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good idea!) Optionally, you can also click on the physics button, because some-
times relevant papers are only listed there. Another important address is the
Web of Science, http://scientific.thomson.com/products/wos/|but the ac-
cess requires a license. I should also recommend looking every morning at the as-
tronomy picture of the day http://antwrp.gsfc.nasa.gov/apod/astropix.
html.

Table 1: Summary of some important physical constants

Newton’s constant G 6.67 x 10711 mPkg st
speed of light c 3.00 x 108 ms~!
radiation constant a 756 x 10716 Jm 3K

Stefan-Boltzmann constant | osg = ac/4 | 5.67 x 1078 Wm 2K

Table 2: Solar parameters

distance Rpo [ 1.5 x 10" m
radius My | 7x108 m
mass Ro | 2x10% kg

luminosity | Lg 4 x 10%6 W

Table 3: Derived solar parameters

average density p=Mo/(FRY) 1.4 x10% kgm™3
surface gravity g=GM/R% 2.7x 10> ms2
solar constant S =Lo/(4nRy) 1.4x 10> Wm?2

effective temperature | Tog = [Lo/(4mR%0sp)]/* | 5.8 x 103 K


http://scientific.thomson.com/products/wos/
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http://antwrp.gsfc.nasa.gov/apod/astropix.html

Chapter 1

Introduction

The sun is our primary energy source. But it is not constant. Understand-
ing its variability and especially its magnetic activity is important for many
reasons. First, there is now mounting evidence for a clear connection be-
tween solar activity and variation of the earth climate; see, e.g., Fig. The
causal connection between sun and earth is hardly due to temperature changes
of the sun (luminosity or irradianceﬂ changes), but due to magnetic changes.
According to a theory originally due to H. Svensmark this is caused by the
solar magnetic field shielding the cosmic ray particles from the galaxy. Thus, an
increase in the solar field strength increases the shielding, decreases the cosmic
ray flux on earth, decreases the cloud cover and hence increases the temperature,
as is illustrated symbolically as

Bt CRJ| clouds] Teartn T (1.1)

This picture is rather simplified, and there can be drastic differences regarding
clouds that are low or high, but the general idea is now gaining more and more
acceptance, it seems.

Second, on a much shorter time scale (days and shorter) we should be con-
cerned about extreme space weathei?] conditions which affect not only astro-
nauts in space, but also the functionality and reliability of man-made satellites
in orbit. This in turn affects the Global Positioning System (GPS) and hence
also air traffic navigations, which now really becomes everybody’s concern.

e Geomagnetic storms: strength G1-G5 (with G5 around 4 per cycle): volt-
age problems, blackouts, transformer damage.

e Radiation storms: S1-S5 (S5 fewer than 1/cycle): satellites rendered use-
less, memory impact, permanent damage to solar panels.

Hrradiance is what comes out of the sun sideways in the direction of the earth. This may
not be quite the same as the flux integrated over 47. Both are however bolometric fluxes, i.e.
integrated over all frequencies.

2 nttp://www.sec.noaa.gov/NOAAscales/
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Figure 1.1: Observed temperature changes on earth and those predicted from
the variations of solar activity.

e Radio blackouts: R1-R5 (R5 less than 1/cycle): HF blackout for hours.

These space weather conditions are being caused by various kinds of erup-
tions on the solar surface such as prominences and Coronal Mass Ejections
(CMEs); see Fig. Modeling all the physics between the actual eruption and
the final effects on the ionospheric current system is one of the few Grand Challenge problems
for which a lot of money has been set asideﬂ But in order to understand the
origin of the eruptions, we have to understand where the magnetic field comes
from. As will be explained later in this course, it has its origins in convective
motions in the outer 30% of the sun. The drive a magnetic field that manifests
itself in terms of an 11 year cycle of the sunspot number (Fig. and of the
magnetic field. This will be discussed in more detail at the end of this course
where this field is explained as a result of a self-excited dynamo process.

Important conclusions about the nature of the energy source of the sun
can be gained by looking at the energy budget. The luminosity of the Sun is
Lo =4 x 102 W. The total interception with the Earth is

mRZ,
47rR2E®

=4.4x 1071, (1.2)

where Rp is the radius of the Earth (6400 km) and Rgg is the distance between
the Earth and the Sun (= 1AU = 1.5 x 101" m). So the total power reaching
the Earth is 4.4 x 10719 x 4 x 1026 W = 1.7 x 10" W.

For comparison we list here the fractions of energies that are extracted from
the sun or that are consumed?t

3|http ://ct.gsfc.nasa.gov/grand.st3.html|
“ http://en.wikipedia. org/wiki/World_energy_resources_and_consumptionl
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Figure 1.2: The famous “Grand daddy” prominence of 4 June 1946 (left) and
a big coronal mass eruption of 2 June 1998 from the LASCO coronograph on
board the SOHO satellite (right). Note the complexity of the ejected structures,
being suggestive of helical nature. Courtesy of the SOHO consortium. SOHO
is a project of international cooperation between ESA and NASA.

Figure 1.3: Distribution of magnetic flux in the visible solar surface layers
(adapted from Solanki et al. 2006).

e 25% of it drives evaporation & cloud formation
e 1% drives winds
e 1% drives get turns into biological energy (photosynthesis)

e 0.01% of the world power consumption (1.6 x 103 W = 16 TW)

The gravitational energy of the Sun is approximately

2
GM' _GM}

By = -
TR 2R.

~ 2 x 10 ] (1.3)

The time it would take to use up all this energy to sustain the observed lumi-
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Figure 1.5: The record of yearly averaged group sunspot numbers dating back
to 1600 (adapted from Solanki et al. 2006).

nosity is the Kelvin-Helmholtz time (note that 1yr ~ 3 x 107 s)

2 x 104!

~ 7

TkH = B /Lo =
which is long compared to time scales we could observe directly, but short
compared with the life time of the Sun and the solar system (more like 5x 10 yr).
This led to the discovery of the nuclear energy source of stars. The potential
energy is also approximately the thermal energy (Virial theorem).

In fact, this similarity can be used to estimate the central temperature of a
star by equating GM/R = RT,/u. Here, R = 8315m?s~ 2 K~! (this is a script
or curly R!) is the universal gas constant and p is the mean molecular weight
(in astrophysics this is defined dimensionless while in physics it is often defined
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Figure 1.6: Reconstruction of the 10 year averaged sunspot number from the
measured concentrations of cosmogenic isotopes (adapted from Solanki et al.
2006).

with units gram/mole), which is the atomic or molecular mass expressed in
units of 1amu (to a good approximation, pupg & 1). The quantity RT/u has the
dimensions of a velocity squared. For the Sun this yields the following estimate
for the central temperature:

Mo 0.6 7x 107112 x 103
-£ GR © 8%50 T 07>< = k= 210*4 1071125102 K = 1.5x107 K
©
(1.5)

This estimate is actually spot on (but this is merely luck). It also tell us that the
central temperature of the Sun is only determined by its mass and radius, and
not, as one might have expected, by the effectiveness of the nuclear reactions
taking place there.

The central pressure is given (to an order of magnitude) by

T,

CGMZ 7 x 1071 (2 x 10%0)2
Pe="pi"~ (7 % 108)7

m s 2~ 10 kgmts?, (1.6)

which turns out to be about an order of magnitude too small.

1.1 The main points of this chapter

The sun is not static, but shows an 11 year cycle dating back several thou-
sand years (as indicated by measurements of radioactive decaying cosmogenic
isotopes). This has tremendous effects on terrestrial climate changes (little ice
age, etc).
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Chapter 2

Radial structure

The sun is, to an excellent approximation, spherically symmetric. The equations
governing the radial structure of the sun (or any other star) are plausible and
easily derived. They can be written as a set of four ordinary differential equation,
namely the

e equation for the sun’s gravity (comes from the Poisson equation),
e hydrostatic equilibrium (comes from the momentum equation),

e thermal equilibrium (comes from the energy equation),

e radiative equilibrium (radiation transport equation, convection).

In the optically thick case, the radiative flux is in the direction of and propor-
tional to the gradient of the radiative energy density, a7*. (The connection
between fluxes and concentration gradients is generally referred to as Fickian
diffusion). Like in kinetic gas theory, the diffusion coefficient is 1/3 times the
typical particle velocity (=speed of light ¢) and the mean free path ¢, so

3dT dT

d
F=_Ycp (g7 = — 40T — = _ K — 2.1
3c€ 7ﬂ(a ) 3ac€ , , (2.1)

which defines the coefficient K.

2.1 Equations of stellar structure

We begin with the equation describing how much mass we have in each spherical
shell. The volume of a shell of thickness dr is 47r2dr, so the mass in such a
shell is dM, = 4nr2pdr. Knowing the mass M, enclosed within radius r, we
can calculate the change in pressure as dp = pgdr, where g = GM,./r? is the
modulus of the radial part of gravity. The change in luminosity, dL,, in each
shell depends on the strength of the energy sources, €, at that radius. The
local luminosity gives the local radiative flux F, because L, = 47r?F, and the

13
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flux is given by the negative radial temperature gradient times the radiative
conductivity, K, i.e. F = —KVT, so

dé\fr = 471r?p (2.2)
% _ _Gj‘fr p (2.3)
dd{;r = 47re (2.4)
i—f = —L,/(4nr’K) (2.5)

At the simplest level of approximation, these equations can be integrated out-
wards subject to the boundary conditions M, = L, = 0 at » = 0, with reason-
able estimated starting values for p and T.

In the following we highlight the connection between these equations and
the more general equations of compressible, self-gravitating fluid dynamics.

2.2 Connection with full set of equations
The relevant equations are the Poisson equation for the gravity potential, ¢, so

gravity is g = —V ¢, the momentum equation, the entropy equation in terms of
entropy, and the equation of radiation equilibrium, i.e.

V3¢ = 47Gp, (2.6)
DU

P Dr Vp + pg, (2.7)
Ds

pTD—t =-V . F+e¢, (2.8)

n-VI=—kp(I-25). (2.9)

The latter equation is the radiation transfer equation for the intensity, I =
I(x,t,nn,v) along all possible ray directions 7 for all possible frequencies v,
and S is the source function which we assume here to be the Planck function
S = aT*, but we note that things can be more complicated if there is scattering,
for example. The quantity x is the opacity (cross-section per unit mass) and
1/(kp) = € is the mean free path that we encountered in equation (2.1)).

In § we show that this equation couples to equation via

—V~F=/Ooo/4ﬂfip(l—5)dﬂdy. (2.10)

We won’t bother with the v dependence and pretend that we work with v
integrated quantities (this is the so-called gray approximation).
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Let us begin with the Poisson equation, noting that from g = —V ¢ we have
V - g = —V?¢. Since in spherical symmetry g = —GM,./r? we have

1d ., 1d

~Veg=-—5 (rPgr) = e (GM,) = 47 Gp, (2.11)

Cancelling G on both sides and moving r? to the right hand side, we have

dM,
dr

which is just the same as equation ([2.2)).

In the next two equations, , the left hand side vanishes in the
hydrostatic state, so we recover equations and more ore less directly
when noting that g = —GM,./r? and that

V-F:ii [1"2( L. )} 1 dLT. (2.13)

r2dr 42 = 4nr? dr

= 4mr?p, (2.12)

The last of the four main equations, equation (2.9)), is a bit more complicated
and deserves to be discussed in a separate section.
2.3 Solving radiative transfer using moments

Equation (2.9) can be solved by taking moments. We define Oth, 1st, and 2nd
moments as follows,

J= i/ I1de, (2.14)
T Jan
F = c/ In dQ, (2.15)
4
1 L
P=— [ InndQ. (2.16)
T Jar

Here, P is the radiation pressure tensor, F' is the indeed the same flux as the
one defined in equation (2.8, and c is the speed of lightﬂ Next we take the Oth
and 1st moments of transfer equation, so

V.- F = —4nckp (J - S), (2.17)
Kp
P=—-—"F. 2.1
v 4mc (2.18)

In principle this ‘game’ could go on forever by defining higher and higher mo-
ments, but in order to make progress, we have to make a “closure” assumption.
A common choice is to assume isotropy of the radiation pressure tensorEI, i.e.

Pij = 50;. (2.19)

Hn stars with strong radiation, this F' also enters on the rhs of the momentum equation,
so DU /Dt = ... + (k/c)F. For the sun this is not important, but for O and B stars it is, and
certainly for discs around black holes.

2You should think of ‘tensor’ as just being a 3 x 3 matrix.
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With this, equation (2.18]) becomes

1 kp

3 =——F. 2.2

3VJ 4re (2.20)
Next, in order to calculate V - F', we divide first by kp and then take the

divergence, so

1 1
V- (—VJ]|=—-——V_.F. 2.21
<3/<;p ) 4dme ( )
Using equation (2.17) we obtain a closed equation for J.
1
V- |-—VJ]|= J—=9). 2.22
(5597) =wos-5) (2.22)

This equation is in its mathematical nature similar to the Poisson equation, so
we talk about a ‘Poisson-like’ equation for the mean intensity J. This equation
is also known under the name FEddington approrimation.

Limb darkening

If you want to learn more about this topic, it is instructive to read about Edding-
ton’s solution to a stellar atmosphere which explains, at least qualitatively, the
solar limb darkeningﬂ However, comparison with observations indicates that
quantitatively the solar limb darkening problem is still not well understood.

Optically thick limit

Let us define the optical depth along the vertical coordinate z as

T:/ kpdz'. (2.23)
l

Below a certain height in the atmosphere the medium becomes optically thick
(non-transparent). This is said to be the case where 7 > 1. Looking at equa-
tion (2.22)) is it clear that when kp is large, J — S must be small, so

J~ S =aT* (optically thick) (2.24)
so the term under the divergence on the left hand side of equation (2.22) (and

multiplied by —¢, so it F') can be written as
dacT?
3Kp

We have therefore arrived at an equation like equation (2.1)), i.e. F = —KVT,

> 3 . . . . . . . .
where K = 4§;€ is the radiative diffusivity. Since ac/4 = ogp, we can write K
also as

—-__° 4y = - 2 gt =
F= V (aT?) SHPVT VT. (2.25)

3kp

_»160’513/113

K
3kp

(2.26)

3 http://star-www.st-and.ac.uk/~kw25/teaching/stars/GRAY.pdf
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Absorption processes in astrophysical plasmas.

e FElectron scattering: if an electromagnetic wave passes an electron the
electric field makes the electron oscillate.

e Free-free transitions: if during its thermal motion a free electron passes
an ion, the two charged particles form a system which can absorb and
emit radiation.

e Bound-free transitions: a neutral hydrogen atom in its ground state is
ionized by a photon.

e Bound-bound transitions: after absorption of a photon the electron
jumps to a higher bound state, rather than leaving the atom altogether.

e Negative Hydrogen ion: a neutral hydrogen atom is polarized by a nearby
charge and can then attract and bind another electron.

[Adapted from Kippenhahn and Weigert (1990).]

2.4 Polytrope solution

In the main parts of the Sun, energy is transported by photon diffusion: the
optical mean-free path is short compared with other relevant length scales (e.g.
pressure scale height), so we are in the optically thick limit and can make the
diffusion assumption, i.e. FF = —KVT. In equation the value of x,
and therefore of K, depends on the atomic physics involved in absorbing and
scattering photons. It changes slowly, so to a first approximation, K = const.
Since there are furthermore no local energy sources, the energy flux is constant
(F = const), so we also have VT' = const. In a plane-parallel atmosphere
dT'/dz = const, i.e. T increases linearly with depth, which leads to the polytropic
atmosphere considered in §[2.5.5]
A good approximation for the opacity « is given by Kramer’s formula

K= kool /2, (2.27)

where ko = 6.6 x 10'8m® K7/2kg™2. This value may well be up to 30 times
larger if the gas is “metal rich”, i.e. a good electron supplier, so that bound-
free processes become important as well. In practice, a good value is k¢ =
1029 m® K7/2 kg2, With this coefficient and Kramer’s formula, the conductivity
is

160ggT*3/2

K —
3Kk002

(2.28)

If the density is given by a power law of the temperature, o ~ T, which is
called a polytrope solution with polytropic index m, then

K ~ T'3/272m (2.29)
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Figure 2.1: Simple polytropic stratification. The temperature gradient is
assumed to be inversely proportional to the conductivity, K(z), such that
KVT = Fyot = L/(47r?). In the outer 30% the polytropic index is changed
such that the entropy is constant. This is to model the convection zone.

which is constant for m = 13/4 = 3.25. This is gives a reasonable representation
of the stratification of stars in convectively stable regions. At the bottom of the
solar convection zone the density is about 200kgm~3 and the temperature is
about 2 x 106 K. This gives K = (3...100) x 10kgms~3K~!. In order to carry
the solar flux the average temperature gradient then has to be around 0.01 K/ m.
However, in reality K does change slowly with height. Therefore the poly-
tropic index effectively changes with height. In the outer layers the temperature
decreases and there is ionization and recombination. In that layer there are
many electrons allowing for the formation of negative hydrogen ions, H™, from
polarized neutral hydrogen atoms. This leads to low values of K. To transport
the required energy flux, the temperature gradient has to go up. But this means
the polytropic index goes down, see equation , and so the stratification
will become unstable. This leads to convection in the outer parts of the Sun.
To a first approximation we can assume that convection leads to perfect
mixing and therefore to a nearly uniform entropy distribution, corresponding
to a state of marginal convective stability; see §2.5.3 The star’s stratification
can then locally be described by a polytrope with m = 3/2 (for v = 5/3). A
plot of the resulting stratification is shown in Fig. However, towards the
surface layers cooling by radiation begins to play a role which causes the entropy
to decrease gradually. A better approximation for the vertical stratification of
density and temperature can be obtained by the mixing length theory, which will
be discussed next. However, for more accurate and more detailed models one
has to use numerical simulations, which are now beginning to become feasible.

2.5 Buoyancy and entropy
Gas motions in the Earth’s and solar atmospheres are often driven by buoyancy.

As an example we now calculate the buoyancy force from a hot air balloon. The
buoyancy force results from a lower density inside the balloon (or any other
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container) and the density outside it. So the buoyancy force is given by
Fbuoy = _AQ ng (230)

where g is the gravitational acceleration (~ 10ms~2), and Ap = g; — g is the
density difference between the interior and the exterior of the balloon. If the
density within the balloon is smaller than outside, Ap < 0 and Fj, 0y is positive.
The density deficit depends on the temperature excess and, assuming that there
is no pressure difference (which is justified for a hot air balloon), the two are
proportional to each other, so

Ap AT

- _ 2.31
Let us assume that the temperature inside the balloon is 80° C and the exterior
temperature is 20° C. The temperature difference is then 60° C = 60K, and

the absolute temperature is then is T'= 20K + 273 K ~ 300K (Kelvin), so

Ap 60
o 300 ~ 0.2. (2.32)
So, one cubic meter of hot air is about 20% lighter than cold air. Since the
density of air is approximately o = 1kgm™> we have A = 0.2kgm™3. The larger
the balloon, the more hot air there is and the lighter is the balloon. Assuming a
spherical shape with radius R the volume of the balloon is Viatioon = (47/3)R3,
so the upward force of the entire balloon is

47
(—Ag)Vg= 3

This has to be balanced against the weight of the balloon, which is mg, if m is
the mass of the payload. Thus, we have

R3(—Ap)g. (2.33)

4
%R?’AQ =m. (2.34)

If we want to know the size of the balloon necessary to carry, say, m = 500 kg,
we have

3 m\Y® /1 s500kg \Y®
R=(2) &= 2% ) — ¥62m~9 2.35
(47r Ag) (4 O.2kgm3> o o (2:35)

which seems quite plausible.

2.5.1 The perfect gas. Equation of state

We need an equation of state that relates the pressure p of a gas to its density
o and its temperature T'. For a perfect gas this relation is

p= BT@. (2.36)
W
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The quantity RT/p has the dimensions of a velocity squared. As we will see
later, this quantity equals the square of the sound speed in a situation where
changes in the pressure and density are isothermalﬁ

The quantity

1/2
clisoth) (RT> (2.37)
I

is therefore also referred to as the isothermal sound speed. For air the value of
wis 28.8, so

. 1 Yz
Cglsoth) ~ (8328X8300) m/s ~ 300m/s (238)

For ionized hydrogen p = 0.5 (the atomic mass is 1 and the number of particles
2, because there are protons and electrons). However, in the Sun, as well as
elsewhere in the cosmos, there is also helium and the value of p is then around
0.6. On the other hand, the presence of neutral and molecular hydrogen in-
creases the average value. Approximate values (to an order of magnitude) of

%™ and T are given in Table

Table 2.1: Typical sound speeds in the Sun.
T (isoth)
Cs
10 K 1km/s
10 K 10km/s
106 K 100km/s

4When the changes are adiabatic, e.g. when thermal conduction is weak, the sound speed
. . _ (isoth)
is slightly larger: cs = \/vcs .
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Specific heats: The energy content of a gas is measured by its specific heat,
which is the energy needed to increase the temperature by one degree. This
quantity can be measured by holding either the volume of the gas constant
(specific heat at constant volume, c¢,) or by keeping the pressure constant
(specific heat at constant pressure, cp). In general, the specific heat at constant
volume is smaller than the specific heat at constant pressure, because when the
pressure is constant the energy is not only used to increase the temperature,
but also to increase the volume. The work associated with this is p AV =
R/uAT, and therefore

_ pAV

AT = R/u (2.39)

Cp — Co

According to the kinetic theory of gases (i.e. the theory that describes the gas

as noninteracting particles) the specific heat at constant volume is equal to

R/(2u) times the number of degrees of freedom f of a single particle (atom

or molecule), ie. ¢, = fR/(2n). Because of equation we have ¢, =

(f +2)R/(2p). Therefore the ratio of the two specific heats, v = ¢p/cy, is
equal to

_f+2

7

For a mono-atomic gas f = 3, corresponding to the three directions of trans-

lation, so v = 5/3 = 1.67. Further, for a bi-atomic (dumbbell-like) molecule

there are two additional degrees of freedom corresponding to the rotation of

(2.40)

the molecule about the axis connecting the two atoms and perpendicular to it,
so f =3+ 2and v =7/5= 1.4. The third rotation axis is only distinguished
in molecules with more than two atoms. So, for example in CO2 f = 6 and
therefore v = 8/6 = 4/3 ~ 1.33. Yet, values of « closer to unity are possible
when the molecules exhibit various kinds of oscillations that further increase

the number of degrees of freedom.

2.5.2 The isothermal atmosphere

Things are changing as we rise. The exterior density decreases, decreasing
therefore the buoyancy force. On the other hand, the pressure decreases, so the
balloon (or gas parcel) expands and so the interior density also decreases. Which
one decreases faster, depends on the temperature profile in the atmosphere. The
simplest type of atmosphere is the isothermal atmosphere, i.e. one where the
temperature is constant.

In any atmosphere in hydrostatic (or mechanical) equilibrium the weight
(per unit area) of a thin layer of gas, pgdz, increases the pressure by the amount
Dtop — Pbot = —Ap = pgdz, so the condition of hydrostatic equilibrium is

dp
g 2.41
7 09, (2.41)

where g is the gravitational acceleration (=~ 10m/s? for the Earth and =~
300m/s? at the solar surface).
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If the atmosphere is isothermal, then p = c2p, where ¢? = const. In that

case we obtain

d 4 5do
el =25 = _ 2.42
(G =c— =—0g (2.42)
or (after dividing by ¢ and c2)
1d dl
Ed—i = dr;g = —g/c? = const, (2.43)
0
Ing = —gz/c? 4 1n g, (2.44)

where In gg is an integration constant.

So, o decreases exponentially with height, i.e.
0= o0e M, (2.45)

where

H=¢c%/g (2.46)

is also called the scale height of the atmosphere.

Furthermore, since p = c2¢ we have

p=poe *H (2.47)

)

where pg = cf 00-

2.5.3 Adiabatic changes. Entropy

If a fluid parcel preserves its heat content, i.e. if radiative losses or other heating
mechanisms are unimportant on time scales of interest, pressure and density
changes are said to be adiabatic. This is described by a quantity called the
entropy which is then unchanged. For a perfect gas, we define the specific
entropy (i.e. entropy per unit mass) as

s=cyInp—cplnp. (2.48)

(In principle there could be an additive constant s, but we can put it to zero,
because only changes in s matter.) The entropy per unit mass is relevant,
because we consider a bubble of a given mass, while its volume may change.
The specific entropy, in units of ¢, is

1 1
s/cp = 5 Inp—Inpg= 5 In(p/0”), (2.49)

so if changes in p and g are adiabatic, i.e. if s = const, then

p= e/ o7 (2.50)
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A

S
entropy
difference
increases

Z

Figure 2.2: Entropy profile for an unstable atmosphere. The entropy difference
between the bubble and the exterior increases constantly as the bubble ascends.

()

In order to understand the evolution of a parcel in an atmosphere it is con-
venient to compute the vertical dependence of s. For an isothermal atmosphere
the vertical gradient is

1 ds 1 1 y-11

or

P e 7 >0, (2.52)
so s increases with height. This means that a rising fluid parcel, whose entropy
is conserved, will end up in a location where the surrounding entropy is higher.
At the same time, however, the pressure inside and outside the bubble will be
the same, so p; — po = Ap = 0, where subscripts i and e refer to interior and
exterior values. Thus, from equation we have

As/c, = —Alnp. (2.53)

So, since the rising fluid parcel ends up in a location of higher exterior entropy,
we have As < 0 and therefore Aln g > 0, so the fluid parcel becomes heavier and
will be pulled back by the gravity. This provides a restoring force proportional
to the vertical displacement, which leads to

2.5.4 Brunt-Vaisala oscillations

When the bubble rises over a distance z (from its original position, where As =
0), the relative change of density Ap/o = Alnp between interior and exterior
is equal to
Alnp=—-As/c, = —l—iﬁz (2.54)
¢= P e, d2” '
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so it is proportional to the displacement z. Now the buoyancy force acting on
the fluid parcel per unit volume, is —Ap g, so

0z =—-Apg (2.55)

(dots indicate differentiation with respect to time), or E|
. A
0

A solution of this differential equation is
z = zp cos(wpvt), (2.57)

where zg is the initial displacement from the equilibrium state and wgy is the
Brunt-Viisala (or buoyancy) frequency (sometimes also called Npy) with
9 g ds

why = (2.58)

cp dz

This expression only makes sense if the atmosphere is stably stratified, i.e. if
g- Vs <0, and so we can express (2.58)) in vector notation,

wiy = —g - Vs/cp. (2.59)

2.5.5 Polytropic atmospheres

Real atmospheres are not isothermal. A better approximation is to assume that
T increases linearly with depth. Warning: depth increases downwards, whereas
height increase upwards. To distinguish between the two we denote depth by Zz,
with Z = zpmax — 2. Thus, dz = —dZ, and therefore equation becomes

1dp
i’ 2.60
e (2.60)
Now for a polytropic atmosphere we have
T/Ty = Z/Hr, (2.61)

where Hr is the temperature scale height, the value of which will be determined
below. The density is then assumed to be a power law of T', so

Q/Qo = (T/To)m7 (262)
where m is the polytropic index. Because of equation ([2.36)) the pressure is then
p/po = (T/Tp)™ . (2.63)

5 The change in sign in the last equation may be counter-intuitive, but one should keep in

mind that d d
As = s; — se = s(2=0) — s(z) = —S-(sz)zf—sz.
dz dz
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Plugging this into (2.60) we have

00 2/ Hr ) L ()] = g (264
or RTO
)=y (2.65)

The (constant) temperature gradient is thenﬂ

g

B =dT/ds = Ty/Hy = CESIm

(2.66)

In order to see what happens to our fluid blob we determine again the entropy
gradient, using equation (2.49)),

1lds  1lds m+1+ﬂ (y—=1)m-—1

= = (2.67)

cp dz cp dz VZ zZ Oz 0

Here we have used the fact that dInp/dz = dln(p/py)/dZ, because the second
term in In(p/pg) = Inp — Inpy is constant, and so

dlnp  dIn(p/po) dIn(T/Tp) dlnz  m+1
F e B =(m+1) B =(m+1) it (2.68)
Evidently, for
1
— 2.69
m < 1 ( )

the entropy gradient ds/dz turns negative, so a rising blob would find itself in
an environment whose entropy is getting smaller and smaller as it rises further.
This means its density relative to the exterior density is getting smaller and
smaller, so the bubble becomes even more unstable. Since such bubbles may
break lose all over the place the whole medium will start to bubble. This process
is called convection. In this case the Brunt-Vaisila frequency becomes formally
imaginary, corresponding to an exponentially growing solution with growth rate
opv = Im(wgy). This is because coswpyt = Re (e7™Bv!) = e75vi, For v = 5/3
the criterion for instability is m < 3/2 (or m > 5/2 for v = 7/5 and
m > 3 for v = 4/3).

We shall return to convective instability in connection with the solar con-

vection zone; see §[4.2]

2.6 The main points of this chapter

The equations of stellar structure are just a subset of the equations of fluid me-
chanics (with some extensions). The equation of radiation transport determines

61n the adiabatic case, i.e. when ds/dz = 0, we have m = 3/2 (for v = 5/3) and then the
temperature gradient is simply dT'/dZ = g/cp. Remember that then ¢, = (5/2)R/pu.
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the temperature gradient. Except for the surface layers, radiation can be solved
in the diffusion approximation. This means that gas and radiation have the
same temperature (J = S). The smaller the radiative diffusivity, the steeper
the temperature gradient. When it becomes too steep, such that the specific
entropy gradient decreases in the outward direction, convection sets in that acts
such as the minimize the entropy gradient, so the temperature gradient is then
close to the adiabatic value, dT'/dz = —g/c,.



Chapter 3

Some fluid dynamics

3.1 Derivation of the energy equation
The first law of thermodynamics states that
TdS = dFE + pdV, (3.1)

where T is the temperature, S the entropy, F the internal energy, p the pressure
and V the volume. For later reference we mention here that T'dS can also be
expressed as

TdS =dH — Vdp, (3.2)

where H is enthalpy. This expression can be important when rewriting the
pressure gradient term in the momentum equation. In fluid dynamic we measure
those quantities with respect to some unit mass. Thus, we have

Tds = de + pdv, (3.3)

where s is the specific entropy per unit mass, e is the specific internal energy
per unit mass, and v is the specific volume per unit mass (not to be confused
with the velocity). For a perfect gas the temperature is related to e via e = ¢, T,
where ¢, is the specific heat for constant volume. The specific volume per unit
mass is just the ordinary fluid density, so v = 1/p. Since dv = d(p~!) =
—p~2dp = —p~'dInp we have

Tds = de — LdInp. (3.4)
P

In the following we shall always work with the density and never with the specific

volume. Hence, from now on, v shall always refer to velocity. In fluid dynamics

we are interested in the total time derivative, so we have
Ds De pDlnp

Dt Dt p Dt

(3.5)

27
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Now, from the continuity equation we have

0=, +V (pu)= 52 +u-Vp+pV -u= 55+ pV u, (3.6)
or, dividing by p,
Dlnp
5 = -V -u. (3.7)

Using this in (3.5]) yields

In an adiabatic fluid the specific entropy is constant, i.e. Ds/Dt = 0. Hence,
the evolution of e is given by

p
—=—_tV.u 3.9
D=,V (3.9)

This equation shows that if there is a compression, then V -« < 0 and so e
increases. This effect is known as compressional heat. Conversely, if there is an
expansion then V -u > 0 and e decreases. This effect is utilized in every fridge.

3.2 Sound waves

Shocks may occur in situations where the velocity is supersonic. This is typically
when the Mach number, Ma = |u|/cs, exceeds unity. Shocks can form when the
amplitude of sound waves becomes comparable to the sound speed, so that the
Mach number becomes of order unity. Since the sound speed is proportional to
the temperature, this may occur when the gas cools, or when the wave reaches
a region where the temperature is low.

In the previous chapter on winds we have seen, however, that the formation
of a shock is not compulsory and that smooth transonic transitions are quite
possible. Conversely, a shock may also occur under subsonic conditions if one
just waits long enough for a shock wave to pile up.

In the linear regime, i.e. Ma < 1, the nonlinear terms w -V can be neglected
and the governing equations are then, in 1 dimension,

dlnp Ovy

%~ on (3.10)
Ovy,  ,0lnp
5 = G (3.11)

Differentiating the second equation in time and substituting the first one for
In p yields the wave equation,
0%v, 5 0%,

o = G (3.12)
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which permits solutions of the form
In p = Ma cos k(x F cst), (3.13)

vy = tesMa cos k(x F cst), (3.14)

where the upper and lower signs correspond to forward and backward propa-
gating waves, respectively. (Here we have ignored the possibility of an arbitrary
phase shift; for traveling waves this would just renormalize the zero point of
time.)

3.3 Fluid equations in conservative form

In one dimension the ideal fluid equations can be written in conservative as form

dp 0 B
0 0
a(l)“z) + %(Pvi +p) =0, (3.16)
Q(l v? + e)+ﬁ[v (2pvZ +pe+p)) =0 (3.17)

where e is the internal energy density per unit mass, and the other variables
have their usual meaning.

3.4 Shocks

In a frame of reference comoving with the shock the shock is stationary. There-
fore /0t = 0 and so the terms under the a-derivatives in the equations (3.15])-

(3.17) are constant, i.e.

pU; = const = J, (3.18)
pv2 4 p = const = I, (3.19)
(pvg) (302 + e+ p/p) = const = J E, (3.20)

We assume a perfect gas with

p=(y—1)pe (3.21)

and substitute
e=——=, and e+=-=——-. (3.22)

This allows us rewrite the quantities that are constant across the shock in the
form
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U:E = J7 323
P

pvi+p=1I, (3.24)
12y -2 P_p (3.25)

We now eliminate p and p to derive a quadratic equation for the velocity.

Dividing (3.24) by p gives
2 P _ I
v+ == (3.26)
p

We now eliminate p/p using (3.25]), so we have

v—1 1
v2 + E (E—1v2) = o (3.27)
Finally, we get rid of p using (3.23)), which gives p=! = v, /J, so we have
2, V-1 1,2 I
R R (329
which is a quadratic equation for v,,, which we write as
-1 1 v—1
2 (072 — —v,+ ——FE=0. 3.29
2 (1- 52 ) - Jo+ I (3.20)
Since . 1
v g
1-— = — 3.30
> on (3.30)
we have, after multiplying by 2v/(y + 1),
2y I vy—1
2
vy — —— =V, +2——FE =0. 3.31
oy +1J v+ (3:31)

Remembering that the quadratic equation can be written in the form (v—uwvy)(v—
vg) = v? — (v1 +v2) + v1v9 = 0, were v; and vq are the two solutions, we get an
expression for vy + vs,

2y I
= —— 3.32
vy + V2 e (3.32)
Note also that
L (3.33)
Jvug yMa?’ '

where Ma = v/c is the Mach number and ¢? = yp/p is the square of the adiabatic
sound speed. We now assume that Ma — oo on the upstream side of the shock.

This means that s

— =1 3.34
J'Ul ? ( )
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or vy = I/J. Substituting this for I/J in (3.32]) we have

2y
V] + vy = V1, 3.35
1 2 1 1 ( )
or
2 2y — 1 -1
vy = S v = el G )vl:—’y V1. (3.36)
v+1 v+1 y+1

The mass ratio on the two sides of the shock is then by (3.23) given by

p2_o_ 7+l

= . 3.37
pr vz y—1 (3.57)
For v = 5/3 we have
P2 54+3 8
f2_"1T°2_2_4 3.38
P1 5—-3 2 ( )
For smaller values of ~, for example v = 7/5, we have
12
pp_TH+5_12_ o (3.39)

pp T—5 2

Generalization to arbitrary shock strength

The assumption of arbitrarily strong shocks was not necessary. All we need to
know is all the quantities on one side of the shock. We use equation (3.33)) as it
is (without assuming Ma — c0) in equation (3.32)) and obtain

2y 1
v+ ve = 1+ V1, 3.40
P 7+1( 7Ma2> ' (3.40)
SO 9
”27<1+ p12)1 (3.41)
v y+1 p1v7

Example: suppose v; =5, p; =p; = 1 and v = 5/3, then

(3 _5+3

=" 1= _1==_1=0. 42
55 0.3, (3.42)

Vo 2><51 1 5 26 113 13
4 25 25 T 10

so vy =5 x 0.3 = 1.5 = 3/2. From continuity we have py = pjv; /va =5/1.5 =
10/3 = 3.33. Finally, for the pressure we

pw% +p1 = pzvg + p2, (3.43)
SO
2
10 /3 15 52—-15 37
2 2
_ _ — _ = (Z) =926 = = = — =185
D2 P1 + P1U7 P2V, 1 + 25 3 (2> 26 9 9 2

(3.44)
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With this we can now also work out the entropies on the 2 sides of the shock.
In the upstream (unshocked) part we have for the entropy in units of ¢,

1
s1/cp = 5 Inp; —Inp; =0, (3.45)

because p; = p1 = 1 and In1 = 0. On the downstream side the shocked material
has s9 = 0.55.
The results are plotted in Fig. for different values of the Mach number.

10':—__-'_: 1300

vy
Pality

Figure 3.1: Relative velocity, density, pressure and entropy behind the shock.
The dotted line refers to the polytropic case where the entropy cannot increase
behind the shock.

For polytropic equations of state, with p = K p'', the energy equation is no
longer used, so there are only the following two conserved quantities,

J=pv, I=p®+Kp. (3.46)

The dependence of velocity, density, pressure, and entropy jumps on the up-
stream Mach number is plotted in Fig. for the case v = 5/3 and compared
with the polytropic case using I' = +. Note that in this case the density jump can
be arbitrarily strong and is no longer limited by the ratio 4 found for v = 5/3.
This is however really just an artifact.

3.5 The main points of this chapter

Sound waves are solutions to the fluid dynamics equations. When their am-
plitude becomes large, i.e. |u| ~ ¢, shocks can develop and kinetic energy is
converted into heat.



Chapter 4

Helioseismology

The five-minute oscillations were discovered by Bob Leighton (1962) at Caltech
from spectral line shifts (Na, Ca, Fe, etc). They were first thought to be the
oscillatory response of the the atmosphere to granules pushing upwards. This
idea turned later out to be quite wrong, and the oscillations are actually global
oscillations permeating deep layers of the sun. In fact, they are just sound waves
that are trapped in a cavity formed by reflection at the topEI and refraction in
deeper layers (see Fig. [4.1). The bending of sound waves may be illustrated
by a troop of soldiers (walking of course in parallel lines) or a toy car moving
at an oblique angle into troublesome terrain (Fig. |4.2). This effect is suppos-
edly noticed by fishermen in the early mornings when there is a temperature
inversion.

The decisive observation came in 1975 when Deubneiq] showed that these
modes have large scale spatial coherence with wavenumbers corresponding to
20-60 Mm (1 Mm=1000km); see Fig. 4.4 By now the field has growth to
perfectionism; see Fig.

4.1 Qualitative story

Since the beginning of the eighties, standing acoustic waves in the Sun have
been used to gain information about the interior of the Sun. It was possible to
measure directly (i.e. without the use of any solar model)

(i) the radial dependence of the sound speed, ¢s(r) — and hence temperature.
We recall that ¢2 = vp/p = YRT/pu.

(ii) the radial and latitudinal dependence of the internal angular velocity of
the Sun.

1Sound waves can’t penetrate if their wave length exceeds the scale on which density
changes.

2Deubner, F.-L.: 1975, “Observations of low wavenumber nonradial eigenmodes of sun,”
Astron. Astrophys. 44, 371-379

33
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Figure 4.1: Refraction of sound waves in the sun. Courtesy J. Christensen-
Dalsgaard.
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Figure 4.2: Refraction of a troop of soldiers (left) and toy cars (right).

Warmer air,
faster sound
.--—'a. speed

Conl alr,
slower sound
Source g 5':'&31 Listener

Figure 4.3: Refraction of sound waves for fisher men; see http://
hyperphysics.phy-astr.gsu.edu/hbase/sound/refrac.html
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Figure 4.4: These are the original (and hence rather poor) result from Deubner’s
paper. However, this was the paper that first demonstrated and convinced the
community that the five-minute oscillations are really global modes.

This technique is called helioseismology, because it is mathematically similar
to the techniques used in seismology of the Earth. Qualitatively, the radial
dependence of the sound speed can be measured, because standing sound waves
of different horizontal wave number penetrate to different depths. Therefore,
the frequencies of those different waves depend on how exactly the sound speed
changes with depth. Since the Sun rotates, the waves that travel in the direction
of rotation will be blue-shifted, and those that travel against the direction of
rotation will be red-shifted. Therefore, the frequencies are split, depending
on the amount of rotation in different layers. There are many reviews on the
subjectﬂ

Figure shows the spatial pattern of a standing wave in three dimensions.
It is the frequencies belonging to different latitudinal wave patterns that allow
us to determine the latitudinal dependence of the angular velocity as well.

These acoustic waves are possible, because they are constantly being excited
by the “noise” generated in the convection zone. The random fluctuations in the
convection are turbulent and contain noise at all frequencies, similar to the noise
generated by a glider going through the air. Now the Sun is a harmonic oscillator
for sound waves and the different sound modes can be excited stochastically.
This is similar to a bell in a sand storm starting to ring.

Figure gives the result an inversion procedure that computes the radial
dependence of the sound speed on depth, using the different frequency modes
as input.

Helioseismology is now a big “industry”, and more accurate data have now
emerged due to the SOHO satellite and the GONG project (GONG = Global

3 P. Demarque and D. B. Guenther: 1999, “Helioseismology: Probing the interior of a
star,” Proc. Natl. Acad. Sci.96, 5356—5359
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Figure 4.5: Ray paths in the sun (in addition to pressure or p-modes, also
gravity or g-modes (not yet detected!) are sketched near the center. Courtesy
J. Leibacher; seehttp://www.pnas.org/cgi/content/full/96/10/5356

Figure 4.6: Three-dimensional wave pattern of a single wave mode. In reality,
millions of different wave patterns are all superimposed. Courtesy J. Leibacher.

Oscillation Network Group), which has six stations around the globe to eliminate
nightly gaps in the data.

4.1.1 Inverting the frequency spectrum

Like with a violin string, the acoustic frequency of the wave increases as the
wavelength decreases, i.e.

frequency o< 1/wavelength. (4.1)


http://www.pnas.org/cgi/content/full/96/10/5356
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Figure 4.7: Radial dependence of the sound speed on radius in the Sun. Note
the change in slope near » = 0.7 solar radii. The oscillations near the center
are not physical. The theoretical model (dotted line) is in fair agreement with
the direct measurements. The sound speed has its maximum not in the center,
because the mean molecular weight p increases towards the center, which causes
¢s to decrease. [Again, we recall that ¢2(r) = yRT/p.]

More precisely, the frequency w is given by
w = csk, (4.2)

where ¢ is the sound speed and k = 27/ is the wavenumber (X is the wave-
length). If sound waves travel an oblique path then we can express the wavenum-
ber in terms of its horizontal and vertical wave numbers, ky, and k., respectively.
We do this because only the horizontal wavenumber can be observed. This cor-
responds to the horizontal pattern in Fig. [4.6, Thus, we have

B2 =k 4+ k2. 4.3
h v

The number of radial nodes of the wave is given by the number of waves that fit
into the Sun, or at least the part of the Sun where the corresponding wave can
travel. This part of the Sun will be referred to as cavity. The larger the cavity
is, the more nodes there will be for a given wavelength. The number of modes
n is then given by

ky
n:2Ar/)\:2Ar2— =Ark,/m, (4.4)
™
where Ar is the radial extent of the cavity. If the sound velocity and, hence, k&

depends on radius, this formula must be generalized to

Ro

n:l / ky dr, (4.5)

™

Tmin

supposing the cavity to be the spherical shell 7y, < r < Rg.
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Figure 4.8: Duvall law. The vertical axis (ordinate) is the same as F' in equa-
tion (4.12) and the horizontal axis (abscissa) is basically the same as u~!. (He
found this law well before it’s significance was understood in terms one of the
functions in Abel’s integral transformation. Courtesy J. Christensen-Dalsgaard.

The horizontal pattern of the proper oscillation is described by spherical
harmonics with indices [ and m, hence the horizontal wave number is

0(L+1)
ki = 5 (4.6)
and we can write
w2 LU+ w [r2 o L(+])
ke =4/ — — =—/—= - 4.7
c2 r2 r\ ¢ w? (47)
Therefore, the number n of radial nodes is given by
1
7T(TL+0£): %_ﬁ(ﬁ—g )@ (4.8)
w c2 w r

The phase shift @ ~ 1.5 accounts for the fact that the standing waves are
confined by “soft” and extended, rather than fixed, boundaries.

The location of the inner radius is given by the point where the wave vector
has turned horizontal. Using

w2 =k =k + k2 (4.9)

together with ky = 0 at r = rp, and k2 = £(€ + 1)/r%, we have (rmin/cs)? =
{(¢ +1)/w?. This implies that

Cs
Tmin = —

We+1), (4.10)
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so only modes with low-£ values can be used to examine the sun’s core. We now
introduce new variables

N

r _L(0+1)
E, u = w2

3 (4.11)

so the inner turning point of the modes corresponds to ¢ = u. Furthermore, we
denote the left hand side of equation (4.8) by F'(u), so we can write

€o
Flu) = / VE—u d;m de. (4.12)
J £

where the location of the inner refraction point corresponds to u = £. The
function F'(u) was obtained from observations by Tom Duval]E] on the grounds
that this curious combination of data makes the different branches collapse onyo
one (see Fig. . He discovered this well before its significance was understood
by Douglas Goug a few years later.

Since we know, at least in principle, F(u) from observations and are inter-
ested in the connection between r and £ (i.e. r and ¢;), we interpret as
an integral equation for the unknown function r(£). Most integral equations
cannot be solved in closed form, but this one can. It was Douglas Gough who
realized that it can be cast in the form of Abel’s integral equatiorﬂ Here is the
pair of complementary equations (primes denote derivatives):

3

Flu) = / VE—uG(e) de, (4.13)

F'(u) du. (4.14)

In the following we give an explicit derivation. Differentiate (4.12f) with
respect to u and, in the final result, rename £ to ¢’

130)
dF 1 1 dlnr dlnr
- =F =— [ —————d¢—-1- - 4.1
TR Y = S SRR = I
i.e.
L1
Fl(u) = °T e, (4.16)

2 ) T—u de

4Duvall, T. L., Jr.: 1982, “A dispersion law for solar oscillations,” Nature 300, 242-243
5D. Gough: 1985, “Inverting helioseismic data,” Solar Phys. 100, 65-99
6Niels Abel (1802-1829); see http://wuw.shu.edu/projects/reals/history/abel.html
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This can be solved analytically. Multiply by 1/y/u — £ and integrate from u = £
tou =Ep.

130 130) 130)
F'(u) 1 1 ., 1 dnr
5/ T _2£/duw—5/d§ V& —u de
B 17du7 dlnr (4.17)
2 / V(=& (¢ —u) dE’ .

Due to the unknown function Inr(£’), we cannot explicitly carry out the inte-
gration with respect to &', but integrating over u will be possible. In order to
do this, we interchange the order of integration.

Interchanging the order of integra-
tion: This would be easy if integration
were over a rectangular region. In our case,
where the integration bounds for ¢ depend
on u, the graphical representation on the
right shows us what to do.

We can either let u run from & to £ (the g -
outer integral) and for every given w inte-
grate over ¢’ from ¢ = u to ¢ = &5 (the
inner integral).

Or we can choose the outer integration to
be over ¢ from ¢ = ¢ to ¢ = &5 and for
every given value of ¢’ integrate over u from
u=~¢tou==¢.

Hence,

(4.18)
where (...) stands for an arbitrary inte-
grand.

With this, (4.17)) becomes

130)
F'(u) _ ,dlnr

The integral over u can now be evaluated analytically. One way to do this
involves a trigonometric substitution of variables. Alternatively, we can have a
close look at the integrand, which is sketched in Fig.
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fw

1
Figure 4.9: Sketch of the integrand f(u) = i o) as a function of
u— —u

u.

The integrand f(u) is symmetric with respect to (¢'+¢)/2, which motivates
introduction of a new integration variable v in the following way:

§+¢ €-¢
= 4.2
u 5 + 5V (4.20)
with
! ! !
du:éhQ'de7 u—§:£2£(1+v), f'—u:§2§(1—v)7
(4.21)
Obviously, u = £ corresponds to v = —1, while u = £ for v = 1. Thus,
§’ 1 ’
§£=¢
/ du : _ / , 5 d
/ Va—oe-w 5w
1
_ / dv
) V1 —v?
1
= arcsinv‘
™ 7r
= (=)= 4.22
(D)= (422)

Inserting this into (4.17)), we obtain

o 130)
/ F(it)g du — _I/dlang,:_E lnr§® _ Eln@ (4.23)
I3 3

Vu 2 d¢’ 2 ¢r=¢ 2 Rg
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We can solve this equation for r(&):

30}
T = ex 2 F’(u) U
(&) =Ro 1o<7r5 md ) (4.24)

This is the final result of inverting the integral equation . It establishes
the link we were looking for between the observable function F'(u) and the
function r(£), from which the radial profile of the sound velocity ¢s can directly
be obtained.

It should be noted, however, that this approach cannot be used in practice
when the input data are noisy. One therefore usually adopts a minimization
procedure where the resulting function is by construction smooth. This proce-
dure falls under the general name of inverse theory and is used a lot in various
branches of astrophysics. (Another interesting example is to so-called surface
imaging of stars using only spectral line profile measurements of rotating stars.)

4.2 Current problems and issues

Opacities depend on metallicity abundance. The solar models calculated with
the old tables agreed quite well (Z/X = 0.017). However, the metallicities
were based on fits of observed spectra to synthetic line spectra calculated from
model atmospheres. These models parameterize the three-dimensional convec-
tion rather crudely. New synthetic line spectra calculated from three-dimensional
time-dependent hydrodynamical models of the solar atmosphere give a lower
value of the solar oxygen abundance (Allende Prieto et al 2001, Asplund et al.
2004)[] With the new values (Z/X = 0.013) it became difficult to reconcile the
previously good agreement; see Fig. [£.10]

Another very important problem is to calculate the internal angular velocity
of the sun (Fig. 4.11). This has already been possible for the past 20 years,
but the accuracy has been ever improving. Several important features have
emerged.

e The contours of constant angular velocity are not aligned with the axis of
rotation, as would would have expected, and as many models still show

(Fig. [1.12).

e The angular velocity in the radiative interior in nearly constant, so there
is no rapidly rotating core, as one might have expected, because the sun
started off as a rapid rotator, and it must have subsequently spun down.
The fact that also the core has spun down means that there must be some

7 Asplund, M., Grevesse, N., Sauval, A. J., Allende Prieto, C., & Kiselman, D.: 2004,
“Line formation in solar granulation. IV. [O I], O I and OH lines and the photospheric O
abundance,” Astron. Astrophys. 417, 751-768
Allende Prieto, C., Lambert, D. L., & Asplund, M.: 2001, “The forbidden abundance of oxygen
in the Sun,” Astrophys. J. Lett. 556, 1.63-1.66
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Figure 4.10: Relative sound-speed differences, dc/c = (¢ — Cmodel)/Cmodel, be-
tween solar models and helioseismological results from MDI data. The vertical
error bars show the 1o error in the inversion due to statistical errors in the data.
The horizontal error bars are a measure of the resolution of the inversions, de-
fined as the distance between the first and third quartile points of the averaging
kernels (approximately the half-width in radius of the measurement in regions
of good resolution). Courtesy J. Bahcall et al. (2004).

efficient torques accomplishing the angular momentum transport. The
most likely candidate is magnetic field: only a weak field suffices.

e The transition layer at the bottom of the convection zone, where the latitu-
dinal differential rotation goes over into rigid rotation, is called tachocline.
Below 30° the radial angular velocity gradient is here negative.

e Near the top layers (outer 5%) the angular velocity gradient is negative
and quite sharp.

Figure 4.11: Internal angular velocity of the sun.
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A GONG angular velocity B Simulation angular velocity C Simulation radial velocity
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Figure 4.12: Models by Mark Miesch (High Altitude Observatory, Boulder,
Colorado) and collaborators (right), compared with the helioseismologically in-

ferred internal angular velocity of the sun (left). http://lcd-www.colorado.
edu/SPTP/sptp_global.html
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4.3 The main points of this chapter

Helioseismology is an advanced technique that allows the internal structure and
distribution of angular velocity of the sun to be determined by measuring a large
number of discrete acoustic frequencies wy;y,. This technique is independent of
any prior model assumption about the smﬂ

8This was important in the 1980ies when the neutrino emission from the sun was thought
to be 1/3 too small, suggesting that perhaps the theoretical models were wrong. However, the
models were right; the explanation were the neutrino oscillations that were not yet discovered
back then.
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Chapter 5

Atmospheric waves

Before we come to the general case, we first consider one-dimensional sound
waves without entropy perturbations. This means that we ignore Brunt-Vaisila
oscillations. The main thing that we shall learn here is that it is important to
bring the equations into a form such that it has constant coefficients.

5.1 p- and g-modes

In addition to sound waves (also called p-modes, indicating that the restoring
force is the pressure gradient) there are also gravity waves (also called g-modes).
Gravity waves are not to be confused with gravitational waves that emerge
from the linearized Einstein equations. Gravitational waves have not yet been
detected, but it believed that they can be excited in connection with the collapse
of a neutron star binary. Gravity waves, on the other hand, have also not yet
been seen in the sun. This is because they can only propagate in the radiative
interior, and their remains would be strongly throughout the convection zone.

Gravity waves are however observed in the earth atmosphere. Some impres-
sive examplegl} see are shown in Fig.

5.2 Sound waves in a stratified atmosphere

In the presence of gravity there is density stratification which affects sounds
waves if their wave length becomes comparable to the density scale height.
The one-dimensional continuity and momentum equations for an isothermal
atmosphere with constant speed of sound, cs, no entropy perturbations, and
uniform gravity, g, can be written in the form

p%—kpvz%—kc?% +pg =0, (5.1)

LAn excellent web site with pretty picture of g-modes is given in http://taylor.math.
ualberta.ca/~bruce/imagelinks/earth.html

45
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Figure 5.1: Gravity waves, as manifested in the could patter. These waves are
often excited in the wave of wind flow over a mountain ridge. Adapted from
http://taylor.math.ualberta.ca/~bruce/imagelinks/earth.html

ap ap v,
ot 8 T

where p is density and v, vertical velocity. With the exception of the pg term in
equation , these equations are same as those used in §f0r ordinary sound
waves. The hydrostatic equilibrium solution of these equations is v, = v, = 0
and p = p(z) = poe */H, where pg is a constant and H = ¢2/g is the vertical
scale height. By writing p = p + p/ and v, = v} one can linearize equations
and with respect to v, = v}, and p’ about the solution v, = 0 and
p = p(z). This yields

=0, (5.2)

3”; 2 ap' /
0 - =0 5.3
Py teig, TP9=0, (5:3)

op ,dp  _ov!
- - 2 =0 5.4
ot " TPa T (54

We may assume that v, = v, and p’ take the form

vl (2, ) = D,etkFmiwtEz/2H (5.5)
p/(z,t) _ ﬁeikz—iwt—z/QH, (56)

The linearized equations can then be written as

([z’k _—(;'C;{)_l] [ik+(_2ifu)_1]05> <po;z> _ (8) 57

The dispersion relation is then given by
w? = wi + k2c2, (5.8)

where we have introduced the acoustic cutoff frequency wg = ¢;/2H. Figure
shows a plot of the dispersion relation.

As an example, we calculate the value of the period T = 27 /wg for the
solar atmosphere, assuming ¢, = 6km/s and g = 270ms?. First we have H =


http://taylor.math.ualberta.ca/~bruce/imagelinks/earth.html
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Figure 5.2: Dispersion relation for sound waves in a stratified atmosphere. On
the left is shown w?(k?) and on the right just w(k).

2/g=(6x10%)/270m = 1.3 x 10° m = 130km. Thus, wy = ¢s/2H = g/2cs =
0.02357 %, so T = 27/0.023s = 280s ~ 5min. This value is in fact close to the
period of the 5 minutes oscillations of the sun.

5.3 What could have gone wrong

The linearized equations could have also been written in the form

o (p ,dlnp ~ Ovl
ot (p) TR T T 0 (5.9)
ov, 5,0 (p
z ~Z (2 = 1
ot +csaz <p> 0, (5.10)
Here we have made use of the fact that
0 ! "dp  10p 1p 19
—_ pj :_%i :i: ipj :i7 (5_11)
0z \ p p-dz POz Hp poz

Equations (5.9)) and (5.10) have constant coefficients, so we can make the ansatz

—_ ﬁeikz—iwt, (512)

D

vl (2,t) = D eIt (5.13)

which leads to the matrix equation

(ik :ifojf‘l z—ﬁi) (%) - (8)' (5.14)
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For nontrivial solutions the determinant of the matrix has to vanish, which leads
to the dispersion relation

w? = 2k* +ikc?/H. (5.15)

This result does not seem compatible with the previous one. In particular, in-
stead of having stable waves, there now seems to be an instability: the frequency
has an imaginary part with the growth rate +kc2/H.

The reason for this apparent puzzle is that the eigenfunction is a wave whose
amplitude increases with height. At any given point, however, the amplitude
does not change. This is a classical case of what is called in Landau-Lifshitz
convective instabilit;ﬂ (this does have nothing to do with convection, however!).

In this case we can make w real by allowing k to be complex. To see this we
substitute

k=Fk +ik", (5.16)

where k' and k” refer to real and imaginary parts, respectively. Note that
k? = k2 + 2ik’'k” — k"2, so the dispersion relation becomes

w? = (K2 — K" — k' /H) + ik 2 (2k" + 1/H). (5.17)

We now require that the imaginary part vanishes, i.e. ¥/ = —1/(2H), and obtain
2_ 22 1
w=c K+ — ), (5.18)

which is identical to equation (5.8]).

5.4 The main points of this chapter

In the sun, because the density is not uniform, sound waves become non-
propagating when the wavelength becomes comparable with the pressure scale
height of the atmosphere. Effectively, this makes the sound waves reflect near
the top.

2Physical Kinetics, Section VI



Chapter 6

The solar wind

Astrophysical flows are usually highly compressible. There are some specific
effects resulting from that, one of which concerns the formation of winds and
other types of outflows. The general principle of how a flow can attain super-
sonic speeds in a smooth manner (without going through a shock) can best be
explained with the example of the Laval nozzle that is used in all rocket motors
where the exhaust velocity can be 2000...3000 m/ s, which is up to ten times the
speed of sound. The wind problem is actually analogous to the problem Bondi
accretion, which is spherical accretion onto a central object. The wind solution
was first proposed by Gene Parkerﬂ in the context of the sun.

We begin this section by first discussing the general issue of how a flow can be
made supersonic. We then apply this to winds and outflows from stars and discs
and mention other circumstances where this formalism can be used. A rather
important application is jets, i.e. outflows from accretion discs that become
highly collimated. The collimation is probably due to the magnetic field, but
this is very much an open research topic at the moment. The highly relativistic
version of the wind problem is relevant for understanding outflows from active
galactic nuclei (AGNs) and the gamma-ray burst (GRB) phenomenon.

6.1 The analogy with the Laval nozzle

We are used to think that the flow through a pipe is becoming faster when the
cross-section becomes smaller (garden hose experiment!). However, this is only
true when the fluid is incompressible. That’s often not a good approximation
in astrophysics. The following problem illustrates this.

In a steady state the mass flux through a pipe is conserved, i.e.

pu,S = const. (6.1)

L Parker, E. N.: 1966, “The dynamical state of the interstellar gas and field,” Astrophys.
J. 145, 811-833

49
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Here, S = S(z) is the cross-section, v, (x) the streamwise velocity and p(x) the
density. This equation follows from integrating the equation V - (pu) = 0 over
the surface of a pipe that becomes narrower, and by applying Gauss’ divergence
theorem; see Fig.

Indeed, if p is constant, (6.1) shows that a larger cross-sectional area S
implies a smaller speed v,. But what if p actually decreases? In the following
we will see an example where supersonic speeds can be achieved by decreasing
density and increasing the cross-sectional area in a suitable manner.

The velocity is obtained by solving the steady, one-dimensional, isothermal
momentum equation without any extra forces,

dv, 5dInp
kA . 2
e “ Az (6:2)
We now use equation (6.1)), differentiate logarithmically, i.e.
1 du, d dlnp dlnfvy|] dInS
0= —(pvgS) = —1 S) = , 6.3
pvS dx (pvaS) dx n(pvaS) dx + dx + dx (6:3)
so we have dl dnfo,| dlnS
np n v, n
=— — . 4
dz dz dz (6:4)
Using that in equation (6.2)) yields
dv, 5 ( dlnfv,] dInS
Vo gy T ( dx dz /-~ (6:5)
We move the first term on the rhs to the left and on the left we write
dv, dln |v,|
Vo g = v2 W (6.6)
This yields the equation
dln |v, dl
(2 - @)dnlee] _ 2dInS (6.7

dz S odr
where S(z) is the cross-sectional area of the nozzle, which is a known function
of z. To obtain v, (z) we can integrate

dln|vg| C2dlnS/dx

s 2 _ 2
dz v2 — 2

(6.8)

but in order for the solution to be regular when |v,| = ¢s we have to require
that the numerator vanishes at the same point. Thus, the critical point is where
S(x) has a minimum, because then dIn S/dx = 0, which must be where v, = c;.
Define pv,S = M and integrate to obtain an implicit equation for v(z):

12 — v, —EInS=6-EInM =& (6.9)

27T
This is just the usual Bernoulli equation that we have encountered elsewhere.
We can now determine E! . by applying the known values of r and v, at the

critical. For ¢ = M =1 we find &/ ;, = %cg —c21n Siin-
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6.2 The isothermal wind problem

We now consider the steady, isothermal wind problem. We adopt spherical polar
coordinates, (r,0,®), but assume spherical symmetry in this case, so 9/00 =
0/0¢ = 0. The continuity and Euler equations are then

1d, ,
- = 1
7,,2 dT (T pvr) 07 (6 0)
dv, odlnp GM
= — . 11
or dr Cs dr r2 (6.11)

These equations can be brought into the form

dinfv,| 2702 _GM

(v) = c3) 2 -—

6.12
dr r r ( )
There is a critical point r, where the flow becomes transonic. At that point the
left hand side and the right hand side of the equation must vanish simultane-
ously, i.e.

2¢2 GM
This yields for the value of the critical point
GM

Assuming ¢, = 100 km/ s, and using G ~ 7x10" 1 m3s—2 kg™!, M = 2x10%0kg,
1AU = 1.5 x 10" m, we have r, ~ 0.05 AU.

) \— 2

vxl vx2
rhol rho2

Figure 6.1: In the steady case we have V - pu = 0. Using Gauss’ divergence
theorem it follows that ¢ pu-dS = 0. The two surfaces, S1 and S, are the only
places where the u - dS # 0.
The steady wind problem is characterized by two integrals of motions:
GM
1024+ c2np— - =¢, (6.15)

M = 4772 puy,., (6.16)
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Figure 6.2: Cross-sectional area of a laval nozzle. If the flow is able to reach
the sound speed at the point of minimal cross-section, it must go supersonic
behind that point.

see Eq. (9) in Shore’s book. From this we get

M
L2 —Zlnv, — 22 Inr — GM _ &' (6.17)

2Ur ,
where & = € — ¢2In(M /4x). (Note that the C in Shore’s book changes its
meaning all the time).

To find the energy for the critical solution we assume a critical radius 7.,
s0 ¢s = \/GM/2r.. At r = r, we have v = ¢;. This yields £ for the critical
solution that goes through the critical point:

M
it = 3¢ —c2lne, —2¢2Inr, — ¢ (6.18)
We may find the solution through iteration:
Unew = V2 (& + 2 1nw) (6.19)

where &, = &' + 2c§ Inr, + GM/r, is introduced for convenience. As usual, we
can get another solution from the inverse iteration formula

Unew = €XP (%U2 — ET) (6.20)

For & < &/, the upper solutions are obtained from equation whilst the
lower solutions are obtained by iterating equation (|6.20). The critical solution,
as well as two more solutions are shown in Fig. |6.3]

Another possibility of obtaining a graphical representation of the possible
wind solutions is to do a contour plot of £ as a function of r and v,.; see Fig.

Note that the iteration process always yields that solution that has a mini-
mum or a maximum at r = r,. To get the physically sensible solution one needs
to reconnect the right branches by hand, This is done in Fig. [6.5] where we have
plotted the critical solution together with the density profile.
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Figure 6.3: The critical wind solution, together with two other solutions for
different values of £’. Here we use r, = 1, GM = 1, and so ¢? = 0.5.

6.3 The time-dependent wind problem

It is illuminating to consider the time-dependent problem. For example, one may

wonder what happens when one were to increase the density or the velocity at
the bottom. The governing equations are

dlnp dlnp v Ov,

% = o 2 o (6.21)
ov, ov, ,0lnp GM
ot or “oar | 2o (6:22)

Since the flow comes from the inner boundary at r = ry we have to specify
boundary conditions at r = 7. Video animations of numerical experiments
show that specifying the value of v, at the lower boundary is inconsistent. The
solution has a strong desire to come back to the steady solution discussed above
(Fig. . On the other hand, the density on the lower boundary may well be
specified arbitrarily. The solution has then just another value of M.

The solution can actually be reversed and then we have the problem of spher-

ically symmetric accretion (Bondi accretion). This is the reason why one should
always write In |v,|.
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Figure 6.4: Contour plot of £&. The contour levels are equidistant in steps
of 0.2, symmetrically about the critical value & = —0.576713. Again, r, = 1,
GM =1, and so ¢? = 0.5.
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Figure 6.5: Critical solution for v and p (assuming M = 47).

Summary to solving the wind problem. The trick is to write the equations
in the form (v2 — ¢2)dIn |v,.|/dz = something. This something then tells

us where the critical point is. Once we know that, we plug that back
into the integrated momentum equations to obtain an implicit equation
for v, that goes through the critical point.
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Figure 6.6: Evolution of p and w, for the isothermal wind problem. The solid
line shows the last time (¢ = 30) and the dashed line the first time (¢ = 4). The
dotted lines show intermediate times (¢t = 7, 13, 18, 21, 24, and 27).

6.4 What drives the wind? The need for a non-
static corona

The following consideration illustrates that there cannot be a static solar corona.
In the solar corona heat is transported via conduction (as opposed to radiation
or convection). In the corona (Spitzer-type) heat conduction is important, so
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the conductivity K satisfies

7\ 52
K=Ky = . 6.23
(%) (6.23)
The heat flux is then given by

F=—-KVT. (6.24)

In order to have a steady state (vanishing divergence of the heat flux, i.e. V- F =
0) we have to require that the temperature satisfies

o\ 27
T =T, (m) , (6.25)

where T} is the temperature at the base of the corona at r = ry. This is sig-
nificantly shallower than the temperature for a polytropic stratification, which
would imply a r~! behavior with

1\ 0 GM
Tpoly — (1 - V) ﬁ r . (626)

Assuming a perfect gas, i.e. p = RTp one can show that

T r\ 7
P = poexp {57[% [<m> - 1] } : (6.27)

Here pg is the pressure at the base of the corona and Hj is the scale height of
the pressure, i.e. the distance over which the pressure changes by a factor of
e. The problem with this expression is that at infinity, r — oo, the pressure
remains finite,

p(00) = po exp {;};ﬂ : (6.28)

In fact, for the sun Hy is comparable with the solar radius, rg, and so p(co)
is just somewhat smaller than py, which is definitely quite unrealistic. For
a correct solution the pressure must become comparable with the interstellar
pressure, which is orders of magnitude smaller than the pressure near the sun.
This inconsistency leads then to the idea of a nonstatic corona with an outflow.

6.5 The main points of this chapter

Under certain conditions, an infinitely extended atmosphere around a gravitat-
ing body can become unstable and develop a wind, i.e. an outward increasing
velocity field that becomes supersonic at some critical radius. In the steady
state, this transition to supersonic flows can be completely smooth, i.e. without
a shock.



Chapter 7

Coronal mass ejections

7.1 Phenomenology

Coronal mass ejections (CMEs) are spontaneous erruptions on the solar surface.
The power associated with such events in on the order of 102 W. CME events
often lead to strong auroal activity and can be responsible for power outages
and can cause damage to satellites.

Most CMEs originate from active regions. These are groupings of sunspots
associated with frequent flares. These regions have closed magnetic field lines,
where the magnetic field strength is large enough to allow the containment of the
plasma. The CME must open these field lines at least partially to escape from
the Sun. However, CMEs can also be initiated in quiet sun regions (although in
many cases the quiet region was recently active). During solar minimum, CMEs
form primarily in the coronal streamer belt near the solar magnetic equator.
During solar maximum, CMEs originate from active regions whose latitudinal
distribution is more homogeneous.

Table 7.1: Physical properties of CMEs
power 102w
energy 10%°J
velocity  20...2700km/s
mass 10'2...103 kg
frequency 0.5..6d7!

7.2 CME models
At first, it was thought that CMEs might be driven by the heat of an explosive

flare. However, it soon became apparent that many CMEs were not associated
with flares, and that even those that were often began before the flare did.
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Because CMEs are initiated in the solar corona (which is dominated by magnetic
energy), their energy source must be magnetic. Only flares could provide enough
heat energy to drive the CME, and flares get their energy from the magnetic
field anyway.

Because the energy of CMEs is so high, it is unlikely that their energy could
be directly driven by emerging magnetic fields in the photosphere (although
this is still a possibility). Therefore, most models of CMEs assume that the
energy is stored up in the coronal magnetic field over a long period of time and
then suddenly released by some instability or a loss of equilibrium in the field.
There is still no consensus on which of these release mechanisms is correct, and
observations are not currently able to constrain these models very well.

10:04

Source: High Altitude Observ 3 r Maximum Mission Archives HAG A-013

Figure 7.1: A coronal mass ejection and prominence eruption observed in white
light from the SMM (Solar Maximum Mission) spacecraft. The time of each
panel increases from left to right. The dashed inner circle in each panel is the
solar radius, the occulting radius is at 1.6 solar radii. Image courtesy of the
High Altitude Observatory.

An important observational constraint on theoretical models is that the
stressing of the coronal magnetic field is slow compared to characteristic timescales
in the corona. Photospheric driving velocities are typically of order 1km/s,
whereas characteristic coronal speeds are of order several hundred km/s for
sound waves and several thousand km/s for Alfvenic motions. Therefore, to a
good approximation the energy for a CME is pumped into the corona quasi-
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statically.

apparent contradiction between the Aly-Sturrock energy limit and CME
observations. Hence, the magnetic system consists of a single coronal arcade
(see, e.g., Roumeliotis et al. 1994 ; Mikic & Linker 1994).

The important point is that, for a single arcade system, the observational
requirement that the innermost flux near the neutral line open up requires that
all the flux in the system open. However, this is forbidden by the Aly-Sturrock
limit, at least for a purely magnetically driven eruption, because no sheared
field state can have enough energy to open up all the flux.



60

CHAPTER 7. CORONAL MASS EJECTIONS



Chapter 8

Convection, mixing length
theory

8.1 Mixing length theory and convection simu-

lations

e Buoyancy is balanced against advection, so Fyoy = F](Dturb) and therefore
AoVg = Cpov?S, where V is the volume of the bubble and S is cross-
sectional area. Denoting by £ = V/(CpS) the mixing length, we have

, AT

(8.1)

e The only natural length scale in the problem is the scale height, so we
assume that the mixing length is some fraction « of the local vertical

pressure scale height, i.e.
¢ =aH,.

e The definition of the scale height is

e The definition of the convective flux is

Feoonv = ovc, AT.

(8.2)

(8.4)

This expression shows that there is a positive convective flux if both the
velocity is positive (upwards) and the temperature fluctuation is positive,
i.e. if the upward moving fluid parcel is indeed warmer than its surround-

ings.
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e There is actually a second expression for the convective flux, which is how-
ever more an approximation than a definition. We know convection can
only occur when there is a downward entropy gradient, i.e. if the entropy
decreases upwards. The entropy transport is stronger if the downward
entropy gradient is stronger. To a first approximation the two are propor-
tional to each other, i.e.

F. o =—x10TVs if g-Vs>0, (8.5)

where ¢ is a (turbulent) diffusion coefficient, and the ¢ and T factors
have to be there on dimensional grounds.

e Like with all other types of diffusion coefficients, they are proportional to
the speed of the fluid parcels accomplishing the diffusion, as well as the
length over which such parcels stay coherent. Thus, we have

Xt = ¢y vl (8.6)

where ¢, is another free parameter of order unity. (The other free param-
eter was «.)

This is the set of equations that we need to calculate the stratification in
a convection zone. Some of the expressions above, especially , are severe
approximations, and so one usually allows for extra non-dimensional factors
in some of those expressions. This is why in other text books some of the
expressions may involve somewhat different coefficients in places.

8.1.1 The entropy gradient

To calculate the stratification, the simplest approach was to assume that there
was no entropy gradient at all within the convection zone (perfect mixing).
With the equations derived above we can do better than that. The main thing
we see from those equations is that v is proportional to (AT/ T)l/ 2. see equa-
tion (8.1), and that therefore Fio,, is proportional to (AT/T)%/?, see equa-
tion (8.4). Therefore,

AT/T ~ F22  and v/cs ~ FM3 (8.7)

conv conv*

Using equation ij and the fact that xy; ~ v ~ Fclo/r?v we have

Feony ~ F1/3 |d5/d2‘7 (88)

conv

or
|ds/dz| ~ F23 (8.9)

conv*

A proper calculation using the equations above shows that

g Vs/c, =k (f)Q (FC°“V>2/3 (8.10)

s oc3
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where

v 1)\
k= <7> 0;1074/3, (8.11)

which is around unity for ¢, =1/3 and a = 1.5.

8.1.2 Calculating the stratification

If we assume that all the flux is carried by convection, i.e. if Fioy = Feony, then
we just have the following system of equations governing the stratification:

ds/cp g Fiot 2/3
Fr —é k oc3 , (8.12)
dp g
S

together with In o = 2 Inp—s/c,, and ¢2 = p/p. A solution of those equations is
given in Fig.[8:] Note the almost perfectly flat s-gradient within the convection
zone.

T N —
— 10°} —
12.30 N .8 T
£ 1220 \ x, 1 ol \

\ B 1
12.10f ¢ . 10 ¢ !
12.00 ; 109} B

500 550 600 650 700 500 550 600 650 700
7 [Mm] 7 [Mm]

Figure 8.1: Mixing length stratification. The solid line is for solar luminosity,
whilst the dashed and dotted lines are respectively for 106 and 10° times the
solar value.

8.1.3 Including the radiative flux consistently

If the radiative flux is to be included consistently we have
Frad + Fconv - Ft0t~ (814)

The radiative flux is

dT dlnp dInT
Fra =K%~ = —KT b

dz dz dz dlnp’

(8.15)
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Here, dInp/dz = —g/c2, and T = ¢2/(R/p), so c¢Z cancels out and so

Kg dInT
R/p dlnp

Frog = (8.16)

This can be expressed in terms of the entropy gradient using the differentiated

form of equation ([2.49)),
1
ds/c, = —dlnp —dlnyp (8.17)
Y

which leads to

Frad = é{/i Kl - i) + Z‘i{lﬂ . (8.18)

Thus, the radiative flux has two contributions, one from the adiabatic temper-
ature gradient, and one from the super-adiabatic temperature gradient, so

(ad) ds/cp
Fiaa=F K, ——, 1
d rad + dlnp (8 9)
where
Ky (ad) ( Y- 1)
K,=—~ and F_ ;' =K, |—]. 8.20
'R/,u d r ~ ( )
Inserting this into equation (8.14) we have
ds/c ds/c 8/2
FOO g 2L g (2L = F, 8.21
rad T dlnp+ (dlnp) tot (8:21)
where K, = oc2/k*2. We now introduce the additional abbreviations
dS/Cp Ftot — F(a((ij)
= F=———rc =K, /K, 8.22
g d lnp 9 Kc 9 q T/ Cy ( )
so we can write
G¥? =qG + F, (8.23)
which leads to a cubic equation for the entropy gradient, G,
G — ¢*°G® — 2¢FG — F* = 0. (8.24)

A table of some values is given below, where we compare with the gradient,
Go = (Fiot/K.)*/3, which is obtained when the radiative flux is neglected. An
excellent approximation is to neglect ¢, in which case G = F2/3, which is also
given in the table.

A solution of the full system of equations, which include more realistic
physics than what has been described here, has been given by Spruit (1974);
see Table B2
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Table 8.1: Solutions of the cubic equation for a solar model
r [Mm] T[10°K] G/107% Gy/10=¢  F/107° F?/3/10=¢ ¢/107°

530 1.72 0.20 0.36 0.09 0.20 0.31
550 1.45 0.36 0.47 0.22 0.36 0.26
570 1.21 0.58 0.65 0.44 0.58 0.22
590 0.98 0.90 0.95 0.85 0.90 0.19
610 0.76 1.45 1.49 1.75 1.45 0.15
630 0.56 2.60 2.62 4.19 2.60 0.12
650 0.38 5.65 5.66 13.44 5.65 0.10
670 0.20 19.43 19.44 85.67 19.42 0.07
690 0.03  720.24 720.21  19329.29 719.98 0.02

8.2 Convective overshoot

Both numerical calculations of solar mixing length models as well as helioseis-
mology (described below) indicate that the depth of the convection zone is about
200 Mm. However, near and beyond the boundaries of the convection zones the
approximation becomes very bad, because it ignores the fact that con-
vective elements have inertia and can therefore overshoot a significant distance
into the stably stratified regions. In those layers where the entropy gradient has
reversed, a downward moving fluid parcel becomes hotter than its surroundings.
Thus, in those layers the convection carries convective flux downwards, so its
sign is reversed. This is shown in Fig. where profiles of entropy and convec-
tive flux, , are shown from a three-dimensional convection simulation.

Because of strong stratification, convection will be highly inhomogeneous,
with narrow downdrafts and broad upwellings. This leads to a characteristic
(but irregular) pattern of convection; see Fig. A sketch showing how strat-
ification causes upwellings to broaden and downdrafts to converge is given in

Fig. B3]

Table 8.2: The solar mixing length model of Spruit (1974).

z [Mm] T [K] plgem™3] H, [Mm)] Upms [M/$] 7[d] vy [em? /8] Qor
24 1.8 x 10° 0.004 8 70 1.3 1.5 x 102 0.6
39 3.0 x 10° 0.010 13 56 2.8 2.0 x 1012 1.3
155 1.6 x 108 0.12 48 25 22 3.2 x 1012 10
198 2.2 x 108 0.20 56 4 157 0.6 x 1012 70
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Figure 8.2: Images of temperature in surface and deeper layers of a convection
simulation. Dark means lower temperatures and light higher temperatures.

Y24

Downdrafts Upwellings
are narrow are broad

Figure 8.3: Downdrafts contract as they dive into deeper layers where the
density is higher. On the other hand, upwellings expand as they ascend into the
upper layers where the density is low.

8.3 The main points of this chapter

By using simple scaling arguments between convection velocities and buoyancy
force, it is possible to a simple theory between the convective flux and the
entropy gradient (which is only approximately zero by comparison with the
radiative interior). This yields a reasonable theory for the radial stratification
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Figure 8.4: Profiles of entropy and convective flux. Region I is the radiative
interior, IT the overshoot layer, III the radiative heating layer, IV the bulk of
the convection zone, and V the surface layer.

of solar/stellar convections zones. As a good approximation, one has Feony =

3
PUrms-
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Chapter 9

Dimensional Analysis

Dimensional analysis can sometimes be a useful means for understanding the
underlying physics. The main difficulties with this approach are twofold. Firstly,
it is not always easy to identify the few quantities that govern some physical
process. Secondly, there could be some nondimensional parameter that may not
be close to unity. In that case one gets the right scaling, but quantitatively the
result may be off by a few orders of magnitude. In the following we consider a
few examples where dimensional analysis works alright: blast waves and various
types of turbulence.

9.1 Three-dimensional turbulence

In three-dimensional turbulence the flux of energy, €, is constant and indepen-
dent of wavenumber k. Using dimensional arguments one can find the energy
spectrum E(k) by noting that the energy spectrum is normalized such that
I;° E(k)dk = 1(u?) and that E(k) depends only € and k. Thus, we write
E(k) = C €k, (9.1)

where C' is a dimensionless constant, and a and b are exponents that are deter-
mined by matching the dimensions on both sides of the equation. The dimen-
sions (indicated by square brackets) of E(k), €, and k are

[E(k)] = m®s~2 (9.2)
[(] = m?s™? (9.3)
[k] = m™! (9.4)

Thus, the dimensions on both sides of equation (9.1]) are
m3s 2= m??s 3¢ m?, (9.5)
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Figure 9.1: Magnetic support of a flare.

To match the dimensions on both sides of the equation we have
for the dimension of m: 3 =2a — b, (9.6)

for the dimension of s: —2 = —3a. (9.7)

Thus, a =2/3 and b =2a —3 =4/3 — 3 = —5/3, so the spectrum is given by
B(k) = C Pk, (9.8)

Such a spectra is often seen in turbulent flows. It is also seen in the solar
granulation and even in active regions; see Fig. [9.1

9.2 Two-dimensional turbulence

In two-dimensional turbulence the rate of enstrophy injection, 8 = %(uﬁ),
is constant and independent of wavenumber k. Using dimensional arguments
one can find the energy spectrum E(k) by noting that the energy spectrum is
normalized such that [~ E(k)dk = §(u?) and that E(k) depends only 3 and
k. Thus, we write

E(k) = C Bk, (9.9)

where C' is a dimensionless constant, and a and b are exponents that are deter-
mined by matching the dimensions on both sides of the equation. The dimen-
sions (indicated by square brackets) of E(k), 5, and k are

[E(k)] = m®s™> (9.10)
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(6] =s7° (9.11)
[k] = m™! (9.12)

Thus, the dimensions on both sides of equation are
m?s™? = s m’, (9.13)

To match the dimensions on both sides of the equation we have

for the dimension of m: 3 = —b, (9.14)
for the dimension of s: —2 = —3a. (9.15)

Thus, b = —3 and a = 2/3, so the spectrum is given by
E(k) = C p*3k3, (9.16)

9.3 Hydromagnetic turbulence (Iroshnikov—Kraichnan
theory)

Using dimensional arguments one can find the energy spectrum E(k) for hydro-
magnetic turbulence, by assuming that the energy transfer is governed by the
geometric mean of the Alfvén speed and the energy transfer rate e. Thus, we
assume the spectrum to be of the form

E(k) = C (v€)*k?, (9.17)

where C'is a dimensionless constant, v, is the Alfvén speed, e (with dimension

m?2s~3) the energy injection rate, and k the wavenumber. The dimensions

(indicated by square brackets) of E(k), va, €, and k are

()
[E ()]—ms2 (9.18)
[va] = (9.19)
€] = rn2 s_3 (9.20)
[k] = m™! (9.21)
Thus, the dimensions on both sides of equation are

m3s™2 = m%s “m?*s 3 m°, (9.22)

To match the dimensions on both sides of the equation we have
for the dimension of m: 3 = 3a — b, (9.23)
for the dimension of s: — 2 = —4a. (9.24)
Thus, a =1/2 and so b =3a —3 = 3/2—3 = —3/2, so the spectrum is given by
E(k) = C (vae)/2k73/2, (9.25)

A final comment is here in order. Although the k=3/2 scaling has been verified
in two-dimensional numerical simulations, there is now mounting evidence in
favor of the more conventional k~5/3 scaling even in the magnetic case

1See recent paper by Biskamp & Miiller 1999, Phys. Plasmas 7, 4889
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Chapter 10

Magnetic fields

This chapter contains more material than will be presented in the course. The
extra material is included mainly for interest.

10.1 The Lorentz force

Astrophysical bodies are almost always electrically conducting and can thus
interact with magnetic fields. The first example concerns the support of promi-
nences against gravity by a magnetic field. There, we considered only one
particle and the force exerted on a single particle was given by qu x B. Now, if
there are many particles with given number density n ( = number of particles
per unit volume), then the force on the gas per unit volume will be ngu x B.
The expression nqu is the current density, so

J = nqu. (10.1)

Thus the Lorentz force per unit volume is J x B and, if there are no other
terms, this will accelerate the gas. The acceleration per unit volume is odu/dt,
so the equation of motion takes the form

d
Qd—? = J x B + possibly further terms. (10.2)

In order to calculate this force, we have to express J in terms of other known
quantities. At this point we may express J using one of Maxwell’s equations

o =V x B, (10.3)

which is also called Ampere’s law, and where the Faraday displacement current
¢ 20E /0t is neglected. Thus the Lorentz force takes the form Fy, = J x B =
ﬁ(V x B) x B, which can also be written in the form

Fp, = =V (B®/2p) + (B - V)B/ o, (10.4)
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Figure 10.1: Magnetic support of a flare.

which shows that the Lorentz force has a gradient term (magnetic pressure
gradient) and a derivative of the field strength along the direction of the field.
The latter tends to contract field lines (magnetic tension).

10.2 Magnetic support of prominences

The magnetic field is able to support fluid against gravity. An example is the
quasi-steady support of prominences in the solar corona. Figure [I0.1] shows a
simple cartoon picture of a V-shaped magnetic field line where the Lorentz force
points upwards, trying to move fluid with the field lines such as to shorten the
field lines.

We take a simple parabola-shaped field line. In order to automatically satisfy
the condition V - B = 0 we write B = V x (Ay), where ¢ is the unit vector in
the direction out of the paper. The lines A = const are parallel to field lines (at
least in two dimensions). This can be verified by showing that the gradient of
A is perpendicular to B:

-0, A 0. A
B-(vA=| o |-[ 0o ]=o (10.5)

0, A 0. A

Now, we write our parabola-shaped field lines as
A=z—2a? (10.6)
see Fig.[10:2] Let us now calculate the resulting field, current and Lorentz force:
Oy 0 -1

B=|0|x|z—-22]|= 0 (10.7)

0, 0 —2x
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Figure 10.2: Contours of A = z — 22, as a model for magnetic field lines

supporting prominences against gravity.

Thus, the current is then

1 Oy -1 1 0
g0 < 0 |22 (10.8)
Ho az 2 Ho 0
and so the Lorentz force is
1 0 -1 1 —4x
JxB=—12]x 0 = — 0 (10.9)
Ho 0 —2 Ho 2

i.e. the Lorentz force has a vertical component upwards and points towards the
z-axis.

10.3 Magnetic field evolution

The evolution of the magnetic field is governed by the Faraday equation

0B

—_— = E 10.1

5 V x E, (10.10)
Ampere’s equation

J =V x B/uy, (10.11)

and Ohm’s law,
J=0(E+ux B). (10.12)
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Eliminating F using (10.10) and (10.12)) we obtain the induction equation,

0B

E:VX (ux B—J/o). (10.13)
The quantity o is here the conductivity (not to be confused with the Stefan-
Boltzmann constant!!). The magnetic diffusivity is = (o) ™! and has dimen-
sions m?/s. If 7 is constant, then the induction equation can also be written
in the form

0B
S =V (ux B) +nV*B. (10.14)
In ST units Maxwell’s equations can be written in the form
%—? = -V x E, Faraday’s law (10.15)
1 0FE <
pod + por T V x B, Ampere’s law (10.16)
together with
V-B=0, and V-E=p (10.17)

where . is the charge density. The 0E /0t term is also called the Faraday dis-
placement current. It is usually small compared with the other two terms in
that equation. There are two exceptions where it can become important: (i) if
there is a vacuum, i.e. if the ordinary current J vanishes, see equation ,
or if there are rapid variations over large length scales so that the Faraday
displacement current becomes comparable to V x B, i.e. the typical velocity
becomes comparable with the speed of light. The former occurs in the atmo-
sphere, where it is responsible for radio waves, whilst the latter may become
important near a black hole, where all velocities become comparable with the
speed of light. In all other cases the Faraday displacement current may safely
be neglected. The resulting equations are also called the pre-Maxwell equa-

tions.

10.4 Frozen-in magnetic fields

If magnetic diffusion vanishes, i.e. n — 0 and o — oo (high conductivity limit),
we may neglect the diffusion term and the induction equation then takes the
form

0B

E:Vx (uxB)=—(u-V)B+ (B-V)u—B(V-u). (10.18)
Compare this now with the evolution equation of a material line element, dl.
Let u be the velocity on one end of the line element, then the velocity at the
other end of the line element 0l is w + (01 - V)u. Thus, within the time dt the
change of dl is equal to dtdl. Therefore the evolution of 6l satisfies the equation

d
Z0l= (01 V)u (10.19)
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This equation is equivalent to the evolution equation of the magnetic field if
n = 0 and if V-4 = 0 is assumed. The latter assumption is unessential: if
V - u # 0 then we have to invoke the continuity equation

The derivative d/dt is here taken in a frame co-moving with the fluid at speed
u. This derivative is also called lagrangian derivative; to emphasize that one
deals with a lagrangian derivative one often uses a capital D for the differential.
Expressing it in terms of the normal non-moving frame of reference this becomes

D/Dt =08/t + (u- V). (10.20)

If the velocity is divergence-free (no sources or sinks, i.e. the flow is incompress-
ible) then the magnetic field evolves according to

DB
o = (B V)u, (10.21)
which is exactly the same equation as that for §I. Thus,we conclude that the
magnetic field vectors evolve in the same way as material line elements do. If
the B-vectors had finite length, the two ends of the vector would coincide with
the locations of particles in the flow. Furthermore, if the flow diverges locally
it will stretch the magnetic field lines, which will leads to their enhancement.
This stretching is an important ingredient of all dynamos.

10.5 The magnetic vector potential

It is sometimes convenient to consider the evolution of the vector potential A,
because then the magnetic field B = V x A is guaranteed to be divergence-free.
The induction equation can be “uncurled”, i.e. the curl can be removed
on both sides of the equation. However, this leads to an uncertainly, because a
gradient term could always be added to the uncurled equation without changing

B. Thus, we have

% —uxB-J/o—V¢, (10.22)

where ¢ is called the gauge potential, which is really like an integration constant.
We are free to choose any gauge that is convenient. Note that

o =V xVxA=-V?A+V(V-A). (10.23)
A convenient gauge is the so-called Lorentz gauge,
¢p=V- A, (10.24)
in which the evolution equation for A becomes

A
887 =ux B+1nV?A. (10.25)

However, this works only if the magnetic diffusivity n = (uoo) ™! is constant.
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—

Figure 10.3: Flux conservation. As many field lines enter the volume as field
lines leave the volume.

10.6 Flux conservation

The condition V - B = 0 means that there are no magnetic monopoles, from
which magnetic field lines would originate. This becomes obvious when taking
the volume integral of V - B = 0, which can be turned into a surface integral
by Gauss’ integral theorem; so

0:/ BdV:j{B-ds, (10.26)
v S

see Fig. [10.3] Here, S = 9V is the closed surface bounding the volume V. If
field lines go out of the volume, then there must be an equal amount of field
lines going into the volume, such that fs B-dS =0.

In Fig. we consider the magnetic field in a tube (flux tube). Only at
the two ends does the field stick out of the tube. Integrating over the tube we
have

0:%B~d5’: B.dS+ ¢ B-ds. (10.27)
S S1 Sa

Note that in Fig. [[0.4] the normal of the surface element points outwards. We
now define the flux though a surface S as

o= / B -dS, (10.28)
s
where now dS points always in the same direction. Then we see that

® = constant along the tube. (10.29)

This property is referred to as flux conservation.
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ds
ds
S2
S1

Figure 10.4: Flux conservation. The total surface integral gives zero: nothing
comes from the wall of the tube and the contributions from the two ends must
be equal in magnitude, but of opposite sign.

Figure 10.5: Two interlinked flux loops.

10.7 Connection with topology

The dot product A - B is of some importance in that it can be related to the
topology of magnetic flux ropes. Let us define the quantity

H:/ A-Badv, (10.30)
1%

where the integration volume is chosen such that the normal component of B
vanishes on the boundary, i.e. 1o - B = 0. Let us consider two interlinked flux

loops (Fig. [10.5).

For the volume Vi of the first loop we have
le/ A-BdV = A-B (dl-dS), (10.31)
Vi Vi

where dS is the surface element across the tube and dl is the line element
along the tube. Note that B || dl || dS, so the integral can also be written as
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Figure 10.6: The trefoil knot.

J(A-dl)(B-dS). In A- B only the component of A that is parallel to B (and
dl) matters. This component is only affected by the field of the other tube, but
since the field of the other tube vanishes inside Vi, the parallel component of A
must be constant in V;. Therefore we can split the integral into two separate

integrals, so
H, = ( B- dS) <7§ A- dl) , (10.32)
Sl Cl

where C] is a closed line along the tube. (It doesn’t matter where across the
tube this line goes because the parallel component of A, and therefore also A-dl,
is constant). Now, the first integral is just the flux ®; of the first tube. The
second integral is actually the flux of the second tube, ®5, because, according
to Stokes’ integral theorem,

Dy = B~dS:/ (VxB)-dS=¢ A-dl. (10.33)
Sa S(Ch) Cq

Here S(C1) is the surface enclosed by the curve C;. We were able to take the
integral over this bigger cross-section, because the field outside S5 and inside
S(Cy) vanishes. Therefore,

Hy = ®,,. (10.34)

By the same arguments we find the same result for Hy when considering the
other tube, so Hy = ®;®P5. Therefore the integral over all space is

H:/ A-BdV = H, + Hy = 28, ®,. (10.35)
1%

For loops that are linked in more complicated ways one gets the product of
the fluxes multiplied by the winding number. In particular, for the trefoil knot
shown in Fig. one gets the result H = 22, even through this knot consists
only of a single (knotted) flux tube.
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10.8 Conservation of magnetic helicity

We can easily derive an equation for the evolution of the magnetic helicity,

dH d 0 0A 0B

(10.36)
using equation ((10.10f) and its uncurled form,
0A
D + Vo (10.37)
This leads to
dH
1%
Using integration by parts using
A-VxE=-E-B-V-(ExA) (10.39)
and, because V - B = 0,
B -V¢=V.(Bgp)+ ¢V -B=V-(Bg), (10.40)
we have iH
E:—2/(E-B)dV—]{(ExA—FBqS)dS. (10.41)
\%

If the integration is over all space we can ignore surface integrals. The surface
integral gives also no contribution if the boundary conditions are periodic or if
the boundaries are perfectly conduction (no horizontal electric field; i.e. a short
circuit), i.e.

dH

2 —Q/V(E~B) av. (10.42)

In all other cases, however, the surface integral can give a contribution.
Now, looking at Ohm'’s law, equation (10.12)), we have

E = —u X B+ nuod, (10.43)

and so the helicity equation takes the form

dH

— = —277uo/ (J-B)dVv. (10.44)
dt .

In the ideal case, n = 0, and magnetic helicity is conserved.

10.9 The main points of this chapter

Magnetic fields have some similarities to velocity fields (diffusion and advection
properties), but there are also some new effects (restoring forcing allowing MHD
waves, and the importance of helicity).
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Chapter 11

Alfvén and magnetosonic
waves

In this chapter we demonstrate the technique of linearizing the MHD equations,
which can then be used to study phenomena of small amplitude. This applies
mainly to waves (provided they are of small amplitude), but it also applies to
weak perturbations that can in some systems grow exponentially and would
eventually no longer be small. In that case such an analysis can establish the
possibility of an instability.

11.1 Linearizing the MHD equations

We now consider the isothermal MHD equations in the form

B? 1
+pv-Vo=—-c2Vp-V () + —(B-V)B. (11.1)
2410 o

o
P ot

Whenever we linearize, we have to linearize about something, which must be a
solution to the equations. Those solutions may well be complicated, but then
we won’t be able to do the analysis so easily on the blackboard. Therefore we
now go for simple solutions. One solution is where the magnetic field is constant
and uniform, i.e. B = By, and where the density is also constant, i.e. p = po,
but the velocity is zero, i.e. v = vg = 0. In that case the terms on the lhs
of equation vanish. The terms on the rhs of equation also vanish
because because py and By are uniform. So we do have a solution now.
We now proceed by linearizing term by term, i.e. we write

p=po+p, (11.2)
v=vy+v =7, (11.3)
B=B,+B. (11.4)

83
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The first term in (11.1)) then becomes

ov nOv ov 0
por = ot )Gy =gy P (11.5)

Here the second term is quadratic in the perturbations. Since those pertur-
bations are small, then something small squared will be even smaller and will
hence be neglected. The advection term is already nonlinear in the perturba-
tions, because there is no zero-order term, so it vanishes altogether. Next, the
pressure gradient term is linear already, so we have

AVp=c2vy, (11.6)

because pg is constant. For the magnetic pressure gradient we have

B? By - B’
v () =V ( 0 ) + quadratic terms, (11.7)
240 1o
because
B?=(By+ B') - (By+ B') = B + 2B, - B' + B”?, (11.8)

of which only the second term survives. The first one is constant and gives no
contribution under the gradient, and the last term is quadratic in the perturba-
tions. Finally, the magnetic stretching term gives simply

L

1
(B-V)B = —(By-V)B’ + quadratic terms. (11.9)
Ho Ho

Thus, our linearized momentum equation takes the form

!/

v
POE = —cin/ -V <

B, B’

Ho

) + i(BO -V)B'. (11.10)
Ho

You can imagine that with a little bit of experience one can write down
those equations straight away. We do this now with the remaining equa-
tions, the induction and continuity equations, looking at equations (?7)
and (?77),

OB’

ot = B() . V’U/ - B()V . ’U/. (].1].1)

/

dp

SV =0, (11.12)

Next, we go through some examples of various degrees of interest.
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11.2 Alfvén waves in the presence of a vertical
magnetic field

We assume that all variables can be decomposed into plane waves in the form

vl = DgetFETivt (11.13)
vy, = Dyt ET (11.14)
v = etkemivt (11.15)
B! = Byelk@mivt, (11.16)
B, = Bye'k®miwt, (11.17)
B! = Betkemiwt, (11.18)

p = petkaivt (11.19)

which allows us to derive a set of algebraic equations. For the velocity compo-
nents we have

2
by = —ikop — iy B2 1 ik B, D0 (11.20)
Po Hopo HopPo
2
iwby = —ikyp — ik BB 4 ik, B, 20 (11.21)
Po Hopo HopPo
02
—iwi, = —ik.p (11.22)
Lo

where the last two magnetic terms have canceled. The continuity equation is
—iwp = —ikypoly — tkypoly — ik, pol, (11.23)

The magnetic equations are now for the form

— iwB, = +ik. By, (11.24)
—iwB, = +ik. Byt (11.25)
—iwB, = —iky Botly — ik, By, (11.26)

where, again, the ik, terms have canceled in the last equation.
It is now convenient to write those equations in matrix form

—iw 0 0 kel kB0 ke B\ /g 0

0 —iw 0 zk‘yp— 0 ik ik, B || By 8

0 0 —iw ik 0 0 0 ; o
ik po tkypo  tkipo —iw 0 0 0 B»L 0
—ik, By 0 0 0 —iw 0 0 B 0

0 —ik.By 0 0 0 —iw 0 By 0
ik.Bo ik, Bo 0 0 0 0 —iw 2

(11.27)
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We won’t consider this rather large system of equations at this point. Instead
we want to observe what happens when we assume that the system is one-
dimensional. Hence, we ignore the x and y components of the wave vector, so
our matrix becomes

—iw 0 0 0 —ik, Do 0

z 0 3
o PO x
0 —iw 0 0 0 —ik. 2% 0 0y
0 0 —iw ik, 0 0 0 Uz
pPo =
0 0 ik.po  —iw 0 0 0 L=
—ik. By 0 0 0 —iw 0 0 B,
0  —ik.By, 0 0 0 Ciw 0 By
0 0 0 0 0 0 —iw B.
(11.28)

We notice that the last equation disappears altogether. We notice further that
the third and fourth equations decouple from the remaining four equations. In
order to have non-trivial solutions (where the hatted variables themselves don’t
vanish), we have to require that the determinant of the matrix vanishes. Because
the matrix decouples into two matrices, M; and My, we have to require that
either det M7 = 0 or det My = 0, where

—iw 0 —ik, Lo 0
Hopo B 2
Y y 0 y y Cs
M, = . 0 —iw 0 fzkzm My = .—zw ZkZ_pT)
—ik, By 0 —iw 0 tkypo —iw
0 —ik, By 0 —iw
(11.29)

There are two separate dispersion relations. From det My = 0 we have
w? = k2. (11.30)
The resulting dispersion relation from det My = 0 is
wt — 203 k2W? + vkt = 0. (11.31)

This is a biquadratic equation, or a quadratic equation in w?. However, in this
case it can also be written as

(w? —vik?)?* =0, (11.32)
which simply means that there are Alfvén waves were either the z or the y
components of the field are involved.
11.3 Omne-dimensional Alfvén waves revisited

Given that in one dimension the Alfvén waves simplify significantly we begin
all over again, focusing attention immediately on the essential points. The

SO O OO oo
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linearized, pressureless, ideal MHD equations in one dimension, in the presence
of a vertical magnetic field, are

61)' BO 8B’

z — z 11.33
ot popo 0z ( )
0B, ovl,

5 = Bog, (11.34)

Differentiating the first equation in time and inserting the second equation for
OB, /0t yields a wave equation, similar to the equation describing sound waves.
In the more complicated situations described below it turns out to be easier
however to take the solution to be in the form

v, = dyetkEmiwt (11.35)

B! = B,ettrmiwt, (11.36)

which allows us to derive a set of two algebraic equations,

B, A
— iwby — 200, = ——ikB,, (11.37)
PoHo
— iwB, = Byikty. (11.38)

It is convenient to write those equations in matrix form

—iw  —ik-Be Do
Mo PO A =
—ikBy  —iw B,

For a nontrivial solution the determinant of the governing matrix has to vanish

(11.39)

o o o o

— _s1._Bo B2
det M = det ( lzg ZkHOPU ) =—w?+ —2k? =0, (11.40)
—ikBo  —w 110P0

This leads to the dispersion relation w = w(k) with
w = tvak, (11.41)

where vy is the Alfvén speed with v4 = BZ/(potio)-

Unlike sound waves, where the restoring force is the pressure gradient, for
Alfvén waves the restoring force is the magnetic field. Another important dif-
ference is the fact that now the field has only components perpendicular to the
direction of propagation. Here the direction of propagation is z, but B has only
a nonvanishing component in the z direction. For sound waves, on the other
hand, the velocity has only a component in the direction of propagation.



88 CHAPTER 11. ALFVEN AND MAGNETOSONIC WAVES

11.3.1 The effects of rotation

We now assume that we are in a rotating system of reference, where the rotation
axis is the z axis, which is also the direction of the applied magnetic field, so
Q = (0,0,9) and so the Coriolis force (per unit mass) is

0 Vg +2Quv,
Foor=-20xv=| 0 |x|v |=|-2,|. (11.42)
—2Q) v, 0

Adding this term to the equations causes immediately some coupling to the y
components of both the velocity and the magnetic field. The linearized, pres-
sureless, ideal MHD equations in one dimension, in the presence of rotation, are
then

/ B B/
v, _ 200! = — 9B, (11.43)
ot topo Oz
ov! By OB
Yooy, = — Y 11.44
g TN topo 0z’ ( )
0B o
L= £ 11.45
ot 0 9z 3 ( )
OB! ov!
—Y¥ = By—Y. 11.46
ot 09z (11.46)
As usual, we assume the solution to be of the form
vl = DyethFTivt (11.47)
vy, = dyetF T (11.48)
B, = Bt (11.49)
B = Byet it (11.50)
which allows us to derive a set of algebraic equations.
B .
— iwb, — 208, = ——ikB,, (11.51)
Po ko
B N
— iwby + 208, = ——ikB,, (11.52)
Poo
— iwBy = Byikdy, (11.53)
—iwB, = Byiki,. (11.54)
It is convenient to write those equations in matrix form
. .. B ~
—w -2 —ik Hogo OB ’LA}I 0
2Q) —iw 0 —ik-—=0 Uy 0
- = 11.55
—ikBy 0 —iw 7 B 0 (11.55)
0 —ik By 0 —iw B 0
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For a nontrivial solution the determinant of the governing matrix has to vanish

—iw =20 —ik-Bo 0
HopPo B
1 1 0
det M =det | 282 tw 0 L (11.56)
—ik By 0 —iw 0
0 —ikBy 0 —iw

To calculate the determinant we split it into sub-determinants:

—iw 0 —ik-Bo 20 0 —ik-De

. . topo . . Hopo
det M = —iw det 0 —iw 0 +2Qdet | —ikBy —iw

—1k By 0 —w 0 0 —w

B

B 20 —iw —ik—2
—3 Mo pPo

ihooedet | kg, o ’ 11.57)
0 —ik By —w

Determinants of 3 x 3 matrices are easy to calculate, so
. N . » BY N2
det M = —iw |(—iw)® — (—iw) | —k*—= | | + 2Q [2Q(—iw)?]
Hopo
BO |:k2 ‘802
Hopo Hopo

—ik

(—ikBy) — (iw)2(z'k'Bo)] . (11.58)
Thus,

B? B? B?
det M = —w? [—w2 + kQO] —40%0% — K22 [—kQO + w2] , (11.59)
Hopo Hopo Hopo

or
det M = w* — w?k*v? — 40202 + (k*03)? — k*03w?, (11.60)

where v4 = B2/(uopo) is the square of the Alfvén speed. Setting the determi-
nant to zero leads to the dispersion relation

wt — w203k 4 492) + vkt = 0. (11.61)

This is a biquadratic equation, or a quadratic equation in w?.

11.3.2 The effects of rotation and shear

The linearized, pressureless, ideal MHD equations in one dimension, in the
presence of rotation and shear with a vertical magnetic field, are

! By OB

a“; - 2, = T, (11.62)
Hopo Oz

ov! By OB!

—¥ 4+ iy, = ¥ 11.63

g popo 0z ( )
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OB/ ov!

T — Byt 11.64
ot 09z ( )

OB/ ov!
—Y =By—-% - 308/ 11.65
ot 00, T (11.65)

We assume the solution to be of the form
vl = DyethFTivt (11.66)
vy, = Dy’ T (11.67)
Bl = Betbmiwt) (11.68)
B = Byet=it, (11.69)

which allows us to derive a set of algebraic equations.
B, .
— iwb, — 208, = ——ikB,, (11.70)
PoHO
By . -

— iwdy + Q0 = ikB,, 11.71
vz Po o Y ( )
— iwB, = Byiky, (11.72)
—iwB, = Byikt, — 3QB,. (11.73)

It is convenient to write those equations in matrix form

. .1 B ~
—12w -2 —ik MOBO OB U 8
10 —jw 0 — ik B oy
L oy | — 11.74
—ikBy 0 —iw 0" || B. 0 (11.74)
0  —ikBy 39 —iw By 0

For a nontrivial solution the determinant of the governing matrix has to vanish

—iw =20 —ik 2o 0
1 ] HopPo ) By
det M = det ?Q Tw O _Zkuopo . (11.75)
—ik By 0 —iw 0
0 —ikBy 30 —iw

To calculate the determinant we split it into sub-determinants:

B
—iw 0 —ik— 00 kB
det M = —iw det 0 —iw HOPO | +2Qdet [ —ikBy —iw 0
3 .
—ikBy 3Q  —iw 0 30  -w
B
B o —iw -k
—ik——det | . p 0 570 (11.76)
HopPo —tbo

0 —ik By —iw
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Determinants of 3 x 3 matrices are easy to calculate, so

3 s BS 1 2 s Bi
det M = —iw |(—iw)° — (—iw) | =k*—— )| +2Q |sQ(—iw)* — k*——32Q
{( ) ( ) ( NOPO)] [2 ( ) HopPo 2 ]

. Bo 2 B(Z) . S N2 .
—ik —k (—ikBg) — (—iw)“(—ikBp)(11.77)
HopPo Hopo

Thus,

B2 B2 B2 B2
det M = —w? [—w2 - k;QO] +29 [—;QWQ -~ kQOgQ] —k?—C [—kQO - WZ} ,
Hopo Hopo Hopo Hopo
(11.78)

or
det M = w* — W?k%0?% — Q%w? — 30%k%0% + (k20%)? — k20%W?, (11.79)

where v4 = B2/(uopo) is the square of the Alfvén speed. Setting the determi-
nant to zero leads to the dispersion relation

w — WA (204 k% 4 Q2) + vk (V4 E? — 3Q%) = 0. (11.80)

This is a biquadratic equation, or a quadratic equation in w?. There are two

solutions for w?, w? and w3, say. We can therefore write the dispersion relation
in the form

(W? —wd) (W? —w?) =0, (11.81)

or
w* — W (W} +wl) + Wil =0. (11.82)

Comparing with equation ([11.105) we see that one of the two solutions is neg-
ative, i.e. wiw3 < 0 when
k%% < 302 (11.83)

In that case w is plus or minus an imaginary number. Since the solution is
proportional to e~*?* that means that the solution behaves like

e—iwt _ oEIm(w)t (11.84)

The solution for which the upper sign applies grows fastest. We thus say that
the solution is unstable. Eventually the magnitude of the velocity and magnetic
field perturbations will be so large that the linearized equations are no longer
valid.

Note that we were able to draw conclusions about stability and instability
even though we did not actually solve the dispersion relation. This happens
quite often, especially with higher order polynomials. But in the present case
an explicitly solution can easily be written down. It is

Wiy = vik% + 307 £ /403202 + 104 (11.85)
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We see that the presence of shear has a destabilizing effect on the slow mag-
netosonic waves. This instability is also known as Balbus-Hawley instability and
it has great relevance for causing turbulence in accretion discs. The maximum
growth rate is reached when v4k* = 120%, and the corresponding value of w?
is then —w? = 20? ~ 0.5602, or Imw = 3Q.
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Figure 11.1: Dispersion relation for slow magnetosonic and Alfven waves. Solid
lines denote Alfven waves. For them w? is always positive. Dashed lines refer
to slow magnetosonic waves. For not too large values of k they can become
unstable (w? < 0, so w becomes imaginary!).

11.3.3 Eigenfunction for the Balbus-Hawley instability

A simple way to get the eigenfunction of the Balbus-Hawley instability, of in fact
of any linear eigenvalue problem, is to use the original equations starting with
the most simple one. The simplest one is equation , because it involves
just 2 terms. We may choose the coefficient in front of 0, to one, so

by =1 (11.86)

Using equation (11.72)) it follows that

. ik
B,=-2LB, (11.87)

1w
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Next we use equation ((11.70)) to find v,
iw + Bik (— £ By)

Dy = — ”"”029 (11.88)
or 2 2 k2
N w® — vy
A U 11.
Yy 20w (11.89)

Finally, we need to calculate Bw but we have two equations still unused, (11.71])
and (11.73). We use first equation (11.71]) to obtain

. —iwd, + 1O
B,=—%Y 2R 11.90
Y Zkvi 0 ( )

or, using the above results,

242 g2 1
A __(w Q?ZA )+§Q

B 11.91
ikv? 0 ( )

SO
w? — v k? — Q2
20k2v?
Finally, we can use the last equation, (11.73)) to check everything, so we plug in

the results obtained so far. We have

B, = ikBy (11.92)

—iwB, = Byikt, — 3QB,. (11.93)
S0
o w? —vik? — Q2 o wr =ik ik

We cancel ik By on both sides, and multiply by iw, so

2 _ 212 2 2 _ 212
g w7 — w3k — Q7 w®—vik

STTEr} =—q T 3Q. (11.95)
Multiplying by 2Qk?v? yields
w? (W? — viE? — Q?) = (W? — V4R K%L + 302k, (11.96)
which gives the old biquadratic equation,
wh — W (203K — Q2) + (K% — 3Q%)k%0% = 0, (11.97)

so everything seems to have gone alright. Anyway, the eigenfunction is therefore

(43
8

w2—v3k2
0 2Qiw
Bi = - % By (11.98)
B, ik By L ZUAR 0?

3
2Qk2v%
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11.3.4 The effect of magnetic and ambipolar diffusion

For a nontrivial solution the determinant of the governing matrix has to vanish

—iw  —20Q  —ik-De 0
1 ] HopPO ) Bo
det M =det | 288 —w 0 ik |. (11.99)
—ik By 0 — i 0
0 —ikBy 30 —i&
where —i@w = —iw — nk?. To calculate the determinant we split it into sub-
determinants:
B
—iw 0 —ik— 00 kB
det M = —iw det 0 5 gOPO +2Qdet | —ikBy —i@
3
—ikBy 30 —i@ 0 0 -
B
B 10 —iw —ik g
—ik det . 0F0(11.100
140 Lo _ZkBO 0 0 ( )
0 —ik By —i@
Determinants of 3 x 3 matrices are easy to calculate, so
B2 B2
det M = —iw [(—z’w)(—z’d})Q — (—i@) (—kQO)] + 20 {;Q(—m)Q — kQOgﬂ]
Hopo Hopo
B B2
—ik—2 {—kQ 0 (—ikBy) — (—iw)(—i@)(—z‘kBo()lJIJOl)
HopPo Hopo
B? B?
det M = —iw [(—iw)(—i(b)2 — (—i@) <—k20>] + 29 [;9(—1‘@)2 - k2°§sz]
Hopo Hopo

B B?
—ik— {—1&0(—@'1@30) - (—iw)(—iw)(—ikBo()]JL102)
Hopo Hopo
Thus,

2 B2 B2 B2
det M = —w? {aﬂ + akQBO} +20 {é@aﬂ — k20§§2} —k?— [1&0 + an] :

Hopo Hopo HopPo Hopo

(11.103)

where 0 = @/w has been introduced as a short hand. This can be simplified to
give

det M = w* — ow?k?v?% — Q%w? — 30%k%0% + (k*v%)? — k*viow?,  (11.104)

where v4 = BZ/(uopo) is the square of the Alfvén speed. Setting the determi-
nant to zero leads to the dispersion relation

w* — W (2003 k% 4+ Q%) + 03k (V3 E? — 3Q%) = 0. (11.105)
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11.4 Nonaxisymmetric Balbus-Hawley instabil-
ity

Due to shear, one expects a strong toroidal magnetic field in accretion discs. In

that case ... By = (0, By, 0), so

8, —8, 0\ [bs
jxBy=By-Vb—V(By-b)=By(d,b—Vb,)=By [ 0 0 0 ][,
0 —0. 9,/) \b.

(11.106)
g, 0 0 Ug
VX(UXB()):B()-VU—B()V~U:BQ —8:,0 0 —8Z Uy (11.107)
0 0 0y U
0
V x (Uy x b) = —Upy - Vb+b- VU = —Szd,b+ S | b, (11.108)
0

In the general nonaxisymmetric case we can solve the problem by letting k,
be time-dependent, ie k, = k,(t), with

ko (t) = k2 (0) + gt (11.109)

In that case the solutions are of the form q = q(t) explik(t) - ], and we are left
with a system of ordinary differential equations,

dq N
= — _iLé 11.110
3~ Ld ( )
with the matrix
0 20 0 ik, —iki(t) O
—-2—q¢2 0 0 0 0 0
T 0 0 0 0 —ik, ik,
A=-iL(t) = ik, 0 0 0 0 0 (11.111)
—ik,(t) 0 —ik, —qQ 0 0
0 0 iky 0 0 0
being explicitly time-dependent. Note that in the absence of shear, ¢ = 0, the
matrix A is antihermitian, ie Aj; = —A;;. This means that
6
Z ¢;Aijq; is purely imaginary (11.112)

i=1

If either ¢ = 0 or k, = 0, we have the dispersion relation —w?D(w, k) = 0
with

D =uw"— W (k® + k) + %) + k2K + k7 (k2 + k2). (11.113)
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In the general case, however, if one ignores the time dependence of k,(t), one
has

iwD + (w* — k) qQkky = 0. (11.114)
If pressure forces are included, we have
0 20 0 ikyva —iky(t)va 0 —ikgcq
—(2-9q)Q 0 0 0 0 0 —ikycs
. . 0 0 0 0 —ik,va ikyva —ik.cs
A=—ilL(t) = ikyva 0 0 0 0 0 0
—iky (t)va 0 —ikva  —qQ 0 0 0
0 0 ikyva 0 0 0 0
—ik,cs —ikycs  —ik.cs 0 0 0 0
(11.115)

11.4.1 Alternative formulation

Ignore magnetic pressure gradient (assume that it is being balanced by the gas
pressure gradient), so we have

g, 0 0 by
By -Vb=DByo,b=By | 0 0, 0 by (11.116)
0 0 0, b,
g, 0 0 Uy
By-Vu=B,| 0 9, O Uy (11.117)
0 0 0y U,
so the full matrix is
0 20 0 ik, 0 0
—-2—-q9)02 0 0 0 ik, 0
T 0 0 0 0 0 ik,
A=—ilL(¢) ik, 0 0 0 0 0 (11.118)
0 ik, 0 —¢©2 0 0
0 0 ik, 0 0 0

Corresponds to the dispersion relation

—wOw! [BvRk? +2(2 — ¢)Q?] —w?vi k? [BuRk® + 4(1 — q) ] +vi k! (vik*—2¢0Q%) = 0.
(11.119)

Has unstable eigenvalues for 302 > v k?, just like in the axisymmetric case.

11.5 Magnetosonic waves

We now consider the linearized MHD equations in vector notation,

By-B ik By -
Ciwd = —ik(cpo)p— ik 2 L BP0
Hopo Hopo

(11.120)




11.5. MAGNETOSONIC WAVES 97

—iwp = —ik - D, (11.121)
—iwB = (ik - By)®d — (ik - ©)By. (11.122)

We multiply equation ‘11.120) by —iw and substitute for —iwp and —iwB using
Egs. (11.121)) and (11.122)), so

" ) o, ik-By..
—w = *Zk’(cs/Po)(*Zk'v)*MOpo [(ik - Bo)(® - By) — (ik - ©) Bg ]+ uopoo [(ik - Bo)v — (ik - ©)Bo] ,
(11.123)
(k*03—w?)o = +k [~ (k- 9)(c] +v}) + (k- Bo)(® - Bo)vi]+Bo(k-Bo) (k-0)v5.
(11.124)

We now assume that the wave vector points in the x direction and that the
magnetic field vector lies in the x — y plane, i.e.

k cos
k=|10]|, Byg=| siny | By. (11.125)
0 0

Therefore,
v - By = By (0g cosp + Oy sine), k-Bo=kBycosy, k-0 ==k, (11.126)

With this the z component of the right hand side vanishes, but because v, does
not generally vanish we have k%v% — w? = 0, which gives already two possible
solutions:

w = tkvy. (11.127)
For the remaining two components we have to satisfy the x and y components
separately, i.e.

(K05 —w?), = k* [0, (c2 +v7) + cos (D, cos ¥ + Dy, sin ) v5 | +cos (b, cos ¥) i, k*v5.
(11.128)
(K*v4 — w?)d, = sin cosp v3 k%0, (11.129)
This is a system of two algebraic equations. Written in matrix form we have,
(k*v% — w?) + (2 + v4)k? — 2cos®hvik?  cosvpsin) vy k? o\ _ (0
— cos ¢ siny v k? (k*v% — w?) Oy ) \0
(11.130)
which leads to the dispersion relation

[(K*0% — w?) + (2 +v3)k? — 2cosP v3k?] (k0] —w?) +cos®Y sin®yp vk =0

(11.131)
We note that there are altogether three wave types, slow and fast magnetosonic
waves and Alfvén waves. The frequency depends on the values of k, the angle
between the wave vector k and the magnetic field By, and of course the values
of the sound speed and the Alfén speed. The dependence of the frequency as a
function of the angle between k and By is shown in Fig. for different values
of ¢s and v4. In the special case ¢ = 0 we have

(k% — w?)(k*v% —w?) = 0. (11.132)
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Figure 11.2: Dispersion relation for Alfven waves. Solid lines denote the fast
magnetosonic waves, dashed lines Alfvén waves, and dotted lines slow magne-
tosonic waves.

11.5.1 Eigenfunctions

Here we only bother to give one particular eigenfunction for the case where By
and k are aligned. In that case, Alfvén waves and fast magnetosonic waves are
degenerate (see Fig. [11.2)), so we are left with two modes.

Uy = €scssink(z — cst), Inp = egsink(x — ct), (11.133)

vy = eava sink(x —vat), by =eaBysink(r —vat). (11.134)

We note that the vector potential is A = (0,0, A,) with A, = eak =B sin k(z—
vat).



Chapter 12

Dynamos

The dynamo mechanism provides a means of converting kinetic energy into mag-
netic energy. We shall focus on the astrophysically relevant case of a turbulent
dynamo, as opposed to a laminar one. Laminar dynamos are easier to under-
stand — and we shall discuss some simple examples — while turbulent dynamos
have to be tackled via direct numerical simulations or by stochastic methods.
Both will be discussed below.

12.1 Energetics

Important insight can be gained by considering the magnetic energy equation.
By taking the dot product of equation (10.13) with B/(2u) and integrating
over the volume V' we obtain

d B2 2
— —dV:—/U~(J><B)dV—/J—dV—
dt V2M0 A4 v O oV

ExB
Ho

ds. (12.1)

This equation shows that the magnetic energy can be increased by doing work
against the Lorentz force, provided this terms exceeds resistive losses (second
term) or losses through the surface (Poynting flux). Likewise, by taking the dot
product of equation with pU and integrating one arrives at the kinetic
energy equation

. %pUQdV:+/pV~UdV+/U~(J><B)dV
1% 14 1%

+/ pU~ng—/ 20pS2dV, (12.2)
v v

where S;; = %(u” +uj;) — %52&'“16,16 is the rate of strain tensor, and commas
denote derivatives. In deriving equation (12.2)) we have assumed stress-free

boundary conditions, so there are no surface terms and no kinetic energy is lost
through the boundaries. Equations (12.1]) and (12.2) show that the generation

99
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Figure 12.1: Energy budget in a local accretion disc simulation where the
turbulence is maintained by the Balbus-Hawley instability. The numbers on
the arrows indicate the approximate energy conversion rates in units of QFEy;,
where €2 is the angular velocity and Ey; is the steady state value of the magnetic
energy.

of magnetic energy goes at the expense of kinetic energy, without loss of net
energy.

In many astrophysical settings one can distinguish four different energy reser-
voirs that are involved in the dynamo process: magnetic, kinetic, thermal, and
potential energy. In accretion discs the magnetic energy comes ultimately from
potential energy which is first converted into kinetic energy. This is only possi-
ble by getting rid of angular momentum via Reynolds and /or Maxwell stresses.
Half of the potential energy goes into orbital kinetic energy and the other half
goes into turbulent kinetic energy which is then dissipated into heat and radi-
ation. This requires turbulence to produce small enough length scales so that
enough kinetic energy can indeed be dissipated on a dynamical time scale. This
turbulence is most likely driven by the Balbus-Hawley (or magneto-rotational)
instability. In Fig. we show the energy diagram from a local simulation
of the Balbus-Hawley instability. Here, the magnetic field necessary for the in-
stability is maintained by a dynamo process. Most of the turbulent energy is
dissipated by Joule heating. The magnetic energy typically exceeds the kinetic
energy by a factor of about 3 or more, but is below the thermal energy by a
factor of about 10-20.

In the case of solar convection the energy for the dynamo comes ultimately
from the nuclear reactions in the center of the star. This acts as a source of
thermal energy which gets converted into kinetic energy via the convection in-
stability. The corresponding energy diagram for this case is shown in Fig.
Potential energy does not contribute directly: it only contributes through rear-
ranging the mean density stratification.
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Figure 12.2: Energy budget in a local convection simulation. The dynamo
is convectively driven by the luminosity entering from below, giving rise to
convection via work done by adiabatic compression, W, = f pV - udV, and
through work done against the Lorentz force, Wi, = [ - (J x B)dV. Energy
is being fed back from magnetic and kinetic energy to thermal energy via Joule
and viscous heating, Q5 and @,. Some of the kinetic energy is constantly being
exchanged with potential energy Ep via Wi, = [ pg - udV

12.2 Kinematic dynamos

The onset of dynamo action can be studied in the linear approximation, i.e. the
velocity field is assumed to be given (kinematic problem). There is in general a
critical value of the magnetic Reynolds number above which the magnetic field
grows exponentially. A lot of work has been devoted to the question of whether
the growth rate can remain finite in the limit R, — oo (the so-called fast
dynamo). Fast dynamos are physically meaningful only until nonlinear effects
begin to modify the flow to limit further growth of the field.

In the following we consider two simple examples of a dynamo. Both are
slow dynamos, i.e. magnetic diffusion is crucial for the operation of the dynamo.
We also discuss the stretch-twist-fold dynamo as a qualitative example of what
is possibly a fast dynamo.
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12.2.1 The Herzenberg dynamo

In the wake of Cowling’s antidynamo theorenﬂ the Herzenberg dynamo played
an important role as an early example of a dynamo where the existence of excited
solutions could be proven rigorously. The Herzenberg dynamo does not attempt
to model an astrophysical dynamo. Instead, it was complementary to some of
the less mathematical and more phenomenological models at the time, such as
Parker’s migratory dynamo as well as the observational model of Babcock, and
the semi-observational model of Leighton, all of which were specifically designed
to describe the solar cycle.

The Herzenberg dynamo is based on the mutual interaction of the magnetic
fields produced by two spinning spheres in a conducting medium. In its simplest
variant, the axes of the two spheres lie in planes that are parallel to each other,
but the axes have an angle ¢ to each other; see Fig. which shows the field
vectors from a numerical simulation of the Herzenberg dynamo.

Dynamo action is possible unless the angle ¢ is exactly 0°, 90°, or 180°. For
90° < ¢ < 180° nonoscillatory dynamo action is possible. In the limit where
the radius of the spheres, a, is small compared with their separation d, one
can expand the field locally in terms of multipoles to lowest order. Defining a
magnetic Reynolds number as R, = wd?/n, where w is the spin frequency of
each of the spheres, the critical magnetic Reynolds number for dynamo action,
Rt is found to be

6
R} = fﬁ (g) sin?pcosp  (for 90° < ¢ < 180°), (12.3)
which shows that the smallest value of R is reached for ¢ ~ 125°. Criti-
cal magnetic Reynolds numbers are several hundreds, but they would be only
around ten if we were to redefine the magnetic Reynolds number based on some
typical wavenumber. The dynamo works on the principle that each sphere winds
up its ambient field, creates thereby a strong toroidal field around itself, but be-
cause there is an angle between the two spheres the toroidal field of one sphere
acts as a poloidal field for the other sphere. For the toroidal field of each sphere
to propagate to the other sphere, a non-zero diffusion is necessary, hence making
this dynamo a slow dynamo.

Already back in the sixties, the idea of the Herzenberg dynamo has been
verified experimentally using two conducting cylinders embedded in a solid block

Larmor prosed in 1919 that the solar field might be generated by a self-excited dy-
namo. However, in 1933 Cowling published his anti-dynamo theorem, which states that
two-dimensional (axisymmetric) magnetic fields cannot be sustained by dynamo action. Lar-
mor (1934) responds to Cowling (1933) with the words “The view that I advanced briefly
and tentatively long ago, which has come to be referred to as, perhaps too precisely, the self-
exciting dynamo analogy, is still, so far as I know, the only foundation on which a gaseous
body such as the Sun could possess a magnetic field: so that if it is demolished there could
be no explanation of the Sun’s magnetism even remotely in sight.”

Cowling, T. G.: 1933, “The magnetic field of sunspots,” Mon. Not. Roy. Astron. Soc. 94,
39-48
Larmor, J.: 1934, “The magnetic field of sunspots,” Mon. Not. Roy. Astron. Soc. 94, 469-471
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Figure 12.3: Three-dimensional visualization of the magnetic field geometry of
the Herzenberg dynamo. B-vectors are shown when their length exceeds about
25% of the maximum value

of the same material. The cylinders were in electric contact with the block
through a thin lubricating film of mercury.

The asymptotic theory of Herzenberg assumed that a/d < 1; for excellent
reviews of the Herzenberg dynamo see. Using numerical simulations it has been
shown that equation remains reasonably accurate even when a/d ~ 1.
These simulations also show that in the range 0° < ¢ < 90° dynamo action is
still possible, but the solutions are no longer steady but oscillatory. In the early
papers, only steady solutions were sought, which is the reason why no solutions
were originally found for 0° < ¢ < 90°.

12.2.2 The Roberts flow dynamo

In the early years of dynamo theory most examples were constructed and mo-
tivated based on what seems physically possible and plausible. An important
element of astrophysical dynamos is that the flow is bounded in space and that
the magnetic field extends to infinity. Later, and especially in recent years, these
restrictions were relaxed in may approaches. One of the first examples is the G.
O. Roberts dynamo. The flow depends on only two coordinates, U = U(x, y),
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Figure 12.4: Roberts flow pattern with periodicity 2a, corresponding to equa-

tion (|12.4).

and can be written in the form
U(z,y) = V2V x (9z) + V x V X (¢z), (12.4)

with the stream function ¢ = (Uy/k¢) sin kyx sin kyy, where k, = k, = 7/a; see
Fig. This flow is fully helical with W = kU, were k = k2 + k2 and
W =V x U. While the flow is only two-dimensional (in the sense that U is a
function only of z and y), the magnetic field must be three-dimensional for all
growing solutions (dynamo effect). The field must therefore also depend on z.

The governing equations are homogeneous with coefficients that are indepen-
dent of z and ¢t. The solutions of the kinetic problem can therefore be written
in the form

B(z,y,z,t) =Re [ﬁkz (z,y) exp(ik.z + )\t)} , (12.5)

where ﬁkz is the eigenfunction, which is obtained by solving the eigenvalue
problem

My, =U x By, +1(V? — k2) Ay, (12.6)
where Bkz =Vx Akz +ik, X Akz is expressed in terms of Akz, which is a mixed
representation of the vector potential; in real space the vector potential would
be Re {Akz (z,y) exp(ik.z + )\t)}. For k., = k; = ky = 0.71k¢, the marginal state
(A =0) is reached when Ryt = Uy/(nks)erit = 3.90. The larger the domain in
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Figure 12.5: Critical magnetic Reynolds number, Rt = Up/(nke)erit, for
the Roberts flow as a function of k,/ks, where kf = k2 + kg The critical
magnetic Reynolds number based on k, Reyit k2 = Uo/ (k> )eris, has a minimum
at k, ~ 0.34k; ~ 0.48k,. The case of a squared domain with k, =k, = k., i.e.
k./ks = 1/4/2, is indicated by the vertical dash-dotted line.

the z-direction, the lower is the critical magnetic Reynolds number. However,
the critical magnetic Reynolds number based on k;, Reyit.kz = Uo/ (k2 )crit, has
a minimum at k, ~ 0.34k; ~ 0.48k, with Ryt k. ~ 3.49; cf. Fig.

The horizontally averaged eigenfunction is By, = (i, 1,0), corresponding to
a Beltrami wave, which has maximum magnetic helicity with a sign that is
opposite to that of the flow. In the present case, the kinetic helicity of the flow
is positive, so the magnetic and current helicities of the mean field are negative.

The significance of this solution is two-fold. On the one hand, this dynamo
is the prototype of any fully helical dynamo capable of generating a large scale
field. On the other hand, it is a simple model of the Karlsruhe dynamo ex-
periment where a similar flow of liquid sodium is generated by an arrangement
of pipes with internal ‘spin generators’ making the flow helical. It is also an
example of a flow where the generation of the magnetic field can be described
in terms of mean field electrodynamics.

Unlike the original Roberts flow dynamo, the flow in the Karlsruhe dynamo
experiment is bounded and embedded in free space. Within the dynamo domain,
the mean field, By, = (i, 1,0), has only (z,y)-components. The field lines must
close outside the dynamo domain, giving therefore rise to a dipole lying in the
(z,y)-plane. Similar fields have long been predicted for rapidly rotating stars.



106 CHAPTER 12. DYNAMOS

STRETCH

TWIST
///_):- S - ___/’_:,/—f — \\\
N
"/F: \&/ - ™,

FOLD

Figure 12.6: A schematic illustration of the stretch-twist-fold-merge dynamo.

12.3 Fast dynamos: the stretch-twist-fold pic-
ture

An elegant heuristic dynamo model illustrating the possibility of fast dynamos
is what is often referred to as the Zeldovich ‘stretch-twist-fold’ (STF) dynamo
(see Fig. . We briefly outline it here, as it illustrates nicely several features
of more realistic dynamos.

The dynamo algorithm starts with first stretching a closed flux rope to twice
its length preserving its volume, as in an incompressible flow (A—B in Fig. .
The rope cross-section then decreases by factor two, and because of flux freezing
the magnetic field doubles. In the next step, the rope is twisted into a figure
eight (B—C in Fig. and then folded (C—D in Fig. so that now there
are two loops, whose fields now point in the same direction and together occupy
a similar volume as the original flux loop. The flux through this volume has
now doubled. The last important step consists of merging the two loops into
one (D—A in Fig. , through small diffusive effects. This is important in
order that the new arrangement cannot easily undo itself and the whole process
becomes irreversible. The newly merged loops now become topologically the
same as the original single loop, but now with the field strength scaled up by
factor 2.

Repeating the algorithm n times, leads to the field in the flux loop growing
by factor 2", or at a growth rate ~ In2/T where T is the time for the STF
steps. This makes the dynamo potentially a fast dynamo, whose growth rate
does not decrease with decreasing resistivity. Also note that the flux through
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a fixed ‘Eulerian surface’ grows exponentially, although the flux through any
Lagrangian surface is nearly frozen; as it should be for small diffusivities.

The STF picture illustrates several other features: first we see that shear is
needed to amplify the field at step A—B. However, without the twist part of
the cycle, the field in the folded loop would cancel rather than add coherently.
To twist the loop the motions need to leave the plane and go into the third
dimension; this also means that field components perpendicular to the loop are
generated, albeit being strong only temporarily during the twist part of the
cycle. The source for the magnetic energy is the kinetic energy involved in the
STF motions.

Most discussions of the STF dynamo assume implicitly that the last step of
merging the twisted loops can be done at any time, and that the dynamo growth
rate is not limited by this last step. This may well be true when the fields in the
flux rope are not strong enough to affect the motions, that is, in the kinematic
regime. However as the field becomes stronger, and if the merging process is
slow, the Lorentz forces due to the small scale kinks and twists will gain in
importance compared with the external forces associated with the driving of
the loop as a whole. This may then limit the efficiency of the dynamo.

In this context one more feature deserves mentioning: if in the STF cycle
one twists clockwise and folds, or twists counter-clockwise and folds one will
still increase the field in the flux rope coherently. However, one would introduce
opposite sense of writhe in these two cases, and so opposite internal twists. So,
although the twist part of the cycle is important for the mechanism discussed
here, the sense of twist can be random and does not require net helicity. This
is analogous to a case when there is really only a small scale dynamo, but
one that requires finite kinetic helicity density locally. We should point out,
however, that numerical simulations have shown that dynamos work and are
potentially independent of magnetic Reynolds number even if the flow has zero
kinetic helicity density everywhere.

If the twisted loops can be made to merge efficiently, the saturation of the
STF dynamo would probably proceed differently. For example, the field in the
loop may become too strong to be stretched and twisted, due to magnetic curva-
ture forces. Another interesting way of saturation is that the incompressibility
assumed for the motions may break down; as one stretches the flux loop the field
pressure resists the decrease in the loop cross-section, and so the fluid density
in the loop tends to decrease as one attempts to make the loop longer. (Note
that it is B/p which has to increase during stretching.) The STF picture has
inspired considerable work on various mathematical features of fast dynamos
and some of this work can be found in the book by Childress and Gilbert which
in fact has STF in its title!
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12.4 Fast ABC-flow dynamos

ABC flows are solenoidal and fully helical with a velocity field given by

C'sinkz + Bcosky
U= | Asinkx+ Ccoskz | . (12.7)
Bsinky + Acos kx

When A, B, and C are all different from zero, the flow is no longer integrable
and has chaotic streamlines. There is numerical evidence that such flows act
as fast dynamos. The magnetic field has very small net magnetic helicity. This
is a general property of any dynamo in the kinematic regime and follows from
magnetic helicity conservation. Even in a nonlinear formulation of the ABC
flow dynamo problem, where the flow is driven by a forcing function similar to
equation the net magnetic helicity remains unimportant. This is however
not surprising, because the development of net magnetic helicity requires suffi-
cient scale separation, i.e. the wavenumber of the flow must be large compared
with the smallest wavenumber in the box (k = kq). If this is not the case, helical
MHD turbulence behaves similarly to nonhelical turbulence. A significant scale
separation also weakens the symmetries associated with the flow and the field,
and leads to a larger kinematic growth rate, more compatible with the turnover
time scale.

Most of the recent work on nonlinear ABC flow dynamos has focused on the
case with small scale separation and, in particular, on the initial growth and
possible saturation mechanisms. In the kinematic regime, these authors find a
near balance between Lorentz work and Joule dissipation. The balance origi-
nates primarily from small volumes where the strong magnetic flux structures
are concentrated. The net growth of the magnetic energy comes about through
stretching and folding of relatively weak field which occupies most of the vol-
ume. The mechanism for saturation could involve achieving a local pressure
balance in these strong field regions.



Chapter 13

Solar cycle

In this section we discuss properties of magnetic fields observed in various as-
trophysical settings. We focus specifically on aspects that are believed to be
important for nonlinear dynamo theory and its connection with magnetic he-
licity. We begin with a discussion of the solar magnetic field, which consists
of small scale and large scale components. The typical length scale associ-
ated with the large scale field is the width of the toroidal flux belts with the
same polarity which is around 30° in latitude, corresponding to about 300 Mm
(I1Mm = 1000 km). The pressure scale height at the bottom of the convection
zone is about 50 Mm, and all scales shorter than that may be associated with
the small scale field.

The theory of the large scale component has been most puzzling, while the
small scale field could always be explained by turbulence and convection shred-
ding and concentrating the field into isolated flux bundles. The simultaneous
involvement of a so-called small scale dynamo may provide another source for
the small scale field, which needs to be addressed. We begin by outlining the
observational evidence for large scale fields in the sun and in stars, and discuss
then the evidence for magnetic fields in accretion discs and galaxies, as well as
galaxy clusters.

13.0.1 Solar and stellar magnetic fields

The sun has a magnetic field that manifests itself in sunspots through Zeeman
splitting of spectral lines. It has long been known that the sunspot number varies
cyclically with a period between 7 and 17 years. The longitudinally averaged
component of the radial magnetic field of the sun shows a markedly regular
spatio-temporal pattern where the radial magnetic field alternates in time over
the 11 year cycle and also changes sign across the equator (Fig. . One can
also see indications of a migration of the field from mid latitudes toward the
equator and the poles. This migration is also well seen in a sunspot diagram,
which is also called a butterfly diagram, because the pattern formed by the
positions of sunspots in time and latitude looks like a sequence of butterflies
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Figure 13.1: Longitudinally averaged radial component of the observed solar
magnetic field as a function of cos(colatitude) and time. Dark (blue) shades
denote negative values and light (yellow) shades denote positive values. Note
the sign changes both in time and across the equator (courtesy of R. Knaack).

lined up along the equator (Fig. [13.2).

At the solar surface the azimuthally averaged radial field is only a few gauss
(1G = 107*Tesla). This is rather weak compared with the peak magnetic
field in sunspots of about 2kG. In the bulk of the convection zone, because
of differential rotation, the magnetic field is believed to point mostly in the
azimuthal direction, and it is probably much larger near the bottom of the
convection zone due to an effect known as downward pumping.

Estimates of the field strength in the deeper convection zone

In the bulk of the solar convection zone the thermal energy transport is reason-
ably well described by mixing length theory. This theory yields a rough estimate
for the turbulent rms velocity which is around u;ms = 20 ms ™! near the bottom
of the solar convection zone. With a density of about p = 0.2gcm™2 this cor-
responds to an equipartition field strength of about 3kG. (The equipartition
field strength is here defined as Beq = /H0p Urms, Where pig is the magnetic
permeability.)

A similar estimate is obtained by considering the total (unsigned) magnetic
flux that emerges at the surface during one cycle. This argument is dubious,
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Figure 13.2: Solar butterfly diagram showing the sunspot number in a space-
time diagram. Note the migration of sunspot activity from mid-latitudes toward
the equator (courtesy of D. N. Hathaway).

because one has to make an assumption about how many times the flux tubes in
the sun have emerged at the solar surface. Nevertheless, the notion of magnetic
flux (and especially unsigned flux) is rather popular in solar physics, because
this quantity is readily accessible from solar magnetograms. The total unsigned
magnetic flux is roughly estimated to be 10?4 Mx. Distributed over a meridional
cross-section of about 500 Mm in the latitudinal direction and about 50 Mm in
radius (i.e. the lower quarter of the convection zone) yields a mean field of about
4kG, which is in fair agreement with the equipartition estimate above.

Another type of estimate concerns not the mean field but rather the peak
magnetic field in the strong flux tubes. Such tubes are believed to be ‘stored’
either just below or at the bottom of the convection zone. By storage one means
that the field survives reasonably undisturbed for a good fraction of the solar
cycle and evolves mostly under the amplifying action of differential rotation.
Once such a flux tube becomes buoyant in one section of the tube it rises,
expands and becomes tilted relative to the azimuthal direction owing to the
Coriolis force. Calculations based on the thin flux tube approximation predict
field strengths of about 100 kG that are needed in order to produce the observed
tilt angle of bipolar sunspots near the surface.

The systematic variation of the global field of the sun is important to un-
derstand both for practical reasons, e.g. for space weather forecasts, and for
theoretical reasons because the solar field is a prime example of what we call
large scale dynamo action.

The 11 year cycle of the sun is commonly explained in terms of a2 dynamo
theory (§, but this theory faces a number of problems that will be discussed
later. Much of the resolution of these problems focuses around magnetic helicity.
This has become a very active research field in its own right. Here we discuss
the observational evidence.

Magnetic helicity of the solar field

Magnetic helicity studies have become an important observational tool to quan-
tify the complexity of the sun’s magnetic field. Examples of complex magnetic
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Figure 13.3: The famous “Grand daddy” prominence of 4 June 1946 (left) and
a big coronal mass eruption of 2 June 1998 from the LASCO coronograph on
board the SOHO satellite (right). Note the complexity of the ejected structures,
being suggestive of helical nature. Courtesy of the SOHO consortium. SOHO
is a project of international cooperation between ESA and NASA.

structures being ejected from the solar surface are shown in Fig. The
significance of magnetic helicity for understanding the nonlinear dynamo has
only recently been appreciated. Here we briefly review some of the relevant
observational findings.

The only information about the magnetic helicity of the sun available to
date is from surface magnetic fields, and these data are necessarily incomplete.
Nevertheless, some systematic trends can be identified.

Vector magnetograms of active regions show negative (positive) current he-
licity in the northern (southern) hemisphere. From local measurements one
can only obtain the current helicity density, so nothing can be concluded about
magnetic helicity, which is a volume integral. Under the assumption of isotropy,
the spectra of magnetic and current helicity are however simply related by a
wavenumber squared factor. This implies that the signs of current and mag-
netic helicities agree if they are determined in a sufficiently narrow range of
length scales.

Berger and Ruzmaikin have estimated the flux of magnetic helicity from the
solar surface using magnetograms. They discussed the « effect and differential
rotation as the main agents facilitating the loss of magnetic helicity. Their
results indicate that the flux of magnetic helicity due to differential rotation
and the observed radial magnetic field component is negative (positive) in the
northern (southern) hemisphere, and of the order of about 10% Mx? integrated
over the 11 year cycle; see Fig.

Chae estimated the magnetic helicity flux based on counting the crossings
of pairs of flux tubes. Combined with the assumption that two nearly aligned
flux tubes are nearly parallel, rather than anti-parallel, his results again sug-
gest that the magnetic helicity is negative (positive) in the northern (southern)
hemisphere. The same sign distribution was also found by DeVore who con-
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Figure 13.4: Net magnetic flux through the solar surface at the northern hemi-
sphere (left hand panel) and magnetic helicity flux for northern and southern
hemispheres (right hand panel, lower and upper curves, respectively). Adapted
from Berger and Ruzmaikin.

Figure 13.5: X-ray image at 195 A showing an N-shaped sigmoid (right-handed
writhe) of the active region NOAA AR 8668 at the northern hemisphere (1999
August 21 at 18:51 UT).

sidered magnetic helicity generation by differential rotation. He finds that the
magnetic helicity flux integrated over an 11 year cycle is about 10% Mx? both
from active regions and from coronal mass ejections. Thus, the sign agrees with
that of the current helicity obtained using vector magnetograms. This idea
of a bi-helical field is supported further by studies of sigmoids: an example is
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Fig.|13.5, which shows a TRACE image of an N-shaped sigmoid (right-handed
writhe) with left-handed twisted filaments of the active region NOAA AR 8668,
which is typical of the northern hemisphere. This observation is quite central
to our new understanding of nonlinear dynamo theory.



Chapter 14

Mean field dynamo theory

14.1 Solar and stellar magnetic fields

The sun has a magnetic field that manifests itself in sunspots through Zeeman
splitting of spectral lines. It has long been known that the sunspot number varies
cyclically with a period between 7 and 17 years. The longitudinally averaged
component of the radial magnetic field of the sun shows a markedly regular
spatio-temporal pattern where the radial magnetic field alternates in time over
the 11 year cycle and also changes sign across the equator (Fig. [13.1). One can
also see indications of a migration of the field from mid latitudes toward the
equator and the poles. This migration is also well seen in a sunspot diagram,
which is also called a butterfly diagram, because the pattern formed by the
positions of sunspots in time and latitude looks like a sequence of butterflies
lined up along the equator (Fig. [13.2).

At the solar surface the azimuthally averaged radial field is only a few gauss
(1G = 107 Tesla). This is rather weak compared with the peak magnetic field
in sunspots of about 2kG; see Fig. In the bulk of the convection zone,
because of differential rotation, the magnetic field is believed to point mostly in
the azimuthal direction, and it is probably much larger near the bottom of the
convection zone due to an effect known as downward pumping.

14.2 Phenomenological considerations

Important insights into the operation of the solar dynamo have come from close
inspection of magnetic fields on the solar surface. One important ingredient is
differential rotation. At the equator the sun is rotating about 30% faster than
at the poles. This means that any poloidal field will be sheared out and toroidal
field aligned with the direction of the shear will be generated. Mathematically,
this is described by the stretching term in the induction equation, i.e.

dBtor
dt

= Bpol- VUi + ... (14.1)
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This term describes the generation of magnetic field By, in the direction of
the flow Uy, from a cross-stream poloidal magnetic field Bpo. To an order of
magnitude, the amount of toroidal field generation from a 100 G poloidal field
in a time interval At = 10%8s = 3yr is

ABior = Bpol AQpAt =~ 100G x 107° x 10% = 10* G, (14.2)

where we have used Qo = 3 x 107%s7! for the solar angular velocity, and
AQq/Qq = 0.3 for the relative latitudinal differential rotation. So, a 10kG
toroidal field can be regenerated completely from a 100 G poloidal field in about
3 years. However, in the bulk and the upper parts of the solar convection
zone the poloidal fields are weaker (3-10G), which would yield toroidal fields
on the order of 300-1000 G. This would be far too weak a field if it was to rise
coherently all the way from the bottom of the convection zone, which is still the
standard picture. However, if the field of bipolar regions is produced locally in
the upper parts of the convection zone, as recently supposed a 300 G field might
well be sufficient. The 2kG fields in sunspots could then be the result of local
compression by an ambient flow.

Further, magnetic flux frequently emerges at the solar surface as bipolar re-
gions. The magnetic field in sunspots is also often of bipolar nature. It was long
recognized that such bipolar regions are tilted. This is now generally referred to
as Joy’s law. The sense of average tilt is clockwise in the northern hemisphere
and counter-clockwise in the southern. This tilt is consistent with the interpre-
tation that a toroidal flux tube rises from deeper layers of the sun to upper layers
where the density is less, so the tube evolves in an expanding flow field which,
due to the Coriolis force, attains a clockwise swirl in the northern hemisphere
and counter-clockwise swirl in the southern hemisphere; see Fig.

Observations suggest that once a tilted bipolar region has emerged at the
solar surface, the field polarities nearer to the poles drift rapidly toward the
poles, producing thereby new poloidal field. Underneath the surface, the field
continues as before, but there it is also slightly tilted, although necessarily in the
opposite sense (see Fig. . Because of differential rotation, the points nearest
to the equator move faster, helping so to line up similarly oriented fields. As is
evident from Fig. [14.2] a toroidal field pointing east in the northern hemisphere
and west in the southern will develop into a global northward pointing field
above the surface.

14.3 Mean-field electrodynamics

In 1955 Parker first proposed the idea that the generation of a poloidal field,
arising from the systematic effects of the Coriolis force (Fig. [14.3]), could be
described by a corresponding term in the induction equation,

OBl
ot

=V x (aBior + -..) . (14.3)
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Figure 14.1: Solar magnetogram showing bipolar regions, their opposite orien-
tation north and south of the equator, and the clockwise tilt in the northern
hemisphere and the counter-clockwise tilt in the southern hemisphere. Note
that the field orientation has reversed orientation at the next cycle (here after
10 years). Courtesy of the High Altitude Observatory.

It is clear that such an equation can only be valid for averaged fields (denoted by
overbars), because for the actual fields, the induced electromotive force (EMF)
U x B, would never have a component in the direction of B. While being phys-
ically plausible, this approach only received general recognition and acceptance
after Roberts and Stix (1972) translated the work of Steenbeck, Krause, Ridler
(1966) into English. In those papers the theory for the « effect, as they called
it, was developed and put on a mathematically rigorous basis. Furthermore, the
« effect was also applied to spherical models of the solar cycle (with radial and
latitudinal shear) and the geodynamo (with uniform rotation).

In mean field theory one solves the Reynolds averaged equations, using either
ensemble averages, toroidal averages or, in cases in cartesian geometry with
periodic boundary conditions, two-dimensional (e.g. horizontal) averages. We
thus consider the decomposition

U=U-+u, B=B-+b. (14.4)

Here U and B are the mean velocity and magnetic fields, while u and b are
their fluctuating parts. These averages satisfy the Reynolds rules,

<

U, +U,=U,+U,, U=U, Uu=0, UU=UT, (14.5)
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Figure 14.2: Sketch of the Babcock-Leighton dynamo mechanism. As bipolar
regions emerge near the surface, they get tilted in the clockwise sense in the
northern hemisphere and counter-clockwise in the southern hemisphere. Be-
neath the surface this process leaves behind a poloidal field component that
points here toward the north pole on either side of the equator. Once the
remaining subsurface field gets sheared by the surface differential rotation, it
points in the opposite direction as before, and the whole process starts again.
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Figure 14.3: Production of positive writhe helicity by an uprising and expand-
ing blob tilted in the clockwise direction by the Coriolis force in the southern
hemisphere, producing a field-aligned current J in the opposite direction to B.

oU /ot =0U /ot, 0OU /dx; = OU /Ox;. (14.6)

Some of these properties are not shared by several other averages; for gaussian
filtering U # U, and for spectral filtering U U # U U, for example. Note that
U=U implies that w = 0.

In the remainder we assume that the Reynolds rules do apply. Averaging
equation yields then the mean field induction equation,
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where B
E=uxb (14.8)

is the mean EMF. Finding an expression for the correlator € in terms of the
mean fields is a standard closure problem which is at the heart of mean field
theory. In the two-scale approach one assumes that £ can be expanded in powers
of the gradients of the mean magnetic field. This suggests the rather general
expression

gi = Ctij(g, Q,E, )Ej + nijk(gv Q,P, )8§]/8xk, (149)

where the tensor components o;; and 7;;, are referred to as turbulent trans-
port coefficient. They depend on the stratification, angular velocity, and mean
magnetic field strength. The dots indicate that the transport coefficients may
also depend on correlators involving the small scale magnetic field, for example
the current helicity of the small scale field. We have also kept only the lowest
large scale derivative of the mean field; higher derivative terms are expected to
be smaller.

The general form of the expression for £ can be determined by rather general
considerations. For example, & is a polar vector and B is an axial vector, so o
must be a pseudo-tensor. The simplest pseudo-tensor of rank two that can be
constructed using the unit vectors g (symbolic for radial density or turbulent
velocity gradients) and € (angular velocity) is

Ot,'j = oz15ij g - Q 4+ QQQij 4+ Oéggjﬂi. (1410)

Note that the term g - Q = cosf leads to the co-sinusoidal dependence of «
on latitude, 6, and a change of sign at the equator. Additional terms that are
nonlinear in g or € enter if the stratification is strong or if the body is rotating
rapidly. Likewise, terms involving U, B and b may appear if the turbulence
becomes affected by strong flows or magnetic fields. In the following section we
discuss various approaches to determining the turbulent transport coefficients.

One of the most important outcomes of this theory is a quantitative formula
for the coefficient a; in equation by Krause (1967)

a1 g-Q=—1872 ul Q- VIn(pums), (14.11)
where T, is the correlation time, u,,s the root mean square velocity of the
turbulence, and € the angular velocity vector. The other coefficients are given
by as = as = —a1/4. Throughout most of the solar convection zone, the
product pu,y,s decreases outwardE] Therefore, « > 0 throughout most of the

IThis can be explained as follows: in the bulk of the solar convection zone the convective
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northern hemisphere. In the southern hemisphere we have o < 0, and « varies
with colatitude @ like cos #. However, this formula also predicts that o reverses
sign very near the bottom of the convection zone where u;,s — 0. This is
caused by the relatively sharp drop of u;ns.

14.4 Turbulent transport coefficients

Various techniques have been proposed for determining turbulent transport co-
efficients. Even in the kinematic regime, where the changes in the velocity field
due to Lorentz forces are ignored, these techniques have some severe uncertain-
ties. Nevertheless, the various techniques produce similar terms, although the
so-called minimal 7 approximation (MTA) does actually predict an extra time
derivative of the electromotive force. We only mention here that in MTA the
triple correlations are not neglected, as they are in FOSA; see §[14.4.1] Instead,
the triple correlations are approximated by quadratic terms. This is similar in
spirit to the usual 7 approximation used in the Eddy Damped Quasi-Normal
Markovian (EDQNM) closure approximation. where the irreducible part of
quartic correlations are approximated by a relaxation term proportional to the
triple correlations. Other approaches include direct simulations, calculations
based on random waves or individual blobs, or calculations based on the as-
sumption of delta-correlated velocity fields.

14.4.1 First order smoothing approximation

The first order smoothing approximation (FOSA) or, synonymously, the quasi-
linear approximation, or the second order correlation approximation is the sim-
plest way of calculating turbulent transport coefficients. The approximation
consists of linearizing the equations for the fluctuating quantities and ignoring
quadratic terms that would lead to triple correlations in the expressions for the
quadratic correlations. This technique has traditionally been applied to calcu-
lating the turbulent diffusion coefficient for a passive scalar or the turbulent
viscosity (eddy viscosity).

Suppose we consider the induction equation. The equation for the fluctuat-
ing field can be obtained by subtracting equation from equation ,

SO
ob — — _
a:Vx(U><b+u><B+u><b—5—nj), (14.12)

where j = V x b = J — J is the fluctuating current density. The first order

smoothing approximation consists of neglecting the term w x b on the RHS of
equation (|14.12]), because it is nonlinear in the fluctuations. This can only be

done if the fluctuations are small, which is a good approximation only under

flux is approximately constant, and mixing length predicts that it is approximately puf?ms,

This in turn follows from Feony ~ purmscpdT and u?ms/Hp ~ gdT /T together with the
expression for the pressure scale height Hp, = (1 — %)cpT/g. Thus, since pud,, ~ const, we

have urms ~ p~ /3 and pud_, ~ p?/3.
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rather restrictive circumstances, for example if Ry, is small. The term & is
also nonlinear in the fluctuations, but it is not a fluctuating quantity and gives
therefore no contribution, and the U x b is often neglected because of simplicity.
The neglect of the U term may not be justified for systems with strong shear
(e.g. for accretion discs) where the inclusion of U itself could lead to a new
dynamo effect, namely the shear—current effect. In the case of small Ry, one
can neglect both the G term and the time derivative of b, resulting in a linear
equation

nV?b=-V x (ux B). (14.13)

This can be solved for b, if u is given. £ can then be computed relatively easily.

However, in most astrophysical applications, R, > 1. In such a situation,
FOSA is thought to still be applicable if the correlation time 7., of the turbu-
lence is small, such that 7eo urmsks < 1, where u,,s and k¢ are typical velocity
and correlation wavenumber, associated with the random velocity field uw. Un-
der this condition, the ratio of the nonlinear term to the time derivative of b is
argued to be ~ (Urmskeb)/(b/Teor) = Teortrmsks < 1, and so G can be neglected
(but see below). We then get

b —
5 =V x (uxB). (14.14)

To calculate &, we integrate db/dt to get b, take the cross product with u, and
average, i.e.

£ =u(t) x /OtV x [u(t) x B(t')] dt'. (14.15)

For clarity, we have suppressed the common @ dependence of all variables. Using
index notation, we haveE|

t

Ei(t) = / [Qip(t, 1) Bp(t') + Dup(t, ') By (t')] dt', (14.16)
0
with &, (¢, 1) = €0 (t)ur p(t') and 7y, (¢, ') = —€i5pu; (¢)u(t'), where we have

used B;; = 0 = u;, and an additional term €;;u; (¢)ug(t')d;, in My (¢, t') has
been omitted, because it will soon drop out. In the statistically steady state, we
can assume that &;, and 7);;, depend only on the time difference, t—t'. Assuming
isotropy (again only for simplicity), these tensors must be proportional to the
isotropic tensors d;, and €;;,, respectively, so we have

Et) = /O [a(t —t")B(t') — e (t — )T ()] dt’, (14.17)

2 Note that [u x V x (u x B)]; = eijkeklmemnpujal(ungp) = olipgp + ﬁilpgp,h where
commas denote partial differentiation and time arguments in 6, = dup(t, t'), Mip = Nup(t,t'),
and B, = By(t') has been omitted. Contracting ejmemnp = Ornlip — OrpOin gives G4p =

€k (WU, p — ujuy0kp, and fyp = €355 (TR0 — U UOkyp).-
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where a(t—t') = —3u(t) - w(t’) and Ae(t—t') = Su(t) - u(t’) are integral kernels,
and w = V x u is the vorticity of the velocity fluctuation (see the footnoteﬂ for
details).

If we assume the integral kernels to be proportional to the delta function,
§(t —t'), or, equivalently, if B can be considered a slowly varying function of

time, one arrives at

E=aB —nJ (14.18)
with )
o=} [W @ = —drue, (14.19)
0 L PR
M= %/O u(t) - u(t') dt’ = greoru’. (14.20)

When ¢ becomes large, the main contribution to these two expressions comes
only from late times, t —t' < t, because then the contributions from early times
are no longer strongly correlated with w(t). By using FOSA we have thus solved
the problem of expressing € in terms of the mean field. The turbulent transport
coefficients o and 7, depend, respectively, on the helicity and the energy density
of the turbulence.

One must however point out the following caveat to the applicability of
FOSA in case of large R,,,. Firstly note that even if 7o trmsks << 1, one can have
R = (Teortrmske)/ (NTeork?) > 1, because the diffusion time (n7eopk?) ! can be
much larger than the correlation time of the turbulence. When Ry, > Rt ~ 30,
small scale dynamo action will take place to produce exponentially growing
fluctuating fields, independent of the mean field. So the basic assumption of
FOSA of small b relative to B will be rapidly violated and the u x b term in
equation cannot be neglected. Nevertheless, the functional form of the
expressions for the turbulent transport coefficients obtained using FOSA seem
to be not too different from that found in simulations. For example, it is likely
that strong fluctuations produced by small scale dynamo action do not correlate
well with w in u x b, so they would not contribute to £. This interpretation will
be developed further in §[I4.4.2]on the 7 approximation, which works specifically
only with those parts that do correlate.

14.4.2 MTA — the ‘minimal’ 7 approximation

The ‘minimal’ 7 approximation is a simplified version of the 7 approximation as
it has been introduced by Orszag (1970) and used by Pouquet, Frisch and Léorat
(1976) in the context of the Eddy Damped Quasi Normal Markovian (EDQNM)
approximation. In that case a damping term is introduced in order to express
fourth order moments in terms of third order moments. In the 7 approximation,

3 Note that under isotropy we have bip = G&b;p and 1)y, = Nt€;p. Multiplying these
equations by d;, and €, respectively, and noting that §;,0;, = 3 and €;p€5, = 6 we have
A 1n 11— 1 - 14 1 _— 173
& = §aip5,‘p = 3Uj€jkiUL,; = —3U - w, and Ty = Nilp€ilp = —5€ijpUjUlLEilp = 7§u2, where
we have used €;;5p€;1, = 20;;, and the ¢t and ¢’ arguments have been omitted.
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as introduced by Vainshtein and Kitchatinov and Kleeorin and Rogachevskii one
approximates triple moments in terms of quadratic moments via a wavenumber-
dependent relaxation time 7(k). The ‘minimal’ 7 approximation (MTA), as it
is introduced by Blackman and Field is applied in real space in the two-scale
approximation. We will refer to both the above types of closures (where triple
moments are approximated in terms of quadratic moments and a relaxation
time 7) as the 'minimal’ 7 approximation or MTA.

There are some technical similarities between FOSA and the minimal 7
approximation. The main advantage of the 7 approximation is that the fluc-
tuations do mot need to be small and so the triple correlations are no longer
neglected. Instead, it is assumed (and this can be and has been tested us-
ing simulations) that the one-point triple correlations are proportional to the
quadratic correlations, and that the proportionality coefficient is an inverse re-
laxation time that can in principle be scale (or wavenumber) dependent.

In this approach, one begins by considering the time derivative of &,

%‘i:uxbﬂsz, (14.21)

where a dot denotes a time derivative. For i), we substitute equation (14.12))
and for w, we use the Euler equation for the fluctuating velocity field,

0 1
A Vp+f+Fut+H, (14.22)
ot Po

where H = —u - Vu + u - Vu is the nonlinear term, f is a stochastic forcing

term (with zero divergence), and Fy;s is the viscous force. We have also assumed
for the present that there is no mean flow (U = 0), and have considered the
kinematic regime where the Lorentz force is set to zero. All these restrictions can
in principle be lifted (see below). For an incompressible flow, the pressure term
can be eliminated in the standard fashion in terms of the projection operator.

Now since f does not correlate with b, the only contribution to @ X b, is the

small viscous term and the triple correlation involving b and H. The u x b
term however has non-trivial contributions. We get

= —aB-iiJ -2, (14.23)

where the last term subsumes the effects of all triple correlations, and

a=—-tu-w and 7= %@ (kinematic theory) (14.24)
are coefficients that are closely related to the usual o and 7y coefficients in
equation ([14.18). We recall that in this kinematic calculation the Lorentz force,
and in fact the entire @ equation in equation (14.21)) has been ignored. Its
inclusion turns out to be extremely important: it leads to the emergence of a

small scale magnetic correction term in the expression for a.
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Q effect a effect

Figure 14.4: Mutual regeneration of poloidal and toroidal fields in the case of
the a2 dynamo (left) and the a? dynamo (right).

One normally neglects the explicit time derivative of £, and arrives then
at almost the same expression as equation , except that now one deals
directly with one-point correlation functions and not only via an approximation.
Furthermore, the explicit time derivative can in principle be kept, although it
becomes unimportant on time scales long compared with 7. In comparison
with equation (14.17), we note that if one assumes &(t — ¢') and 7(t — t') to
be proportional to exp[—(t — ') /7] for t > t' (and zero otherwise), one recovers
equation with the relaxation time 7 playing now the role of a correlation
time.

14.5 «? and of) dynamos: simple solutions

For astrophysical purposes one is usually interested in solutions in spherical or
oblate (disc-like) geometries. However, in order to make contact with turbu-
lence simulations in a periodic box, solutions in simpler cartesian geometry can
be useful. Cartesian geometry is also useful for illustrative purposes. In this
subsection we review some simple cases.

Mean field dynamos are traditionally divided into two groups; a2 and o? dy-
namos. The 2 effect refers to the amplification of the toroidal field by shear (i.e.
differential rotation) and its importance for the sun was recognized very early
on. Such shear also naturally occurs in disk galaxies, since they are differentially
rotating systems. However, it is still necessary to regenerate the poloidal field.
In both stars and galaxies the « effect is the prime candidate. This explains
the name af) dynamo; see the left hand panel of Fig. However, large scale
magnetic fields can also be generated by the « effect alone, so now also the
toroidal field has to be generated by the « effect, in which case one talks about
an o dynamo; see the right hand panel of Fig. m (The term a?Q model is

discussed at the end of §[14.5.2})

14.5.1 «o? dynamo in a periodic box

We assume that there is no mean flow, i.e. U = 0, and that the turbulence is
homogeneous, so that a and 7; are constant. The mean field induction equation
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Figure 14.5: Dispersion relation for o2 dynamo, where ke = a/nr.

then reads -
0B

ot
where n = 17+ 7 is the sum of microscopic and turbulent magnetic diffusivity.
We can seek solutions of the form

=aV xB+nrV?B, V-B=0, (14.25)

B(z) = Re [B(k) explik - + At)] . (14.26)
This leads to the eigenvalue problem AB = aik x B — nTkzﬁ, which can be
written in matrix form as

. —nrk? —iak, iak, R
AB = iak, —nrk?® —iak, | B. (14.27)
—iak, ok, —nTk2

This leads to the dispersion relation, A = A(k), given by

(A +n1k?) [(A + n1k?)? — K] =0, (14.28)

with the three solutions
o = —nrk?, AL = —nrk? £ |akl. (14.29)
The eigenfunction corresponding to the eigenvalue Ao = —nrk? is proportional

to k, but this solution is incompatible with solenoidality and has to be dropped.
The two remaining branches are shown in Fig. [[4.5]

Unstable solutions (A > 0) are possible for 0 < ak < nrk?. For o > 0 this
corresponds to the range

0 <k <a/nr = kait- (14.30)

For a < 0, unstable solutions are obtained for k. < k < 0. The maximum
growth rate is at k = %kcm. Such solutions are of some interest, because they
have been seen as an additional hump in the magnetic energy spectra from fully
three-dimensional turbulence simulations.
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14.5.2 af2 dynamo in a periodic box

Next we consider the case with linear shear, and assume U = (0, Sz, 0), where
S = const. This model can be applied as a local model to both accretion discs
(z is radius, y is longitude, and z is the height above the midplane) and to stars
(z is latitude, y is longitude, and z is radius). For keplerian discs, the shear is
S = —%97 while for the sun (taking here only radial differential rotation into
account) S = roQ)/0r ~ 4+0.1Q near the equator.

For simplicity we consider axisymmetric solutions, i.e. k, = 0. The eigen-
value problem takes then the form

. fnTkZ —iak, 0 R
AB = | iak, +8S —nrk? —iak, | B, (14.31)
0 ik, —nrk?

where nt = 1+ n; and k? = k2 + k2. The dispersion relation is now

(A +n1k?) [(A + n1k?)? + 1Sk, — o®k*] = 0, (14.32)

with the solutions
Ax = —nrk? £ (o?k? — iaSk,)'/2. (14.33)
Again, the eigenfunction corresponding to the eigenvalue \g = —nrk? is not

compatible with solenoidality and has to be dropped. The two remaining
branches are shown in Fig. together with the approxzimate solutions (valid
for ak,/S <« 1)

Redy ~ —nrk? £ [LaSk.|'/2, (14.34)

Im\; = —weye ~ £|2aSk. |2, (14.35)

where we have made use of the fact that i'/? = (1 41)/v/2.

Sometimes the term a?{) dynamo is used to emphasize that the o effect is
not neglected in the generation of the toroidal field. This approximation, which
is sometimes also referred to as the af) approximation, is generally quite good
provided ak./S < 1. However, it is important to realize that this approxima-
tion can only be applied to axisymmetric solutions.

14.5.3 Eigenfunctions, wave speed, and phase relations

We now make the af) approximation and consider the marginally excited solu-
tion (ReX = 0), which can be written as

B, = Bysink,(z —ct), By = V2 By ’E
«

sinfk, (z — ct) + ¢], (14.36)

where By is the amplitude (undetermined in linear theory), and ¢ = weye Jk, is
the phase speed of the dynamo wave, which is given by

aS



14.5. o AND a2 DYNAMOS: SIMPLE SOLUTIONS 127

05 1.0
b3 % 05

0.0
S £ 00
~ ~
< -0.5 g

-1.0 -1.0L .

-1 0 1
k/kerit

Figure 14.6: Dispersion relation for a?Q dynamo with akei /S = 0.35.
The dotted line gives the result for the a{2 approximation equations (|14.34])
and ([14.35). The axes are normalized using ke for the full o2Q dynamo equa-
tions.

Table 14.1: Summary of propagation directions and phase relation for af2
dynamos.

object a S ® c wave propagation  |weyc| At
disc — — =3n/4 + away from midplane —37/4
disc/star? + — +37w/4 — equatorward —3m/4
star? - 4+ —r/4 - equatorward +m/4
star + + +7/4 4+ poleward +m/4

where the upper (lower) sign applies when .S is positive (negative). The sign
of ¢ gives the direction of propagation of the dynamo wave; see Table for a
summary of the propagation directions in different settings.

An important property of the af) dynamo solutions that can be read off
from the plane wave solutions is the phase shift of 27 (for S < 0) and £ /4
(for S > 0) between the poloidal and toroidal fields. It is customary to quote
instead the normalized time delay |weye| At = @sgn(c), by which the toroidal
field lags behind the radial field. These values are given in the last column of
Table Note that the temporal phase shift only depends on the sign of the
shear S and not on a.
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Chapter 15

Differential rotation

It became clear from the discussion in §[14] that differential rotation plays an
important role in producing a large scale magnetic field in the Sun. It may
also be important for the dynamo in disposing of its excess small scale current
helicity, as discussed in the previous section. In this section we discuss the
theoretical basis for explaining the origin and properties of solar and stellar
differential rotation.

15.1 Mean field theory of differential rotation

The origin of differential rotation has long been understood to be a consequence
of the anisotropy of convection. It has long been clear that the vertical exchange
of momentum by convection should lead to a tendency toward constant angular
momentum in the radial direction, i.e. Qw? = const, and hence the mean an-
gular velocity scales with radius like Q(r) ~ r~2. Here, @ = rsin @ denotes the
cylindrical radius (i.e. the distance from the rotation axis).

The r¢ component of the viscous stress tensor contributes to the angular
momentum equation,

0 — I
En (p*Q) + V- [pww (UU4 +uug)] =0, (15.1)
where w;u; = Q;; are the components of the Reynolds tensor. In spherical

coordinates the full mean velocity vector is written as U = (U, @wQ, U.,).

The early treatment in terms of an anisotropic viscosity tensor was purely
phenomenological. A rigorous calculation of the Reynolds stresses shows that
the mean Reynolds stress tensor is described not only by diffusive components
that are proportional to the components of the rate of strain tensor of the mean
flow, but that there are also non-diffusive components that are directly propor-
tional to the local angular velocity. In particular the r¢ and 8¢ components of
the Reynolds tensor are of interest for driving  and @ gradients of U, = wf).
Thus, for ordinary isotropic turbulent viscosity one has, using Cartesian index

129
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notation, B - -
Qij =~ (Ui,j + Ujﬂ‘> — Ct(sijUka (152)

where (; is a turbulent bulk viscosity, and commas denote partial differentiation.
This expression implies in particular that

Qop = —11 sin Gg—g. (15.3)
Note that for the Sun, where 9Q2/00 > 0 in the northern hemisphere, this for-
mula would predict that Qgg4 is negative in the northern hemisphere. However,
it was noted long ago from correlation measurements of sunspot proper motions
that Qg is in fact positive in the northern hemisphere. The observed profile of
Qo is also known as the Ward profile. The observed positive sign was used to
motivate that there must be an additional term in the expression for @);;. Using
a closure approach, such as the first order smoothing approximation that is of-
ten used to calculate the « effect in dynamo theory, one can find the coefficients
in the expansion

Qij = NijiQ — NijiUg 1, (15.4)

where A;j describes the so-called A effect and N is the turbulent viscos-
ity tensor. The viscosity tensor Nj;i must in general be anisotropic. When
anisotropies are included, Afijkl gets modified (but it retains its overall diffusive
properties), and A;; takes the form

- 0 0 Vsinf -
AijiSl = 0 0 Hcost | Q, (15.5)
Vsinf Hcosf 0

where V and H are still functions of radius, latitude, and time; V' is thought to
be responsible for driving vertical differential rotation (9Q/0r # 0) while H is
responsible for latitudinal differential rotation (9€2/96 # 0).

The first order smoothing approximation predicts the following useful ap-
proximations for V' and H:

Var @—ﬁ) (15.6)

H~7 (@—Ig). (15.7)

These expressions show that when the rms velocity in the radial direction is
larger than in the azimuthal direction we must expect V' < 0 and hence 9Q/0r <
0. In the Sun, this effect is responsible for the negative radial shear near the
surface where strong downdrafts may be responsible for a comparatively large
value of uiﬁ Likewise, when the rms velocity in the latitudinal direction is larger
than in the azimuthal direction we expect H < 0 and hence 9Q/96 < 0, so the
equator would spin slower than the poles. This does not apply to the Sun, but
it may be the case in some stars, especially when the flows are dominated by
large scale meridional circulation.
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15.2 The A effect from turbulence simulations

Several of the relationships described above have been tested using convection
simulations, both in local Cartesian boxes located at different latitudes as well
as in global spherical shells. Generally, the various simulations agree in that the
sign of the horizontal Reynolds stress is positive in the northern hemisphere and
negative in the southern, reproducing thus the Ward profile. The simulations
also show that the off-diagonal components of the turbulent heat transport ten-
sor are mostly positive in the northern hemisphere, and negative in the southern
hemisphere. This agrees with the sign required if the baroclinic term is to pro-
duce a tendency toward spoke-like angular velocity contours. Simulations also
reproduce the sudden drop of angular velocity at the top of the convection zone.
This agrees with a predominantly negative sign of the vertical Reynolds stress
at a similar depth. Furthermore, some of the more recent simulations show
an unexpectedly sharp increase of the horizontal Reynolds stress just near the
equator (at around +5° latitude), before changing sign right at the equator.
The significance of this result for the solar differential rotation pattern is still
unclear.

15.3 Meridional flow and the baroclinic term

According to the formalism described in the previous section, a finite differen-
tial rotation can be obtained by ignoring meridional flows and solving equa-
tion in isolation. However, this would only be a poor approximation that
becomes quickly invalid when the angular velocity becomes large compared with
the turbulent viscous decay rate. This is quantified by the Taylor number

Ta = (200R*/1n)° . (15.8)

Using the first order smoothing expression from Riidiger (1989), v, = (2/15) Tu? .,
we have for values typical for the Sun (see Table , ie v ~ 10%2cm?/s,
Ta ~ 10°. This value of Ta is rather large so that nonlinearities produce strong
deviations from linear theory.
As the value of Ta is increased, the Coriolis force increases, which then drives
a meridional flow. This meridional flow first increases with increasing values of
Ta, but then it reaches a maximum at Ta ~ 3 x 10°, and later declines with
increasing values of Ta. (The solar value is Ta &~ 3x 107.) This decline is because
eventually the Coriolis force can no longer be balanced against advection or
diffusion terms. This can best be seen by considering the curl of the momentum
equation,
— — .
W, +wU -V <W¢) DWW, = =2 +¢-VT x VS. (15.9)
ot w 0z
We recall that we consider here a nonrotating frame of reference, so there is no
Coriolis force. Nevertheless, part of the inertial term takes a form that is quite
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Figure 15.1:  Contours of constant  for different values of Taylor number
(upper panel) and different values of the inverse Rossby number, affecting the
relative importance of H over V (lower panel). [Adapted from Brandenburg et
al. (1990).]

similar to the Coriolis term, but here Q is a function of position, while in the
Coriolis term the angular velocity would normally be a constant.

In the barotropic case one has VT || VS so there is no baroclinic term, i.e.
é& (VT x VS) =0. So, if viscous and inertial terms are small, which is indeed

the case for rapid rotation, then 852 /02 has to vanish, so  would be constant
along cylinders; see Fig. It is generally believed that the main reason for
€ not having cylindrical contours in the Sun is connected with the presence of
the baroclinic term. The presence of magnetic forces may also play a role, but
unlike the baroclinic term, magnetic forces tend to produce a rather variable Q
patterns, often connected with rapid motions near the poles where the inertia
is lower.

Currently the highest resolution simulations of global convection in spherical
shells are those by Miesch et al. (2000). These simulations show a great amount
of detail and reproduce some basic features of the Sun’s differential rotation
such as the more rapidly spinning equator. However, in low latitudes they show
strongly cylindrical  contours that deviate markedly from the more spoke-like
contours inferred for the Sun using helioseismology. These simulations also do
not show the near-surface shear layer where the rotation rate drops by over
20nHz over the last 30 Mm below the surface.

Mean field simulations using the A effect show surprisingly good agreement
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Figure 15.2: Contours of angular velocity (left) and turbulent convective energy
flux (right) for a model with anisotropic heat transfer tensor. [Adapted from
Brandenburg et al. (1992).]

with the helioseismologically inferred Q pattern, and they are also beginning
to address the problem of the near-surface shear layer. In these simulations
it is indeed the baroclinic term that is responsible for causing the departure
from cylindrical contours. This, in turn, is caused by an anisotropy of the
turbulent heat conductivity which causes a slight enhancement in temperature
and entropy at the poles. In the bulk of the convection zone the entropy is
nearly constant, so the radial entropy variation is smallest compared with the
radial temperature variation. It is therefore primarily the latitudinal entropy
variation that determines the baroclinic term, with

72 PR J—
SR (A 7 T

o g <O (15.10)

The inequality shows that negative values of 0N /0z require that the pole is
slightly warmer than the equator (95/00 < 0). However, this effect is so weak
that it cannot at present be observed. Allowing for these conditions in a sim-
ulation may require particular care in the treatment of the outer boundary
conditions. In Fig. [15.2] we show the plots of angular velocity contours and
convective energy transport in a model with anisotropic turbulent conductivity
tensor, x;;. Given that the flux, F, is proportional to _Xijnga a negative
95/06 can be produced from a positive F,. with a positive value of y.,4.

In the discussion above we ignored in the last step a possible correlation
between entropy and temperature fluctuations, i.e. a contribution from the term
VT' x VS’ where primes denote fluctuations. Such correlations, if of suitable

. . . —2
sign, might provide yet a further explanation for a non-zero value of Q" /0z.
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Figure 15.3: Radial profiles of the internal solar rotation rate, as inferred from
helioseismology (sidereal, i.e. in a fixed frame). The rotation rate of active
zones at the beginning of the cycle (at ~ 30° latitude) and near the end (at
/2 4°) is indicated by horizontal bars, which intersect the profiles of rotation
rate at r/Rg =~ 0.97. For orientation, the conventionally defined Carrington
rotation period of 27.3 days (synodic value, corresponding to 424 nHz) has been
translated to the sidereal value of 456 nHz. Courtesy of Benevolenskaya et al.
(1999).

15.4 Near-surface shear layer

The first results of helioseismology indicated significantly higher angular veloc-
ities in the sub-surface than what is seen at the surface using Doppler mea-
surements. This apparent conflict is now resolved in that helioseismological
inversions of the data from the SOHO spacecraft show a sharp negative gradi-
ent, connecting the observed surface values smoothly with the local maximum
of the angular velocity at about 35 Mm depth; see Fig.

The theory of this negative near-surface shear layer is still a matter of on-
going research, but it is clear that negative shear would generally be the result
of predominantly vertical turbulent velocities such as strong downdrafts near
the radiating surface. However, such a layer that is dominated by strong down-
drafts was only thought to be several megameters deep, and not several tens
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Figure 15.4: Rotation law obtained by Kitchatinov & Riidiger (2005) tak-
ing the anisotropy of the turbulence near the surface into account. [Courtesy
Kitchatinov & Riidiger (2005).]

of megameters. With an improved theory for the anisotropy of the turbulence
especially near the surface layers, one obtains a clear radial decline of the local
angular velocity near the surface, although still not quite as much as is observed;
see Fig. In any case, these results do at least reproduce the near-surface
shear layer qualitatively correctly. A proper understanding of this layer is now
quite timely in view of the fact that near-surface shear is likely to contribute to
the production of strong toroidal fields.

15.5 Magnetic effects

Using photospheric Doppler measurements and helioseismology so-called tor-
sional oscillations were discovered in the 1980ies. They are a cyclic modulation
of the latitudinal profile of the angular velocity at the surface of the sun. Model
calculations suggest that these oscillations can well be modeled by restoring the
Lorentz force by adding a term —wﬁ¢ under the divergence in equation
Unfortunately, given that there is no definitive solar dynamo model, models for
the Sun’s torsional oscillations are equally preliminary and still a matter ongoing
research.
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Chapter 16

Final words

In the past few decades there have been significant developments in under-
standing the physics of the Sun. Even regarding the radial structure of the Sun,
which was thought to be qualitatively well understood, major revisions have
emerged just recently with the refinement of three-dimensional simulations of
solar granulation. Such simulations have led to new spectral line fits that imply
a drastically reduced abundance of the heavier elements. This has consequences
for the opacities that affect the deep parts of the Sun’s interior.

There are many aspects of solar physics where a detailed understanding of
the three-dimensional flow pattern of the Sun is crucial. It is not surprising that
effects involving details of the turbulent flow field in the solar convection zone,
such as the theory of differential rotation and magnetic field generation, pro-
vide other examples where the three-dimensional dynamics is important. Fully
three-dimensional simulations of solar convection with magnetic fields produce
flow and magnetic field structures in great detail, but at present they deviate
in some important aspects from the Sun (e.g. the fraction of small scale to
large scale field is rather large; and the angular velocity contours are still too
strongly aligned with the rotation axis). Some tentative explanations are avail-
able (magnetic Prandtl number not small enough in the simulations to reduce
or even suppress small scale dynamo action, and surface conditions not realistic
enough to allow for sufficiently large a baroclinic term). Future advances in
computer technology will bring a steady increase in numerical resolution. How-
ever, increase of spatial resolution by a factor of two will always be very difficult
when close to the machine capacity. Substantial progress may rather hinge on
new insights that may emerge from a closer interrelation between local simula-
tions where turbulence is well resolved and mean field calculations that benefit
from input and calibration of detailed simulations.
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