants are observed in the Galaxy.

The effect is similar to a bomb. When photographs (complete with
length and time scales) were released of the first atomic bomb test in
New Mexico in 1945, both L. I. Sedov in the Soviet Union and G. I. Tay-
lor in the UK were able to work out the energy of the bomb (about 20
kilotons), which was supposed to be a secret.

We suppose that an energy FE is released at ¢t = 0, 7 = 0 and that the
explosion is spherically symmetric. The external medium has density
po and pressure pg. In the Sedov—Taylor phase of the explosion, the
pressure p > pg. Then a strong shock is formed and the external
pressure po can be neglected (formally set to zero). Gravity is also
negligible in the dynamics.

6.2 Governing equations

For a spherically symmetric flow of a polytropic gas,

o o\ _ pd,,
<at+u8r>p__ (Tu)7

o, 0N, 1o
ot “ar) " por’

o 0
_ _ 7\ —
(m*“&)m@p)

These imply the total energy equation

9 (1 p Lo, p _
8t(2pu +’y—1)+r28r [r <2pu +7_1 ul =0.



The shock is at 7 = R(t), and the shock speed is R. The equations are
solved in 0 < r < R with the strong shock conditions at r = R:

v+1
p=\_—=7]ro;
v—1
2R
u=—-"
v+1
- 2,00]%2
o417
The total energy of the explosion is

R
1
E :/ <—pu2 + L) 4772 dr.
0 2 Y — 1

(The thermal energy of the external medium is negligible.)

)

6.3 Dimensional analysis

The dimensional parameters of the problem on which the solution might
depend are E and pg. Their dimensions are

[E] = ML*T 2, [po] = ML

Together, they do not define a characteristic length-scale, so the explo-
sion is ‘scale-free’ or ‘self-similar’. If the dimensional analysis includes
the time ¢ since the explosion, however, we find a time-dependent char-
acteristic length-scale. The radius of the shock must be

2\ 1/5
PENCaN
Po

where « is a dimensionless constant to be determined.
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6.4 Similarity solution

The self-similarity of the explosion is expressed using the dimensionless
similarity variable € = r/R(t). The solution has the form

p = pop(§),
u=Ra(s),
p = poR*p(€),

where p(&), u(€) and p(&) are dimensionless functions to be determined.

6.5 Dimensionless equations

We substitute these forms into the equation and cancel the dimensional
factors:

- _ pod, o
(a—&)p = —gd—g(ﬁ%),
- 3. P
(0—&u' — ~t=—=,
2 p
P
p p
The shock conditions at £ = 1 are:
. v+l
p_"}/—l,
. 2
U=—-,
v+1
.2
PEoyT

The total energy integral provides a normalization condition,

167 | P
1= 5 T ox~2 I 2 d
o | (qu +7_1)5 3
which will determine the value of a.
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6.6 First integral

Consider the total energy equation in conservative form (multiply through

by r2):

0Q  oF _

o Tar

The dimensions are

@=7]. W=7

r

In dimensionless form,
Q=pmRRQE),  F=pRRF(¢).
Substitute into the conservation equation to find
—Q' - Q+F =0

We deduce the first integral

d - N
Now
1 D
2L 9
Q= <2pu +7—1>’
F =2 1 2 P
and so
~ 1__ ﬁ
_ 2tz P
Q=¢ <2pu +7_1>,
~ 1__ ny B
F=¢&(=pu? .
5(2pu +’Y—1>u
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Thus
F— 5@ = constant = 0
(for a solution finite at £ = 0).
Solve for p:
(- g~ a)
2(vi—¢)

Note that this is compatible with the shock boundary conditions. Hav-
ing found a first integral, we can now dispense with (e.g.) the thermal

energy equation.

Let u = v€. We now have
dlnp dv

(=1 me = de

dv 1 d [(y—1)pc%0%(1 —v) 3

3v,

(U_l)dlng_}—@dlnﬁ 2(yv — 1) T2
Eliminate p:
dv v(yv = 1)[5 — (3y — 1)v]

dlné A+ D2 —2(y+ v +2°
Invert and split into partial fractions:

dln¢ 2 vy —1) 1372 — Ty + 12

dv v (2y+D(w—1)  52y+1)[5— 3y — 1)v]
The solution is
€ x v 2P (qp — 1)/ v+

X [5 — (3y — 1)o]~ 137 =T7+12)/5(1+1(E1-1)

Now
dlnp 1 3v dIn¢
dv =~ v—1 wv—1 dv
B 2 n 3y
2-71-v) (2y+1(v-1)
13y% — 7y + 12

2=y + DB = By = o]
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The solution is

pox(1— U)—2/(27v)(,w _ 1)3/(2'y+1)
x [5 — (3y — 1)v] (137 =T7H12)/ 2=+ ) Ey-1),

e.g. for v =5/3:

_9y5 OV 2 —82/195
§xv 3 1 (5 —4w) ,

50 9/13
poc(1—v)™" <§ — 1) (5 — 4v)82/13,

To satisfy v =2/(y+1)=3/4and p=(y+1)/(y—1) =4 at { = 1:

Ao\ 25 /9 2/13 —82/195
(o (W) 200 N5 TR
3 3 2

9/13 82/13
,5:4(4—411)6(%—4) <g—2v> .

Then, from the first integral,

~ 3 4o 6/5 e 5 82/15

¢ ranges from 0 to 1, and v from 3/5 to 3/4.

The normalization integral (numerically) yields o ~ 1.152.

6.7 Application

Supernova: E ~ 10°'erg. Estimate pg ~ 2 x 1072*gem™3. Then

R~ 5.1pc and R ~ 2000kms~! at t = 1000 yr.

1945 New Mexico explosion: F ~ 7.1 x10%! erg, pg ~ 1.2 x 1073 gcm 3.

Then R~ 140m and R~ 5.7kms ! at t = 0.01s.
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Sedov solution for v = 5/3.

The similarity method is useful in a very wide range of nonlinear prob-
lems. In this case it reduced partial differential equations to integrable
ordinary differential equations.
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7 Spherically symmetric steady flows: stellar
winds and accretion

7.1 Basic equations

We consider spherically symmetric steady flow that is purely radial,
either towards or away from a body of mass M. We neglect the effects
of rotation and magnetic fields. The gas is polytropic and non-self-
gravitating, so ® = —GM/r.

Mass conservation for such a flow implies

r2pu = —— = constant
47

If u > 0 (a stellar wind), —M is the mass loss rate. If u < 0 (an
accretion flow), M is the mass accretion rate. We ignore the secular
change in the mass M.

The thermal energy equation implies homentropic flow:

p=Kp, K = constant

The equation of motion has only one component (where u = u,):

du  dp do

P~ ar Par
Alternatively, we can use the integral form (Bernoulli’s equation):

%UQ + w + ® = B = constant, w = <L> p

y=1/)p
In highly subsonic flow the first term is negligible and the gas is quasi-
hydrostatic.

In highly supersonic flow the second term is negligible and the flow is
quasi-ballistic (freely falling).

Our aim is to solve for u(r), and to determine M if appropriate.
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7.2 First treatment

We first use the differential form of the equation of motion.

Rewrite the pressure term using the other two equations:

d dl 2 1d

Cdr P dr PUs r o oudr

Thus

du 02 dd
2 2 Dbl s -
(u US)dr u( r d'r)

There is a critical point (sonic point) at r = ry where |u| = vs. For
the flow to pass smoothly from subsonic to supersonic, the RHS must
vanish at the sonic point:

22 GM
—— = 0
Trs s

Evaluate Bernoulli’s equation at sonic point:

1 1 GM
-+ USQS_ =B
2 v-1 Ts

We deduce that

02 = 2(y—1)
» (5-37)

There is a unique transonic solution, which exists only for 1 < v < 5/3
(the case v = 1 can be treated separately or by taking a limit).

 (5-37)GM
Bon=ynT 0B

Now evaluate M at the sonic point:

\M| = 47T’I”52pSUSS
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7.3 Second treatment

We now use Bernoulli’s equation instead of the equation of motion.

Introduce the local Mach number M = |u|/vs. Then

M
r2pvsj\/l = %
v =Kp!

Eliminate p:

il 7
+1 _
v =K (471'7‘2/\/l>

Bernoulli’s equation becomes

2
v GM
JEMP+ —— =B+ —
v—1 T

Substitute for wvs:

-\ 201D/ (v+1) oy
(K204 |M]| MY/ (v +1) +M 2(v=1)/(v+1)
Ar 2 v —1

= Bri0=1/0+1) L qppp—(5-37)/(v+1)

Think of this as f(M) = g(r). Assume that 1 <y < 5/3 and B > 0.
Then f(M) has a minimum at M = 1. ¢g(r) has a minimum at

(5-3y)GM

4(v—1) B
This is the sonic radius ry identified previously. A smooth passage
through the sonic point is possible only if \M | has a special value, so
that the minima of f and ¢ are equal. If \M | is too large the solution
does not work for all r. If it is too small the solution remains subsonic (or
supersonic) for all , which may not agree with the boundary conditions.
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The (r, M) plane shows an X-type critical point at (rs, 1).

1.5 m

0.5

0.0 £ L L C ‘
0.0 0.5 1.0 1.5 2.0

Solution curves for the case v = 4/3.

For r < ry the subsonic solution is close to a hydrostatic atmosphere.
The supersonic solution is close to free fall.

For r > r¢ the subsonic solution is close to p = constant. The super-
sonic solution is close to u = constant (so p oc r2).

7.4 Stellar wind

For a stellar wind the appropriate solution is subsonic (hydrostatic)
at small r and supersonic (coasting) at large r. Parker (1958) first
presented this simplified model for the solar wind.
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7.5 Accretion

In spherical or Bondi (1952) accretion we consider a gas that is uni-
form and at rest at infinity (pressure pp and density pp). Then B =
v% /(v — 1). The appropriate solution is subsonic (uniform) at large r
and supersonic (free fall) at small 7. If the accreting object has a dense
surface (a star rather than a black hole) then the accretion flow will be
arrested by a shock above the surface.

The accretion rate of the critical solution is

: 2 2 Uss
M = 47r psvss = 4T povso <—

(y+1)/(v=1)
SO)
= f(v)Msp

where

TG?M?pq
Mp = —— = 4777“3/)01150
Uso

2 (5=37)/2(v-1)
fv) = (5 — 37>

_aM

Ta =503
203,

is the nominal accretion radius, roughly the radius within which the
mass M captures the surrounding medium into a supersonic inflow.

Exercise: show that

lim f(y) =1

li — a3/2
,Ylinlf(v) s, lm,

However, there is no sonic point for v = 5/3.
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8 Axisymmetric rotating magnetized flows: as-
trophysical jets

Stellar winds and jets from accretion discs are examples of outflows
in which rotation and magnetic fields have important or essential roles.
Using cylindrical polar coordinates (R, ¢, z), we examine steady (0/0t =
0), azisymmetric (0/0¢ = 0) models based on the equations of ideal
MHD.

8.1 Representation of an axisymmetric magnetic field

The solenoidal condition for an axisymmetric magnetic field is

10 OB,
Top tbr) + 5= =

We may write

0.

Loy oy _1OW

ROz’ * ROR
where (R, z) is the magnetic flux function. This is related to the
magnetic vector potential by 1) = RA,. The magnetic flux contained
inside the circle (R = constant, z = constant) is

Bp =

R
/ B.(R,z)2nR' dR' = 2m(R, 2) (4constant).
0

Since B - V¢ = 0, ¢ labels magnetic field lines or their surfaces of
revolution, magnetic surfaces. The magnetic field may be written in
the form

B=Vy xVo¢+ Bsey = + |Bgeg|-

—%ed)wi

The two square brackets represent the poloidal (meridional) and toroidal
(azimuthal) parts of the magnetic field:

B:Bp+B¢e¢.
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Note that
V.-B=V.B,=0.
Similarly, one can write the velocity in the form

U = Up + Uy €p.

8.2 Mass loading and angular velocity

The steady induction equation in ideal MHD,
V x (u x B) =0,

implies
uxB=—-—FE=V&,

where @, is the electrostatic potential. Now
ux B = (up +ug ey) X (Bp + By ey)

= |ep X (upBp — Byup) | +

up X Bp].

For an axisymmetric solution with 0®./0¢ = 0, we have
u, x B, =0,
i.e. the poloidal velocity is parallel to the poloidal magnetic field. Let

pup = kB,

where k is the mass loading, i.e. the ratio of mass flux to magnetic flux.

The steady equation of mass conservation is

0=V -.(pu)=V-(pu,) =V - (kB,) = B, - VE.

o8

Therefore

k= k),
i.e. k is a surface function, constant on each magnetic surface.

‘We now have

kB
wx B = ey x (uyB, — Byuy) = <%’ - R—:’> \2)

Taking the curl of this, we find

kB
ozv(%——¢>xv¢.

R Rp
Therefore
ug kB _
R Rp ’

where w(1)) is another surface function, known as the angular velocity
of the magnetic surface.

The complete velocity field may be written in the form
u = — + Rwey,
P

i.e. the total velocity is parallel to the total magnetic field in a frame
of reference rotating with angular velocity w. It is useful to think of
the fluid being constrained to move along the field line like a bead on a
rotating wire.

8.3 Entropy

The steady thermal energy equation,
u-Vs=0,

implies that B, - Vs = 0 and so
s = s(¢)

is another surface function.
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8.4 Angular momentum

The azimuthal component of the equation of motion is

URU, 1 BrB
p(up°VU¢+ R¢) - (BP-VB¢+ = ¢)

1 1
=Pup - V(Rug) — —— By, - V(RBg) =0

R ,uoR
1 RBy
—B, -V | kRuy— ——] =0
RP ( o M0>
and so
RBy
Ruy=—F"+1/,
*7 ok
where
C=L(y)

is another surface function, the angular momentum invariant. This is
the angular momentum removed in the outflow per unit mass, but part
of the torque is carried by the magnetic field.

8.5 The Alfvén surface

Define the poloidal Alfvén number (cf. the Mach number)

A="E
Vap
Then
B2 p
and so A o p~!/2 on each magnetic surface.
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Consider the two equations

%_k‘qu
R __Rp + w,
RBy
Ruy = ——+1/
*7 ok

Eliminate By to obtain

R2w — A%/
R(1 — A2)

1 A?
- <1—A2>Rw+<A2—1) R

For A < 1 we have

U¢:

ugy ~ Ruw,

i.e. the fluid is in uniform rotation, corotating with the magnetic sur-
face. For A > 1 we have

14
U¢%E,

i.e. the fluid conserves its specific angular momentum. The point R =
R,(v) where A = 1 is the Alfvén point. The locus of Alfvén points
for different magnetic surfaces forms the Alfvén surface. To avoid a
singularity there we require

(= R2w.

Typically the outflow will start at low velocity in high-density mate-
rial, where A < 1. We can therefore identify w as the angular veloc-
ity uy/R = g of the footpoint R = Ry of the magnetic field line at
the source of the outflow. It will then accelerate smoothly through
an Alfvén surface and become super-Alfvénic (A > 1). If mass is
lost at a rate M in the outflow, angular momentum is lost at a rate
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M{ =M R2Q. In contrast, in a hydrodynamic outflow, angular mo-
mentum is conserved by fluid elements and is therefore lost at a rate
M R%Qo. A highly efficient removal of angular momentum occurs if the
Alfvén radius is large compared to the footpoint radius. This effect
is the magnetic lever arm. The loss of angular momentum through a
stellar wind is called magnetic braking.

8.6 The Bernoulli equation

The total energy equation for a steady flow is

x B
Ho

E
V- pu(3u® + @ +w) + = 0.

Now since

kB
u = — + Rwey,
p

we have

E=-uxB=-Rvweyx B=—-Rwey x By,
which is purely poloidal. Thus

(ExB),=FE x (Bgey) = —RwByB,.
The total energy equation is then

RwB¢
Ho

RwB
B, -V k(L2 4+®+w— ‘1’)} -0
P [ <2 pok

V. [kBp(%u2+<I>+w)— Bp] =0

ROJB¢ _
pok

%u2—{—<1>+w—

)

where
e=¢e(y)
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is another surface function, the energy invariant.

An alternative invariant is
e =e—tw
RwB RB,
1,2 ¢ ¢
=5u"+P+w— —<Ru ——)w
2 pok ? ok
= %u2+<1>+w—Ru¢w
suZ + 3(ug — Rw)® + ©° + w,

where
€ = & — L’ R?

is the centrifugal-gravitational potential associated with the magnetic
surface. One can then see that €’ is the Bernoulli function of the flow
in the frame rotating with angular velocity w. In this frame the flow is
strictly parallel to the field and the field therefore does no work because
JxB 1l BandsoJ xB 1 (u—Rwey).

8.7 Summary

We have been able to integrate almost all of the MHD equations, re-
ducing them to a set of algebraic relations on each magnetic surface.
If the poloidal magnetic field By, (or, equivalently, the flux function
1) is specified in advance, these algebraic equations are sufficient to
determine the complete solution on each magnetic surface separately,
although we must also (i) specify the initial conditions at the source of
the outflow and (ii) ensure that the solution passes smoothly through
critical points where the flow speed matches the speeds of slow and fast
magnetoacoustic waves.

The component of the equation of motion perpendicular to the magnetic
surfaces is the only piece of information not yet used. This ‘transfield’ or
‘Grad—Shafranov’ equation ultimately determines the equilibrium shape
of the magnetic surfaces. It is a very complicated nonlinear partial
differential equation for ¢)(R, z) and cannot be reduced to simple terms.
We do not consider it here.
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8.8 Acceleration from the surface of an accretion disc

We consider the launching of an outflow from a thin accretion disc.
The angular velocity Q(R) of the disc corresponds to circular Keplerian
orbital motion around a central mass M:

M L2
( >
R3

If the flow starts essentially from rest in high-density material (A < 1),
we have

w =~ Q,

i.e. the angular velocity of the magnetic surface is the angular velocity
of the disc at the foot-point of the field line. In the sub-Alfvénic region
we have

As in the case of stellar winds, if the gas is hot (comparable to the
escape temperature) an outflow can be driven by thermal pressure. Of
more interest here is the possibility of a dynamically driven outflow.
For a ‘cold” wind the enthalpy makes a negligible contribution in this
equation. Whether the flow accelerates or not above the disc then

depends on the variation of the centrifugal-gravitational potential along
the field line.

Consider a Keplerian disc in a point-mass potential. Let the foot-point
of the field line be at R = Ry, and let the angular velocity of the field
line be

v=a0=()
as argued above. Then
L1GM

R
2 R}

P8 = —GM(R?> 4 2%)~1/2 —
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Contours of ®°¢ in units such that Ry = 1.
The downhill directions are indicated by dashed contours.

In units such that Ry = 1, the equation of the equipotential passing
through the foot-point (R, z) is
R?> 3

2, 2\-1/2 BT 9
(R*+27) —|—2 5

This can be rearranged into the form

s (2-R)(R-1)*R+1)*(R+2)
T (3— R2)2

Close to the foot-point (1,0) we have

22~ 3(R —1)*
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and so
2~ £V3(R—1).

The foot-point lies at a saddle point of ®°€. If the inclination of the field
line to the vertical, 7, at the surface of the disc exceeds 30°, the flow
is accelerated without thermal assistance. This is magnetocentrifugal
acceleration.

The critical equipotential has an asymptote at r = rgv/3. The field line
must continue to expand sufficiently in the radial direction in order to
sustain the magnetocentrifugal acceleration.

8.9 Magnetically driven accretion

To allow a quantity of mass AM,.. to be accreted from radius Ry,
the angular momentum that must be removed is R%QO AM,e.. The
angular momentum removed by a quantity of mass AMje; flowing out
in a magnetized jet from radius Ry is £ AM;e; = R2Q AMie;. Therefore
accretion can in principle be driven by an outflow, with

M acc R;z
]\4jet R(z)

The magnetic lever arm allows an efficient removal of angular momen-
tum if the Alfvén radius is large compared to the foot-point radius.
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9 Waves and instabilities in stratified rotating
astrophysical bodies

9.1 Eulerian and Lagrangian perturbations

We have used the symbol  to denote an Eulerian perturbation, i.e. the
perturbation of a quantity at a fixed point in space. Let A denote the
Lagrangian perturbation, i.e. the perturbation of a quantity as expe-
rienced by a fluid element, taking into account its displacement by a
distance €. For infinitesimal perturbations these are related by

A=§+€-V,
and so

Ap=—pV ¢,

Ap = —pV - ¢,

AB=B-V¢— (V-€)B.

These relations hold even if the basic state is not static, if & is the
Lagrangian displacement, i.e. the displacement of a fluid element the
between the unperturbed and perturbed flows. Thus

_ D¢

Ay —
Y= Dt

If the basic state is static (u = 0) this reduces to du = 9&/0t as before.

9.2 The energy principle

In Section 4 we derived the linearized equation

2
1
pgt_f = ~0pV — pVo — Voll+ (3B - VB + B VoB) (1
0
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governing the displacement &(x,t) of the fluid from an arbitrary mag-
netostatic equilibrium, where

6p ==V - (p§),

V260 = 4nGop,

B? 1
0ll = —¢-VII - <’)/p+—>V-£+—B-(B-V£),
Ho Ho

SB=B-V¢—¢-VB—(V-£)B

Using the equation of magnetostatic equilibrium,

1
0=—-pVOd-VII+ —B-VB,
Ho

equation (1) can be put into the equivalent form (exercise)

4 0e 0 0 () 0
Porr = Por; P om02; " 0m; \ Mo, )

where
BQ
Vijki = (’Yp + E) 50k + IL(046 5 — 0ij0n1)
1
+ %(BjBldik — BiBj(Skl — BkBléij)
= Viij-
In this form (but with pD2¢/Dt? on the left-hand side) this equation

can be shown to hold for perturbations from an arbitrary flow w(x,t),
if £ is the Lagrangian displacement.

We may write the equation in the form

9% _
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where F is a linear differential operator (or integro-differential if self-
gravitation is taken into account). The force operator F can be shown
to be self-adjoint with respect to the inner product

(n, &) Z/pn* <€AV

if appropriate boundary conditions apply. Let 0¥ be the gravitational
potential perturbation associated with the displacement 7, so V26W =
—47GV - (pn). Then

_—— :/ -—pm %5@ pnfﬁj% - 772‘% <sz1~czg—§;>] dv
:/ :_M)V;fg* phi Jaaza N ”’“%gzﬂ v
[ e )
_/ :‘W*Z%GCI) pLi; afja e 8j (V'”” gnkﬂ v

= <fn,€>-

Here the integrals are over all space. We assume that the exterior of the
body is a medium of zero density in which the force-free limit of MHD
holds and B decays sufficiently fast as |r| — oo that we may integrate
freely by parts and ignore surface terms. Also note that 6@ = O(r—1),
or in fact O(r=2) if 6M = 0.

The functional

Wie) = — 56 F¢)

1 VD)2 .. O0°0 08} Ok
/[ e AL Vi

d
ez, Vg oy | 1

2

is therefore real and represents the change in potential energy associated
with the displacement &.
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If the basic state is static, we may consider solutions of the form
€ = Re |&(x) exp(~iwt)|

so we obtain
—w€ =FE

and

€6 (&8
Therefore w? is real and we have either oscillations (w? > 0) or insta-
bility (w? < 0).

& 2w

2

The above expression for w? satisfies the usual Rayleigh-Ritz variational
principle for self-adjoint eigenvalue problems. The eigenvalues w? are
the stationary values of 2W[¢]/(€, &) among trial displacements & sat-
isfying the boundary conditions. In particular, the lowest eigenvalue is
the global minimum value of 2W[¢]/(&, €). Therefore the equilibrium is
unstable if and only if W] can be made negative by a trial displace-
ment £ satisfying the boundary conditions. This is called the energy

principle.

This discussion is incomplete because it assumes that the eigenfunctions
form a complete set. In general a continuous spectrum of non-square-
integrable modes is also present. However, it can be shown that a
necessary and sufficient condition for instability is that W[£] can be
made negative as described above. Consider the equation for twice the
energy of the perturbation,

S (6 +2Wie)) = (€6 + (£.6) — € Fe) — (6.7

= (FE€) + (£, FE) — (£, F&) — (F&,€)
0.

Therefore

(57@ + 2W €] = 2F = constant.
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where E is determined by the initial conditions &, &y. If W is posi-
tive definite then the equilibrium is stable because £ is limited by the
constraint W[¢] < E.

Suppose that a (real) trial displacement 1 can be found for which

2W[77] 2
=-7, >0
(n,m)

Then let the initial conditions be &y = n, éo = 1 so that

(€.€) +2W[€] = 2E = 0.

Now let
(&8
Mﬂ_l(@m»
so that
da _ 2(¢,€)
et (£.€)
Pa 20 FE) + (€ €)(6.8) — 4(6,6)”
d2 (€,6)*
| 2-2W[E] + (£, )(6. ) - 46,6
e
_ 4((&,6)(6.€) — (£.€)?)
(£,6)?
>0

by the Cauchy—Schwarz inequality. Thus

— >ap=2
ar ao gl
a = 29t + ag = 27t.

Therefore the disturbance with these initial conditions grows at least as
fast as exp(t) and the equilibrium is unstable.
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9.3 Spherically symmetric star

The simplest model of a star neglects rotation and magnetic fields and
assumes a spherically symmetric hydrostatic equilibrium in which p(r)
and p(r) satisfy

dp _
dr g

with inward radial gravitational acceleration

d¢ G " / 12 /
= — = — 4
o) = G =5 || o) amar

The stratification induced by gravity provides a non-uniform back-
ground for wave propagation.

In this case
0%¢
Pz = —0pV® — pVid — Vip
w2/ pl€|?dV = / £ (0pV® + pVid + Vp)dV
\%4 Vv

At the surface S of the star, we assume that p and p vanish. Then p
also vanishes on S (assuming that & and its derivatives are bounded).
Now

/Vg*.wpdv——/v(v.g)*apdv

1
/ —(dp+&- Vp)opdV
v TP

v
-/ ﬂ+i<£*-vm<—£-w—wv-s>} av
v i P P
s 2 . 2
fopl2 1€ - Wpl?
=/V ’fp‘ _k wp‘ —(e*-v<1>><5p+s-vm} av
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Thus
1
2 2V = ——— P2
w /prgy av 47TG/OO‘V6 24V
2 1
+/ [M_(E*.Vp).<_£.V]np_§-V]np>:| dv
vLip v
9 2 v, 1 2 [9p[? 2(¢ |2
W2 [ plEAV = ——— [ V2V + + pN|¢, 2 ) av
v ArG J o v\ 7P

where N(r) is the Brunt-Vdisdla frequency (or buoyancy frequency)
given by

1dlnp dlnp ds
N2=g|= _ as
9(7 dr dr ) (ngr

N is the frequency of oscillation of a fluid element that is displaced
vertically in a stably stratified atmosphere if it maintains pressure equi-
librium with its surroundings.

There are three contributions to w?: the self-gravitational term (desta-
bilizing), the acoustic term (stabilizing) and the buoyancy term (stabi-
lizing if N2 > 0).

If N2 < 0 for any interval of r, a trial displacement can always be
found such that w? < 0. This is done by localizing &, in that interval
and arranging the other components of £ such that dp = 0. Therefore
the star is unstable if ds/0r < 0 anywhere. This is Schwarzschild’s
criterion for convective instability.

9.4 Modes of an incompressible sphere

Analytical solutions can be obtained in the case of a homogeneous in-
compressible ‘star’ of mass M and radius R which has

p= (g ) HOR =),
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where H is the Heaviside step function. For » < R we have

B 3GM?(R?* —r?)
N 8T RS
For an incompressible fluid

V-¢£=0,
bp=—E-Vp=£ (%) 5(r — R),
V250 = 4nGép = &, (%) §(r — R). (1)

0p is indeterminate and is a variable independent of €. The linearized
equation of motion is

—pw?€ = —pVd — Vip.
Thus ¢ = VU with V2U = 0 and —pw?U = —pé® — dp in r < R.
Appropriate solutions of Laplace’s equation regular at r = 0 are the
solid spherical harmonics (with arbitrary normalization)

U=y (0,9),

where ¢ and m are integers with ¢ > |m|. Equation (1) also implies

5 — ATZY[”, r<R
A\ B, >R

The matching conditions from equation (1) at » = R are

53] = 0
ol ()
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Thus
BR™"' — AR" =0

—(l+1)BR*"2 —YAR"' = ¢R"! <3GM )

RS

with solution

A=—

l <3GM

20+ 1 R3>7 B = AR*"!

At r = R the Lagrangian pressure perturbation should vanish:

Ap=6p+&-Vp=0

3M 9 1t 1 3GMY\ | 3GM?* _, .
(47rR3> {WR +<2€+1>< R3 )R T =0

9 20l —1)GM

~ 2+1 R3
Since w? > 0 the star is stable. Note that £ = 0 corresponds to & = 0
and ¢ = 1 corresponds to & = constant. The remaining modes are
non-trivial and are called f modes (fundamental modes). These can be
thought of as surface gravity waves, related to ocean waves for which
w? = gk.

w

9.5 The plane-parallel atmosphere

The local dynamics of a stellar atmosphere can be studied in a Cartesian
(‘plane-parallel’) approximation. The gravitational acceleration is taken
to be constant (appropriate to an atmosphere) and in the —z direction.
For hydrostatic equilibrium,

dp
A simple example is an isothermal atmosphere in which p = c¢2p with
cs = constant:

z/H

p=poe H  p=pye /8
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H = c%/g is the isothermal scale-height. The Brunt-Viisild frequency
in an isothermal atmosphere is given by

Nl—g ldlnp dlnp _ 171 9
v dz dz ~v) H
which is constant and is positive for v > 1. An isothermal atmosphere is

stably (subadiabatically) stratified if v > 1 and neutrally (adiabatically)
stratified if v = 1.

A further example is a polytropic atmosphere in which p le/m
in the undisturbed state, where m is a positive constant. In general
1+ 1/m differs from the adiabatic exponent v = 1+ 1/n of the gas. For
hydrostatic equilibrium,

p/ m% x —pg
P o —z
if z =0 is the surface of the atmosphere. Let
Z\m
- (5)
where pp and H are constants. Then
z\m+l
—e
where
bo = M
m—+1

to satisfy dp/dz = —pg. In this case

N2 = m_—f—l_m g_(m—n\ 9
ol z n+1) -z

We return to the linearized equations looking for solutions of the form

£ =Re [é(z) exp(—iwt + iky, - m)} , ete.
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where ‘h’ stands for horizontal (x and y components). Then

—pw?€y, = —ikndp,

dép
—pw?é, = —gdp — FPE
z

d

d
op = —§zd—p —PA,
z
dé.
dz

The self-gravitation of the perturbation (i.e. d®) is neglected in the
atmosphere. This is known as Cowling’s approximation.

A=V -€E=ik,-& +

Eliminate variables in favour of £, and A:

d¢.

WP = gkt = (W7 = WIR)A,
de, 1d

g== — WP = ——(ypA) + gA,

dz pdz

where ky = |kyn|. A general property of these equations is that they
admit an incompressible mode in which A = 0. For compatibility of
these equations,

2

w g
gk — w?
w? = tgky.

The acceptable solution with &, decaying with depth is
W =gk, & o< explknz)
This is a surface gravity wave known in stellar oscillations as the f mode

(fundamental mode). It is vertically evanescent.
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The other wave solutions can be found analytically in the case of a
polytropic atmosphere. Eliminate variables in favour of A (algebra
omitted):

d2A

dA

where

n(m+ 1) w_2 m—n\ gkn
n+1 gky n+1) w?
is a constant. Let A = w(z)ef?:
d? d
zd—;§+(m+2+2khz)d—f —(A—m—2)khw =10

This is related to the confluent hypergeometric equation and has a reg-
ular singular point at z = 0. Using the method of Frobenius, we seek
power-series solutions

(o.0]
w= E a,z° 1", ag# 0
r=0

The indicial equation is
olc+m+1)=0
and the regular solution has o = 0. The recurrence relation is then

ary1  (A—m—2—2r)ky
ar  (r+Dr+m+2)

In the case of an infinite series, a,+1/a, ~ —2ky/r as r — 00, so w
behaves like e 2% and A diverges like e *2% as z — —oo. Solutions
in which A decays with depth are those for which the series terminates
and w is a polynomial. For a polynomial of degree N’ — 1 (AN > 1),

A=2N+m
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Rearrange:

2 2

)2—(n+1)(2f\/+m) (w—> +(m—n)=0

n(m+ 1) <w o

gkn
A negative root for w? exists if and only if m —n < 0, i.e. N? <0, as
expected from Schwarzschild’s criterion for stability.

2.0

1.5 n

0.5 -7 -

Dispersion relation, in arbitrary units, for a stably stratified
plane-parallel polytropic atmosphere with m = 3 and n = 3/2.
The dashed line is the f mode. Above it are the first ten
p modes and below it are the first ten g modes.
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For N >> 1, the large root is

w?  (n+1)2N

il 2 2)
gkn  n(m+1)

(p modes, w* x v3

and the small root is

w2 m-—n

gTh ~ m (g modes, (UQ X N2)

The f mode is the ‘trivial’ solution A = 0. p modes (‘p’ for pressure)
are acoustic waves, which rely on compressibility. g modes are gravity
waves, which rely on buoyancy.

In solar-type stars the inner part (radiative zone) is convectively stable
(N? > 0) and the outer part (convective zone) is unstable (N2 < 0).
However, the convection is so efficient that only a very small entropy
gradient is required to sustain the convective heat flux, so N? is very
small and negative in the convective zone. Although g modes propagate
in the radiative zone at frequencies smaller than N, they cannot reach
the surface. Only f and p modes are observed at the solar surface.

In more massive stars the situation is reversed. Then f, p and g modes
can be observed, in principle, at the surface. g modes are particularly
well observed in certain classes of white dwarf.

9.6 Rotating fluid bodies
9.6.1 Equilibrium

The equations of ideal gas dynamics in cylindrical polar coordinates are

Dup Uy 0P 10p
Dt R OR poR

DU¢ URUp 109 1 ap
Dt R~ RO pRIP

Dt 0z poz

Dp 10 1 0ug  Ou,
Dl [E@(R“R) R8—¢+8z}
Dp 10 1 0uy  Ou,
Dt 'Vp[RaR(R“ ) R o az]

with
D 9 9 ug d )
— == FURF5 + 5577 T U

Dt Ot OR R 0¢ 0z

Consider a steady, axisymmetric basic state with density p(R, z), pres-
sure p(R, z), gravitational potential ®(R, z) and with differential rota-
tion

u = RQ(R, z) ey

For equilibrium we require
2 1
—RQ*ep=-V®&—-Vp
p
Take the curl to obtain

2
—R@%):Vpx V(l> =VT x Vs
0z P

This is just the vorticity equation in a steady state. It is sometimes
called the thermal wind equation. The equilibrium is called barotropic
if Vp is parallel to Vp, otherwise it is called baroclinic. In a barotropic
state the angular velocity is independent of z: Q = Q(R). This is a ver-
sion of the Taylor—Proudman theorem which states that under certain
conditions the velocity in a rotating fluid is independent of height.

We can also write

1
;Vp:g: ~Vo+ RO ep
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where g is the effective gravitational acceleration, including the centrifu-
gal force associated with the (non-uniform) rotation.

In a barotropic state with Q(R) we can write
g=-VoE  0%=0(R,z2)+ VU(R), U = —/RQ2 dR

Also, since p = p(p) in the equilibrium state, we can define the pseudo-
enthalpy w(p) such that dw = dp/p. An example is a polytropic model
for which

p — Kp1+1/m7 'lI) — (m + ]-)Kpl/m

(w equals the true enthalpy only if the equilibrium is homentropic.)
The equilibrium condition then reduces to

0=—Vo= - Vi
or

® + ¥ + w = C = constant (1)

An example of a rapidly and differentially rotating equilibrium is an
accretion disc around a central mass M. For a non-self-gravitating
disc ® = —GM(R? + 2%)~'/2. Assume the disc is barotropic and let
the arbitrary additive constant in @w be defined (as in the polytropic
example above) such that w = 0 at the surfaces z = +H(R) of the disc
where p = p = 0. Then

~GM(R*+ H*>) Y2+ ¥(R)=C
from which

ro? =~ L lomm + HZ)*W}

dR
For example, if H = eR with € = constant,
_1,0GM
Q= (14712

The thinner the disc is, the closer it is to Keplerian rotation. Having
determined the relation between 2(R) and H(R), equation (1) then
determines the spatial distribution of w (and therefore of p and p) within
the disc.
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9.6.2 Linear perturbations

The basic state is independent of ¢t and ¢, allowing us to consider linear
perturbations of the form

Re [dur(R, z) exp(—iwt + ima¢)], ete.

where m is the azimuthal wavenumber (an integer). The linearized
equations in the Cowling approximation are

100p  6p Op

—iwdupr — 2Q0uy = _;ﬁ + F@

—iwdug + %w - V(R*Q) = _”Z%

—iwdu, = —%% + f)_/;%

iOSp+Su-Vp=—p [}%%(R&m) . img% N agzz}
—ibdp + du - Vp = —yp [%%(Rém) + im]i% + %}

where
w=w—mf

is the Doppler-shifted frequency, i.e. the frequency measured in a frame
of reference that rotates with the local angular velocity of the fluid.

Eliminate dug and dp to obtain

a2 (B0 00 iy
(w® — A)dur — Bou, <8R 9Rp R
—CSug + (&% — D)ou, = 1w (%p _ 9pop

0z  Ozvp
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1 1 1
CZ_@( dp @p>

pdz \ypOR pOR
__lop(1op 19p
 p0z \ypOz pOz

Note that A, B, C' and D involve radial and vertical deriavtives of the
specific angular momentum and the specific entropy. The thermal wind
equation implies

B=C

so the matrix
A B A B
M=o ol =[5 o

is symmetric.

9.6.3 The Solberg—Hgiland criteria

It can be useful to introduce the Lagrangian displacement & such that

D¢
A :(5 . = —
u u+&-Vu Dt

1.e.
dur = —iWéR,
dugy = —iwy — RE - VI,

ou, = —iwg,.
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Note that
10 imdug  Odu, . li im&y 0,
Rog four) + ==+ 5 = [R@R<R€R)+ R o

The linearized equations constitute an eigenvalue problem for w but it
is not self-adjoint except when m = 0.

We specialize to the case m = 0 (axisymmetric perturbations). Then

2 _ _pe. - L(%p _ 9pop
(w A)&R Bgz = P OR OR ~p

—Bn+ (@ — D)E. = % <@ - @5—1’>

with
op=—&-Vp—ypV - £

Multiply the first equation by p{}, and the second by p&; and integrate
over the volume V' of the fluid (using the boundary condition dp = 0)
to obtain

op
2 2 2 LI v P S v/ vV
w /V,O(IfR\ + |€:[7) dV —/V [pQ(E)JrS Vép ,ypﬁ p| d

:/v [pQ(ﬁ) - %(vpv-ﬁ*ﬂ%*-Vp)] v

[ (w8 av

where

Q(&) = Al¢n|® + B(Ehe. +€5n) + DIG> = [¢y €] [;1 g] Eﬂ

is the (real) Hermitian form associated with the matrix M.

Note that this integral involves only the meridional components of
the displacement. If we had not made the Cowling approximation
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there would be the usual negative definite contribution to w? from self-
gravitation.

The above integral relation therefore shows that w? is real and a vari-
ational property ensures that instability to axisymmetric perturbations
occurs if and only if the integral on the right-hand side can be made
negative by a suitable trial displacement. If () is positive definite then
w? > 0 and we have stability. Now the characteristic equation of the
matrix M is

N —(A+D)A\+AD-B*=0
The eigenvalues A1 are both positive if and only if
A+D>0 and AD-B*>>0

If these conditions are satisfied throughout the fluid then ¢ > 0, which
implies w? > 0, so the fluid is stable to axisymmetric perturbations
(neglecting self-gravitation). These conditions are also necessary for
stability. If one of the eigenvalues is negative in some region in the
meridional plane, a trial displacement can be found which is localized
in that region, has dp = 0 and @ < 0, implying instability. (By choosing
& in the correct direction and tuning V - € appropriately, it is possible
to arrange for dp to vanish.)

Using ¢ = R?Q (specific angular momentum) and s = c,(y 'Inp —
In p) + constant (specific entropy) for a polytropic ideal gas, we have

1 o2 ggr Os

 R3OR ¢, OR
1 02 gros 9. 0s

"R ¢ 0: R
_9:0s

cp 0z

so the two conditions become

102 1
g Vs>0
RoR &7 V7
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and

. (0C0s 0205\ _
92\ 9R 02 02 OR

These are the Solberg—Hgiland stability criteria.

(If the criteria are marginally satisfied a further investigation may be
required.)

Consider first the non-rotating case ¢ = 0. The first criterion reduces
to the Schwarzschild criterion for convective stability,
1 2
——g-Vs=N*“>0
“p

In the homentropic case s = constant (which is a barotropic model)

they reduce to the Rayleigh criterion for centrifugal (inertial) stability,
de?

— >0

dR

which states that the specific angular momentum should increase with
R for stability.

The second Solberg-Hgiland criterion is equivalent to
(er x (—g)) - (VL2 x Vs) >0

In other words the vectors eg x (—g) and V2 x Vs should be parallel
(rather than antiparallel). In a rotating star, for stability we require
that the specific angular momentum should increase with R on each
surface of constant entropy.
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