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Chapter 1

The MHD Equations

A plasma is an electrically conducting fluid or gas consisting totally or par-
tially of charged particles. The self-consistent theoretical description of a
plasma is usually difficult because any electro-magnetic fields influence the
motion of the plasma (charged particles) and at the same time the mov-
ing charges act as sources of the electro-magnetic field. A self-consistent
description therefore leads to non-linear equations.

There are different levels of theoretical description for a plasma:

e N-body problem: equation of motion for each particle plus microscopic
Maxwell’s equations

Ensemble averaging

e Statistical Mechanics: Liouville’s equation for N particle distribution
function plus Maxwell’s equations with averaged sources

BBGKY hierarchy

e Kinetic description: Boltzmann equation for one particle distribution
functions plus Maxwell’s equation with sources derived from integrat-
ing one particle distribution functions over velocity space

velocity moments

e (Multi-)Fluid description: Hydrodynamic equations including mean-
field Lorentz force for each particle species + Maxwell’s equations

quasi-neutrality, v < ¢, m; > me, ...

e Single Fluid description (MHD)



For a detailed discussion of some of the steps see e.g. Balescu (1988).

Since the MHD equations have been discussed in many textbooks (e.g.
Alfvén, 1950; Cowling, 1976; Mestel, 1999; Parker, 1979; Priest, 1982; Roberts,
1967; Sturrock, 1994) we will only state them here and discuss the physical
meaning of the individual equations briefly.

a) Continuity equation

% +V-(pv) =0 (mass conservation) (1.1)

b) Momentum conservation equation (equation of motion)

0
p(a—;,—i—v-Vv):ij—Vp—pVi/J (1.2)

c¢) Energy equation (various different forms possible)

o (p p
Bevll e V(=) =-(v-1L 1.3
o (B)+v-v (L) =-6-1 (1.3
where )
radiative losses _everything else
~~ j? =~

L=V-q+ L. — = — H. (1.4)

~—— o

heat flux v

Ohmic heating

d) Ampere’s law

VxB= Moj (15)
(displacement current neglected).

e) Faraday’s law

0B
E=— 1.
V x En (1.6)
f) no magnetic monopoles
V-B=0 (1.7)
g) Ohm’s law
E+vxB=R (1.8)



R is a general right hand side and could contain Hall terms, electron
and ion inertia terms etc. In MHD applications one often uses the
simple form R = nj. Ohm’s law can be regarded as a left-over of the
electron equation of motion.



Chapter 2

Magnetohydrostatics

Magnetohydrostatics (MHS) is the theory of the static (0/0t = 0, v = 0)
equilibria of the MHD equations.
Under these assumptions we can see immediately that

a) the continuity equation is automatically satisfied
b) the momentum conservation equation becomes a force balance equa-
tion
0=jxB—-Vp—pVy (2.1)

c) the energy equation becomes

L=0 (2.2)
and will not be used at the moment.

d) Ampere’s law remains unchanged

VxB= Moj (23)
e) Faraday’s law
VxE=0 = E=Vp (2.4)
f) no magnetic monopoles
V-B=0 (2.5)

g) Ohm’s law (assuming R = 0)



We finally end up with a set of three equations:

jxB-Vp—pVy = 0
VxB = puoj (2.7)
vV-B =0

This set of equations has to be completed by an equation of state and
assumptions about the temperature or an energy equation.
The fundamental question is:

Why is it useful to study MHS solutions ?

There are many answers to this question. I only state two which to me
seem to be quite important.

a)

From a fundamental point of view we can regard the MHD equations as
a set of equations describing extremely complicated dynamical systems.
In the study of dynamical systems it is always useful to start with a
study of the simplest solutions. These are usually the stationary states
and their bifurcation properties, in the MHD case the static equilibria.

From the point of view of modelling, many physical processes in plasma
systems occur slowly, i.e. on time-scales which are much longer than
the typical time-scale of the system. Such processes can be described
systematically in the following way (see also Schindler and Birn, 1986).
Let L be the length scale of the system, T the slow time scale of
evolution and vg = By//fopo a typical Alfvén speed. We then define
the Alfvén time by T4 = L/v4. The main assumption now is that

%:%:a<<l. (2.8)
We now normalize lengths by L, velocities by v, the magnetic field
by By, the density by pg, the pressure by pg and the gravitational
potential by 1. Normalised quantities will be denoted by a~ We
obtain

25 (% +v- @\7) =jxB-— Qﬂp@ﬁ - Qﬁgﬁﬁi- (2.9)

Here, f3, is the ratio between plasma pressure and magnetic pressure,
the so-called plasma beta, whereas 3, is a similar ratio between the
gravitational energy density and the magnetic pressure. Both numbers
measure the relative importance of pressure gradient and gravitational
force with respect to the j x B-force.

Since € is assume to be small, we obtain to lowest order

0=jxB—28,Vp—28,pV. (2.10)



So to lowest order we have the MHS force balance equation as funda-
mental equation and the time ¢ appears merely as a parameter. The
fundamental importance of this quasi-static approximation lies in the
fact that sequences of MHS equilibria can be used to model the slow
evolution of plasma systems. However, one cautionary remark has to
be made at this point: these sequences have to satisfy the constraints
imposed by the other equations, especially Ohm’s law and the conti-
nuity equations. These constraints usually lead to very complicated
integro-differential problems which are difficult to solve.



Chapter 3

Symmetric Systems

We now assume that the solutions we want to find have spatial symmetries.
The three most important symmetries are

e translational symmetry
e rotational symmetry
e helical symmetry .

Only in these three cases it is possible to reduce the MHS equations
to one single elliptic second order partial differential equation (Solov’ev,
1967; Edenstrasser, 1980a,b). We will now show how this reduction can be
achieved.

3.1 Translational Invariance with no External Forces

The basic equations are

jxB-Vp—pVyy = 0 (3.1)
VxB = puj
V-B = 0

The usual (and probably best) way to tackle the problem is to write B
in a form such that Eq. (3.3) is automatically satisfied. Let us assume that
the invariant direction is the y-direction. Then

0
5o =0 (3.4)
Writing B as

B=VxC (3.5)



with a vector potential C is one possibility, but not the best one in this case.
We rather write

B = VAxe,+ Bye,
= V x (Aey) + Bye, (3.6)

Here A and B, depend only on z and z. Note that A is the y-component
of the vector potential C. A is usually called the flux function, because it is
directly related to the magnetic flux in the xz-plane.

We also have

B-VA=(VAxe,) -VA+Bye, - VA=0. (3.7)
——
=0 =0 since §2=0

It follows that A is constant along magnetic field lines.
Magnetic field lines are defined by

dr  B(r(o))
el W 4 3.8
do |B| (38)
and we get
dr 1 dA
= = 77— 3.9
do |B| do (39)

The last equality shows that contours of A are projections of magnetic field
lines onto the xz-plane.
Next we multiply Eq. (3.1) by B and get

B-(jxB)=B-Vp=(VAxey) -Vp+B, e,-Vp . (3.10)
——

=0 since $2=0
The left hand side of this equation vanishes and we obtain
B Vp=0. (3.11)

Equation (3.11) implies that the pressure p is constant along field lines and
actually

(VAxe,) -Vp=0. (3.12)
Written in terms of partial derivatives this equation becomes

0A0dp 0AOdp

= _ =2 . 1

0z 0r Oz 0z 0 (3.13)
We conclude that

p(x,2) = F(A(z,2)) (3.14)

where F' is an arbitrary positive function of A.



The current density follows from Eq. (3.2)
VxB = Vx(Vx(A4ey))+ VB, x ¢,
= —Adey, + V[V (4ey)|+VBy x ey
—_———

=0

= o] (3.15)
and
) 1
jxB = —{—AA[eyx (VA x ey)] +
Ho
(VBy x ey) x (VA x ey + Byey) }
1

Ho

= —{ — AAVA+[(VB, x e,)-e,] VA —

=0

(VB, x e,) - VAle, - ByVBy}. (3.16)
Since Vp = dp/dAV A, we get

d
~AAVA—[(VAxVB,) e, e, — B,VB, = uod—ZVA. (3.17)
The y-component of this equation gives
0A0B, 0AOB,
92 or or 02 0. (3.18)

In the same way as for the pressure we conclude that

By(z,z) = G(A(z, 2)), (3.19)

implying that B, is constant along field line projections onto the zz-plane.
The V A-component then gives

dp dB
N > M A
dA " Pvaa
This is the fundamental equation to be solved. It is usually called the
Grad-Shafranov(-Schliiter) equation named after some of the people who

first derived it (earlier versions have been found by Chandrasekhar, Dungey
and others).

The pressure p and the magnetic field component B, are free functions
of A, which have to be chosen or fixed by additional information.
The right hand side of Eq. (3.20) is basically the y-component of the

current density:
) dp dB
HoJy = Ho o7 + Byd—Ay' (3.21)
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3.2 Rotational Invariance with no External Forces

In this case, we represent the magnetic field in cylindrical coordinates w, ¢
and z by
B = VAx V¢+B¢e¢
1
= —VA B
- X €4+ Dypey

1 0A 1 0A
—— —eg + —— B 3.22
w@ze +w8weZ+ 909 ( )
Here A is not the ¢-component of the vector potential, but A/w is ! A does
not depend on ¢. A is again called the flux function and lines of constant

A are magnetic field lines. Again we have that
B-Vp=0 (3.23)
and
p(@,2) = F(A(w, 2)). (3.24)
The current density is given by

0z @ 0w w 0w

= o] (3.25)

0B, 19?4 0 (104 19

Then

1
jXB = jX (—VAXG¢+B¢€¢>
w

1 1
— j,VA——(j-VA Bj
w]¢V W(J VA)ey + Byj x e

1 1024 0 [(10A
= ‘m—w{[aﬁw—w(;a—wﬂ“‘

{ii( )%_aﬁb%}
w 0w w8 0z 0z Ow e

ByV (wBy) }

dp
= d—AVA. (3.26)

Looking at the ¢-component of this equation we see that

170 0A 0 0A 1
(w ¢)g—&(w ¢)8_w = EB'V(Wqu)

= 0. (3.27)

@ 0w

10



It follows that
by(w, 2) = wBy(w, 2) = G(A(w, 2)). (3.28)

This allows us to write the rest of the equations as

1
pow

0 (104\  10°4 1 dby dp
a_w( ) + L b VA= VA (329)

w 0w w 022

S| va-

Since all terms are in the direction of VA we finally obtain the Grad-
Shafranov(-Schliiter) equation for rotational symmetry in cylindrical coor-
dinates

HoaA dA

This equation should not be confused with the Grad-Shafranov(-Schliiter)
equation in cylindrical coordinates but with translational symmetry, i.e.

0/0z = 0 instead of 9/0¢ = 0!

1 dp db
-V (;VA) + —b¢ ¢ (3.30)

3.3 Helical Invariance with no External Forces

We have so far treated two special symmetries which seem to be quite "nat-
ural”. The obvious question to ask is:

Are there other more general symmetries for which the MHS equations can
be reduced to a single elliptic PDE?
The answer to that question has two parts

a) Formulate the MHD equations in a general coordinate system &', &2,
€3 and use tensor calculus to carry out the manipulations, see e.g.
Edenstrasser (1980a).

b) Assume that the physical quantities do not depend on &3, say. This
implies restrictions on the coordinate system, see e.g. Edenstrasser

(1980b).

The most general invariance for which the reduction to a single elliptic PDE
is possible is helical invariance. Here the coordinate lines along which the
physical quantities have to be invariant have the form of helices

H(w, ¢, z) = {w, ¢, z|w = const.,u = np — kz = const.} (3.31)

with n and k real constants. So, in this case, @ and w are the two inde-
pendent variables upon which all the other quantities depend. We start our
analysis again by looking at the condition

V-B=0 (3.32)

11
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Figure 3.1: Helical line

which we rewrite in the following way in cylindrical coordinates w, ¢, z

1 0 1 0By aB 1 0 1 OudBy  OudB,

~ " (=B - — " (=B ’

w@w( =+ w 0¢ + waw(w 2 wd¢p du +(9z ou
= 0 (3.33)

because the components of B depend only on w and .
Substituting the definition of u into Eq. (3.33), we get

19 ndBy, OB. _ 1[0 B
= 0 (3.34)

because w and w are orthogonal coordinates. This equation is solved by
introducing a flux function A(w,u) in the following way:

wB, = % (= wey - B) (3.35)
0A
By —kwB, = —22 (= .B). .
nBy — kwB, e (=wVu-B) (3.36)

These two equations relate the three components of B, expressed in cylindri-
cal coordinates, with each other, and leaves one independent component of
B as in the previous cases. This is the component in the direction e, x Vu.

By taking the scalar product of the momentum balance equation with
B we again get

Op Ou Op Ou Op

BVp = Bag_+Bogoo.+ By o

12



Op 1 Op
Ow * w (nBy wB:) ou

= 0 (3.37)

Substituting our two equations for B in terms of A, we get

—(B2-2) (3.38)
As in the previous cases we may conclude that
p(r,u) = F(A(r,u)) (3.39)
and IF
Vp = EVA (3.40)

Next we consider the individual components of the momentum balance equa-
tion. First we calculate the current density j

poj = VxB
B <iaBz 8B¢)e +<an 8Bz>e .
T \wap 09:/)"7 0z ow) ?

557 2

= (— + —)ew—l—(—k—— )e¢+

w Ou ou ou Ow
1 0 n 0By
[Ea_w(w 5 - }ez (3.41)

and the j x B force follows as

pem = ]2
- [%8% (@Bg) — %%} Bqﬁ] ew +
22 ey 222,
—<gaa%+k%>34e¢+
[(%%%Jrk%)%

OB OB,
— (| —k——= — B 42
( Ly aw) wlez} (3.42)

13



We first look at the ¢ and the z-component of the force balance equation.
The ¢-component gives

170 0B 1 0B, 0B, n dp 0A
— |=— (wBy) —n——| B — — B, = pg———
w{@w (@By) —n ou } “ w(n ou ko au) ? 'uowdAﬁu
(3.43)
and the z-component is
1 0B, 0By 0B, 0B, B dp 0A

We multiply the ¢-equation with kw and the z-equation with n, add the
two and get

) 0B, 0B, 0B,
It follows that
By 9 kwBy +nB, | — kn% + nk% +
=B,

n 0
<;B¢ - kBZ) = (kwB,+nB.) = 0. (3.46)

and therefore

0B, 0B,
waa—w + (nBg — kwB,) 5y 0. (3.47)
Substituting
0A
B, = — 3.48
@ 50 (3.48)
and 94
we get
0A0B, 0AOB,
Ou 0w 0w ou (3:50)
From this equation we obtain finally that
By(w,u) = h(A(w,u)). (3.51)
From the two equations
0A
By —kwB, = —— 3.52
nBy — kw - (3.52)
kwBy +nB, = h(A) (3.53)

14



we derive the following expressions for By and B.:

1 0A
1 BA

To derive the Grad-Shafranov equation for helically symmetric equilibria,
we now have a look at the w-component of the momentum balance:

(kan aBz) _(li( B)_ﬁan) _dpoA
ou 0w 20w P T S on )T T M4 0w

We substitute our expression for B into the d/0u derivatives and get

(3.56)

1 0%A 0B, By 0 dp 0A
——— | kwB, —nBy, | — B, - — = .
w? Ou? w 0w w 0w (@Bs) = ro gy dA 0w (3.57)
b
We rewrite this equation as
1 024 0A 10 B? dp 0A
- ga9a B2+ B ¢ 3.58
= 0 O [2 5 (P24 B0) + Miiem O

The strategy now is to substitute the expression for By and B, into this
equation and to manipulate it into a form that the term inside the brackets
also has a factor 9A/9w. To do this we first calculate B2 + Bq%.

1 DA DA\?
2 2 2_2;2 2
B+ By = —(n2 P [kz wh anwh—aw +n <—6w)
2
+k%? <%) + anwh% + n2h?
Ow Ow

B 1 5, [0AN?
- o [h + (8—w> ] (3.59)

Then we obtain for the term in brackets
10

S5 (B¢+BZ)+ —B2—

_inw h2_|_ (%)2 + ; hﬁ% +62_A%
(n? + k2w)? Ow n?+k*w? \ dAdw Ow?dw

1 0A n2 DAN?
B 1 PA kP —n? 9A
 n2 4+ k2w? (8@2 2+ k202 0w
dh 2kn 0A
dA  n?2+ k2 + w2 )%

+

(3.60)

15



We now substitute this expression back into the wo-component of the mo-
mentum balance equation and get, omitting the factor 9A/0w

1 6%4 L P4 Beon? 04 _
w2 ou?  n?+k2w?0w?  w(n? 4+ k2w?) 0w
dp 1 dh 2kn

—+ —————=h—————-—==h (3.61
Hoga T2 +k+w? dA  (n?+ k*w?)? (361)

We can write this in a more compact form if we multiply Eqn. (3.61) by
n? + k?>w? and introduce the Laplace operator in the following form

AA = li( %)_FLaQ_A_’_aQ_A
= m e w2 02 022
L PA 104 1ud (004) 000 (u0A)
 0w? wiw  w?d¢Ou \0¢ du 0z Ou \ 0z Ou
 PA 104 RPA i
 0w? wow  w? oul Ou?
A  10A n?+Ew?0’A
= e — _— ——— — %5 - . 2
0w?  wow w2 ou? (3.62)
This allows us to write the left hand side of Eq. (3.61) as
1 0A Kw? —n? 0A n? + k*w? 4+ k?w? — n? 0A
“ANA+ T = —AA —
T eom T w(n? 4+ k?w?) 0w + w(n? + k%w?) Ow
2k’w  0A
+ n? + k2w? 0w
= —AA+Vin(n®+Fw?) - VA
= A (3.63)
Then the Grad-Shafranov-equation looks like this :
dp dh 2kn

LA = (n?+ kK@) h (3.64)

h— — ———h.
dA TV T iy et
Another way to write Eq. (3.61) in a compact form is to not multiply the
equation by n? + k?w? and see that

1
v.(—  va
v <n2+k2w2v >
1 2k*’w  0A
— .t AAr w94
n? 4+ k22 + (n? + k?w?)? 0w

B 1 <82A 190A  n?+ kPw? 32A> 2k*w DA

n2+ k202 \ 0?2 w 0w w? ou? n2 + k202 0w
B _L@QA B 1 A 2k2w? — n? — k22 %
- w2 0u?  n?+ k2w 0w w(n? + k?w?) Jw
1 0?4 1 0%A kw? —n? 0A
- - T (3.65)

@2 N2+ k2020w’ w(n? + k2w?) 0w

16



which is equal to the left hand side of the Eq. (3.61).
In this form the GS-equation reads

1 dp 1 dh 2%n
Ve A=~ R4 S, 366
<n2 T 22 > Dy g e Ly e s U CRLD)

This form is particularly useful to see that the two cases of translational
symmetry and rotational symmetry are only special cases of the more general
helical symmetry. We recover the case of translational symmetry for k£ = 0
and n = 1 and the case of rotational symmetry for £ =1 and n = 0.

Notice that the case of translational symmetry here implies 9/0z = 0
instead of 9/9y = 0 as used before in Section 3.1. We recover this case after
suitably renaming the coordinates.

3.4 The Inclusion of External Forces

So far we have not included external forces. We will now show, how this can
be done in the case of translational invariance for an external gravitational
field and in the case of rotational invariance for the case of a plasma which
is rotating. Other cases can be treated similarly.

3.4.1 External gravity in Cartesian coordinates

We assume here that the external force has a potential ¥ and can be written
as

f=—pVV¥ (3.67)
with ¥ a known function of space. The force balance equation then is
jxB—=Vp—pVV¥ =0. (3.68)
Again we write
B =VA x e, + Bye,. (3.69)

But now the scalar product of Eq. (3.68) with B gives
B -Vp=—pB-VT (3.70)

and the pressure will not be constant along field lines if VW has a component
acting along B.

Physically, it is intuitively clear why this must be the case. Since the
j x B-force only acts across the field, any component of force along the field
has to be balanced by a pressure gradient along the field. But how can we
proceed now?

From the derivation of the GS-equation without external forces, we know,
that we can write

1
jxB= - {~AAVA—[(VA X VB,)-e,]e, — B,VB,} (3.71)
0

17



Since neither Vp nor pVV are allowed to have a y-component because of
our symmetry assumption, we again get the result that

By(z,2) = G(A(x, 2)) (3.72)
and therefore ) IB
jx B=—(-AA-B,—Y VA 3.73
1 Ho ( Y'dA ) v (8.73)
The force balance equation now has the form
1 dB
—— (AA+ B,—2)VA—-Vp—pV¥ 3.74

We now use the following argument. Each of the three vector fields VA, Vp
and VWV has only two components, namely in the z-z-plane. It follows that
only two of these vector fields can be linearly independent.

We now assume that VA and V¥ are linearly independent (apart from
sets of measure zero). In the case that VA and VW are linearly dependent,
we have the highly special case that the external force is everywhere per-
pendicular to B, which restricts B considerably. This special case can be
treated in the same way as the case without external forces, but leads to a
slightly different right-hand-side

dp dv
CAA = g (d—A + pd—A) (3.75)

We then need an equation for p to complete the problem, e.g. the ideal gas
law with constant temperature T’

p=RpT =c?p (3.76)

where ¢, = constant is the sound velocity or the adiabatic relation between
p and p
p=Kp". (3.77)

Let us now return to the more general case with VA and V'V linearly inde-
pendent. Then we can write

Vp =paVA+ py VP (3.78)
with functions p4 and py as coefficients. Since
VxVp=0 (3.79)

we get
Vpa x VA4 Vpy x V¥ =0 (3.80)

18



It is easy to verify that this equation is fulfilled if p = F(A, V), p4 = OF/0A
and py = OF/0W¥. Substituting these equations into Eq. (3.80), we get

2 2 2 2
(6 FVA—l— aad V\IJ> ><VA—|—< oF VA—i—a—FV\IJ) x V¥ =

0A2 OYoA 0AOV 0A2
OF Gy VAL VAXTE) 0 (3.81)
DADY o '
With this general result for p, we now write the force balance equation as
1 aB, Op op B
{—MO <AA+BydA)—aA}VA—<a\P+p>vqf_o. (3.82)

Since VA and VV are linearly independent their coefficients must vanish
and we get

_ Op aB,
~AA = o+ By (3.83)
Op

Obviously, to complete the problem we need to know something about
p. There are several ways of providing this additional information.

a) Fix p as a function of A and ¥ and integrate Eq. (3.84) to get p as
function of A and W. The disadvantage of this approach is that it
usually leads to unphysical equations of state.

b) Assume a specific equation of state and specify the temperature as a
function of A and V.

Examples:

(a) Ideal gas with p = RpT with T' = T(A, ¥) given. It follows that

S—Z =2z (3.85)
and integrating once we get
T O ) B
In the special case of an isothermal ideal gas this can be written
as
p = po(A) exp (— \P};T%) : (3.87)

This is the usual barometric formula with different base pressure
po(A) for each field line !

19



(b) Polytropic equation of state with p = Kp” with K and «y constant.

We then have 1y
y
P __ <£> (3.88)

oy \K
leading to
p p/ — /
/ . (ﬂ dpf = — (U — Wy). (3.89)
o

Evaluating the integral we get

% [(%) T (%)j;_l] — (U —Wp).  (3.90)

Solving for p, we first obtain

~y—1 =1

(%)T:(POI((A))T_’YTJ‘I’;(\I’O. (3.91)

We finally arrive at

~

~y—1

(PO(A))j;_l It 7

(3.92)

We notice that the expression inside the bracket could become
negative which will lead to mathematical and physical difficulties.

c) Use an equation of state plus an energy equation. This is the most
difficult case, but also the most realistic one. We can again regard T
as a function of A and V¥, but this time unknown to us until we solve
the energy equation.

3.4.2 Centrifugal force in cylindrical coordinates

We now turn to the case of a rotating plasma. This case is important e.g.
for planetary magnetospheres likes those of Jupiter or the magnetospheres of
rotating stars. It can also be of importance in laboratory plasmas which are
heated by neutral beams, because the momentum transfer from the beam
to the plasma can cause the plasma to rotate.

A rotating plasma violates our static assumption v = 0, so in a strict
sense we are not dealing with an MHS equilibrium. However, since the
effect of pure steady rotation is simply to introduce an extra force, namely
the centrifugal force we will include this case here.

Since v .= 0 we have to go back to the original MHD equations with
v non-zero but 9/0t = 0. We will work in cylindrical coordinates w, ¢,
z, assume rotational invariance (0/0¢ = 0) and purely rotational motion
around the z-axis (v = wley).

The MHD equations then have the following form.
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a)

Continuity equation

10
V-(pv) = —=—(wpQ) =0 (3.93)
w d
because of axisymmetry.

Ohm’s law and Faraday’s law

From Faraday’s law

VXE=0 (3.94)
we conclude that
E=-Vo. (3.95)
With .
B=—VAx €y + B¢e¢ (3.96)
w

(from V - B = 0) we find that
vxB = wlley x (%VA X €4+ B¢e¢)
= QVA (3.97)
so that the ideal Ohm'’s law
E+vxB=0 (3.98)

acquires the form

—Vd+QVA=0. (3.99)

Taking the curl of this equation results in
VQxVA=0 (3.100)
leading to the conclusion that
Q=H(A) (3.101)

i.e. the angular velocity is constant along field lines (Ferraro’s law of
isorotation). Since €2 is a function of A, we also get

—V® + QAVA=0 (3.102)

and conclude that the electric potential ® is also a function of A (® =
K (A)) implying that the electric potential is constant along field lines.

21



¢) Momentum balance equation

The momentum balance equation has the form
external gravity term could be included
—
p(v-V)v=jxB—-Vp (=pVV) . (3.103)

The aim now is to bring the v-dependent term into the form pVn (with
the centrifugal potential 7). The most transparent way to do this is
to write

(v-V)v=V <%|v|2> —v x (V x V). (3.104)

The first term already has the form we want, so we only need to have
a look at the second term. We get

Vxv = Vx(wQey)

oN 190, 5
= _—o— . 1
W, ew + = g —(w*Q)e, (3.105)
and
oN 10
X (Vxv) = wley x (—wgew + — g (wQQ)ez)
_ wzﬁg—gez +Qai( 20)e.n
= V(z?Q?) - 2084 (3.106)
dA

Putting everything together, we get

dQ
%pV(w2(22) — pV(?Q?) + p?Q—VA =

dA
1 1 db
{——v : < 2VA) ¢] VA—Vp (3.107)
i w fow
and finally
1 1 db ds)
{——V-< 2VA> 5 —¢—pr }VA Vp+pVn=20
o @ pow™ dA
(3.108)
with 1 = @2Q?/2 the centrifugal potential.
With the same arguments as before we conclude that
p=F(An) (3.109)
and the partial differential equations to solve are
1 dp dby a2
-V (= = — — Q— (3.11
\Y (wQVA) MO(@A) + b¢dA+,uowp TA (3.110)
(9p>
) = ) (3.111)
<377 A
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Figure 3.2: Illustration of Ferraro’s law of isorotation

Again we have to provide information on p in the same way as before
and to integrate the second equation first. When substituting p into
the first equation one has to keep 7 constant although €2 can depend
on A

Ferraro’s law of isorotation usually restricts 2 considerably (e.g. Figure
3.2). Imagine a rigidly rotating magnetised body, e.g. a star or a planet,
which has a surface into which the field lines are frozen, i.e.  is fixed at
the surface of the star. Then by Ferraro’s law we have Q(A) = Q* for every
field line touching the surface in at least one point. This can cause problems
for field lines extending very far out because vy, = w(2* will become very
large. Of course this means that the centrifugal force becomes large and the
plasma will be accelerated outwards: a plasma flow along the the field lines
starts leading e.g. to a stellar wind and the field lines become open.

3.5 Some Useful Solutions for Symmetric Systems

We have now derived the fundamental elliptic PDE’s for the three differ-
ent cases of symmetric systems. We can use these equations to calculate
equilibria. Before we actually do this some general remarks are necessary.

a) The equations still contain the unspecified functions p(A) and /or B,(A)

(by(A), h(A)). We have to make choices which are sensible from the
physical point of view. This is usually in conflict with mathematical
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Figure 3.3: Example of boundary conditions in Cartesian geometry

simplicity which would require e.g. to make the PDE linear. It is
for example obvious that p(A) and B} (A) (b;(A), h2(A)) have to be
positive. This is not always ensured by some choices for p and BS (A)
(bi(A), h2(A)). In this part of the lecture we shall assume somewhat
naively that we can prescribe p and B, as we like subject to the con-
straints mentioned above.

We have to specify boundary conditions to complete the mathematical
problem. However, usually people take the approach to try to find any
solution of one of the PDE’s first and tailor the boundary conditions
for this solution afterwards. We will basically follow this approach,
because otherwise it is hard to find any solutions, at least if we have
a non-linear equation.

Since the equations are elliptic, the mathematically appropriate bound-
ary conditions are e.g.

e Dirichlet boundary conditions: A\boundary =known function of
space on boundary
From a physical point of view this boundary condition fixes the
point where the field line labeled ‘A’ crosses the boundary (some-
times called ‘the footpoint’). Then, specifying A on the boundary
is the same as specifying the magnetic flux distribution through
that boundary !
If p(A) and B, (A) are prescribed, this also fixes p and By on the
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boundary ! This may not always be consistent with the physics
of the problem studied ! I will get back to this point at the end
of this Section.

e (Homogeneous) von Neumann boundary conditions (if imposed
on all boundaries, an extra condition is necessary to make the

solution unique): o known function of space, e.g. 0.
n
This determines the angle with which the field line A intersects
the boundary because
|IBxn|=|n-VA)e,| = |B|sinf (3.112)
where 6 is the angle between B and n. If, for example
0A
on
then B is perpendicular to the boundary.

0 — Bjn (3.113)

Before I go on to discuss specific equilibria, I would like to introduce
some widely used terminology.

a) Potential fields

Here j = 0 and we have

VxB=0. (3.114)

It follows that
B =V (3.115)

and therefore
V-B=Ap=0. (3.116)

Equation (3.116) is the reason for the name potential fields. Note that
© is not identical with A in the symmetric cases, but if j = 0 we have

—AsA = 0 (translational symmetry), (3.117)
-V (%VA) = 0 (rotational symmetry),  (3.118)
-V (MVA) = 0 (helical symmetry). (3.119)
b) Force-free fields
This means that
jxB =0, (3.120)
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so the other forces are negligible. It follows that
1oj = aB, (3.121)

i.e. the current density is purely field aligned. Since
1
V-j=—V-(VxB)=0, (3.122)
Ho
we get
wV-j=V-(aB)=B-Va+aV-B=B Va=0, (3.123)

implying that « is constant along magnetic field lines. If o = constant
everywhere we have the so-called constant-a force-free fields or linear
force-free fields, because as we will see, the equation determining B is
linear in this case.

3.5.1 Solutions for Translational Invariance

a) pojy = 0 solutions

These include potential solutions, but in the case of translational sym-
metry without external forces we could also have

) B2(A)
S R (R ATk il I 124
iy <p( ) + o 0 (3.124)
implying
N Bi(A) e
p( )+TM0_C = constant. (3.125)

We can use this equation to determine either p(A) or By(A) if the
other one is given, e.g.

By(A) = £/2u0(c* — p(4)), (3.126)

where it must be ensured that ¢2 > p(A) for all A! In this special case
we have j, = 0 but the the other components of the current density
are NON-zero

poj = VxB
= —AAe,+ VB, x ey
=0
B,

VA xe, #0. (3.127)
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This special case does not exist if we have external forces or in the case
of all other symmetries because then either p depends on the external
potential 1 or we have extra explicit dependencies on the coordinates
on the right hand side of the Grad-Shafranov equation.

The techniques for the solution, however, and the expressions for A
are the same whatever case we have. We can use either separation of
variables (A = g(z)h(z) in Cartesian coordinates or A = g(r)h(¢) in
polar coordinates) or complex analytic functions (A = R[f(z+iz)]) or
Green’s function techniques. All this is standard and I will not show
any examples here.

HoJjy = ¢ =constant solutions

This is another case for which the Grad-Shafranov equation is linear,
namely

—AA=c (3.128)

General solutions can be constructed by adding a potential solution Ag
with —AAp = 0, to a particular solution of Eq. (3.128). An example
would be

1
A= Ag— 5@;52. (3.129)
Since
B2
pop(A) + =L =cA+d (3.130)
240

the solutions do only make sense if cA 4+ d > 0.

IUij = k*A

This form of j, includes linear force-free fields. The Grad-Shafranov
equation has the form

d Bj(A)
“AA=k2A = png— | p(A) + =L . 131
k uodA<p()+ o (3.131)

We get linear force-free fields if p = constant, i.e.

dB
—AA=B,—Y = k?A. 132
v 1 k (3.132)
It follows that
By = k*A* + B}, (3.133)
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Now

dB
= d—AyVAxey+k2Aey
dB dB
= d—jvaXey—FByd—flyey
B,
= B 134
dA (3.134)
If B§0 =0, we have By = *|k|A and dB,/dA = £|k| = a !

Solutions can be obtained for example by separation of variables. In
Cartesian coordinates we get

A = g(x)h(z) (3.135)
leading to
29 &Eh
—h—5 —g—— =k“gh 3.136
a2 9az2 g ( )

when substituted into Eq. (3.132). Dividing by g h we get

1d%g 1d%h
&g e LR 3.137
g dx? * nd2  ° ( )

with ¢? constant. If we choose ¢? to be positive the solutions are

g = gisin(cx) + go cos(cx) (3.138)

h = hiexp(Ve? —k2z) + haexp(—Ve? — k%2z)  (3.139)

Here g1, g2, h1 and ho are constants. In the case of linear force-free
fields, we can replace k% by o2. For all linear equations we can su-
perpose different solutions to match boundary conditions for example.
That is one of the reasons why the linear Grad-Shafranov equations
are so popular.

fojy = Aexp(2A)

This is the first non-linear current density we investigate and is a very
popular choice for two reasons:

(a) the complete set of solutions is known explicitly (Liouville, 1853)

and the equation has particularly nice properties as conformal
invariance;
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(b) there is a physical justification for this current profile (!), be-
cause it results from a kinetic approach with Maxwellian distri-
bution functions where the particles drift in the y-direction and
the plasma is quasi-neutral. The plasma is then in local thermo-
dynamic equilibrium. This argument does only apply, however,
to a j, caused by a pressure gradient and not to magnetic shear !

So the Grad-Shafranov equation is
—AA = MXexp(24). (3.140)

This equation is sometimes called Liouville’s equation. The solutions
to this equation are given by

1 2
1+ A )

ap
du

A=—In (3.141)

where u = z+1iz and v is an analytic function, or written in a slightly
different way

A \@
Aexp(24) = - du 5 (3.142)
(1+ PP
Notice that for A — 0, we have j, — 0 and
dy
A—1l — .14
S (‘ a ) , (3.143)

which is a harmonic function !

Let us first verify that A does indeed solve the PDE. It is relatively
straightforward to to this if we write

Y(u) = g(x, z) +ih(x, z) (3.144)
with g and h satisfying the Cauchy-Riemann equations for harmonic
functions

dg oh

-~ - = 14

oz 0z (3.145)

dg oh

- = ——. 3.146

0z ox ( )
Then

W* = g% + 1 (3.147)
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and

We can therefore write A as

1+ iA(f + h?)
() (32
-~ —In (1 + iA(gZ - h2)) + %111 l(%f - (%ﬂ - (3.149)

Now the complex analytic function

A = —In

Y | |dv 3 (%)
I L du
In (@) =1In ‘ du' + i< arctan - (@) + 2k (3.150)
du
and this implies that
N @‘——All <@>2+<@)2 —0 (3.151)
M| T 2"\ oz 0z - ’

So we only have to calculate the effect of Laplace’s operator onto the
first term given by

Q=-In (1 + %)\(92 + hz)) . (3.152)
We get
1 0g oh
il W P I Scidd
9@ _ _2 (gaer 590) (3.153)
O 1+ iA(gQ +1?)
1 dg oh
A g~ +h—
oQ . 2 < 0z (9z>
= = - . (3.154)

1
1+ ZA(g2 + h?)
For the second derivatives we obtain

9%Q 1

32__ 1 2
o L+ 7A(g> +h?)
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[1+ ~Ag +h2)]

dg . Oh\?
N
4)\ (g—ax +h—a$) }(3.155)

(2| (52) +omi+ (35) +

9’Q 1
922 o 2"
‘ [1 + i)\(gQ + hQ)}
1 g\ ? 0%g oh\ 2 0h
{?[(a) toga+(5:) +hg

1. o( Og Oh
-\ (8_+h8 ) } (3.156)

[1+ Ag? +h2)}

Putting everything together, we obtain

’Q  Q
A= e T o
1
= 2 .

[1 4 ix(ﬁ +A2)
1 g\ 2 0%g oh\ 2 0’h
{‘A[(%) +9w+(—x) Er
g

2

1 dg\? o2 or\?  %h
?[(&) T2t —) T ho
1

4

A2 (g% + h%)2 - iAQ (g% + h%)2 } (3.157)
Since Pg  Pg Ph 0%
22 T o = o2 T o =0 (3.158)
we get
—AA= !

[1 F A h2)]2.
G () G+ (3)

_1)\2[92 <@> +2 h@@+h2<ah> +

1
{1 + ZA(g2 + h?)

4 oz Ox O ox
g\ ? dg Oh oh
2 —_— _—
g (32) +2g ha % + h? (32) } (3.159)
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Using the Cauchy-Riemann equations we finally obtain

1

[1 + iA(gQ + hQ)]z‘
PG+ (3
_iAQ(gaJth) l(%)l (%ﬂ

1.5 dg Oh  0h Jg
A Crr TR TN, }
dg\ > g\
(a:) *(5)
A Ox 0z
1 2
= Aexp(—24), (3.160)

—AA =

[1 + i)\(gz + h2)}

thus completing the proof that Eq. (3.141) is actually a solution of
Eq. (3.140).

We will now discuss some important special cases.

e In the first case we choose

2
v="5 exp(v\u) (3.161)
implying )
W= exp(VAz) (3.162)
and
‘3—7’5’ = 2exp(VAz). (3.163)

Substitution into Eq. (3.141) gives

hY!
1+ By exp(2V/\z)
2exp (V)

L <exp<ﬁx> + exp(—ﬁm)

A = —In

2
= —Incosh (\/XCU) . (3.164)
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Figure 3.4: Field lines for the Harris sheet solution.

In the case B, = 0 this solution is called either Harris sheet
(Harris, 1962) or (plane) sheet pinch. In this case we have

B = VAxey

= —VAtanh(VAz), (3.165)
. S
v = cosh?(v/\z) R
) = p0+%m, (3.167)

As |x| — oo the magnetic field tends to a constant field

lim [B| =V, (3.168)

|z| =00

but the magnetic field lines point into opposite directions for pos-
itive and negative x. A field line plot is shown in Fig. 3.4.

e Another important case in Cartesian coordinates is given by

Y = \% |6+ (1+ 6% exp(v/ )| (3.169)
W2 = % (62 4+ 20(1 + 0%)!/2 exp(VAz) cos(VA2)

+(1+ 0% exp(2vVAz)|  (3.170)

% — 2(1 462 exp(2v/Ax) (3.171)

33



Substitution into Eq. (3.141) results in

A:
1

" { 2(1 + §2)1/2 exp(2v/ )
{1 + 62 4+ 26(1 + 6%)Y2 exp(VAz) cos(VAz) +

(1+6%) exp(2\/X:U)} }

=—In {(1 +82)1/2.

J
[cosh(\/Xw) + ESDLE cos(\/Xz)} }.(3.172)

In the limit 6 — 0, we recover the Harris sheet. In the limit
6 — oo, the factor of the cosine becomes equal to one and the ar-
gument of the logarithm is cosh(v/Az)+cos(v/Az), which becomes
zero for x = 0 and vV Az = kr (k= 0,£1,42,...).

For the current density j, we get

) A
Jy = 5,  (3.173)

(1 + 62) |cosh(v/Az) + ﬁ cos(\/Xz)]

sojy—>ooforé—)ooandx:Oand\/Xz:lmwithk:
0,41,42, . ...

This solution has been first discussed by Fadeev et al. (1965) and
Schmid-Burgk (1965). It is called periodic or corrugated sheet
pinch (sometimes also Schmid-Burgk solution). A plot of the field
line structure is shown in Fig. 3.5.

e Another important case, best discussed in polar coordinates, is
the following

Y = 2ku (3.174)
Y| = 2kw (w = |u]) (3.175)
dv B

T = . (3.176)

Using these expressions in Eq. (3.141) leads to

2.2
A=—In (%) . (3.177)
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Periodic sheet pinch

N

Figure 3.5: Field lines for the periodic sheet pinch solution.

For the case B, = 0, p = Aexp(2A) this solution is called the Ben-
nett pinch (sometimes also called the peaked current profile) (Ben-
nett, 1934). This is an example of a so-called z-pinch for which
j = je. (though here it should be called a y-pinch). A plot of the
field line structure is shown in Fig. 3.6. In the case of the corre-
sponding force-free solution (p = constant, B, = VA exp(A)), we
obtain the so-called Gold-Hoyle solution (Gold and Hoyle, 1960)
with (w, ¢, y) is the slightly awkward coordinate system now)

L\w
By = (VAxe,) e;=—27— (3.178)
1+ —k*w?
4
B, = # (3.179)
1 —|— Z]CQWQ

Note that the Bennett pinch and the Gold-Hoyle solution depend
only on w. Therefore they are both translationally and rota-
tionally invariant and are also solutions of the Grad-Shafranov
equation for rotational invariance ! But notice that then A,.; #
Acart, and B;‘"t = B! = 1/wV Ao X €4, whereas b;;”t(Amt) =
ng‘“"t !
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Bennett pinch

Figure 3.6: Field lines for the Bennett pinch solution.

3.5.2 Solutions for Rotational Invariance

a) foje =0

In the case of rotational invariance these solutions are potential be-
cause

. dp 1. db
Hoje = pow 7 + ;basd—j (3.180)
and this cannot vanish except dp/dA and dby/dA vanish separately.
The equation to solve is

2
18(18A) LA (3181)

 wiw \wdw/) w?d?

This is not the Laplace equation in cylindrical coordinates (ignoring
the ¢ derivatives) !

We can solve this equation by separation of variables. We first trans-
form the radial coordinate by

1
R= §w2. (3.182)
Equation (3.181) can the be written as
A PA

2R- =+ =5 =0 1
Roms+ o5 =0 (3.183)
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Now let

A=g(R)h(z) (3.184)
and we get
2R d%g 1.d*h 5
AR hdE —c¢” = constant. (3.185)
It follows that
d%g c?
— 4 L= 4 = 1
IR? + Yl 0 (3.186)
d*h

The solutions to these equations are given by

g = VR [9151 (C QR) +g2Y1 (c QR)}

il (o) + Y () (3.15%)
h = hyexp(cz) + hgexp(—cz) (3.189)

for ¢ > 0. Here g1, g2, h1 and hy are constants and J; and Y; are
Bessel functions. For ¢ < 0 we get

0 = il (dm) + ki (em) @190
h = hysin(|c|z) + ha cos(|c|z) (3.191)

with I; and K; being modified Bessel functions.

Of particular importance in astrophysics are the rotationally symmet-
ric solutions in spherical coordinates r, 6 and ¢. Then

1
rsin

and Eq. (3.181) becomes

B:

VA x €y + B¢e¢ (3.192)

1 9’4 1 9/ 1 04
— — — — | =0. 3.193
r2sin26 0r2  r4sinf 00 (sin 0 00 ) ( )
If we introduce the new variable u = cos§ we get
%A 0?A
2 2
—r*— —(1—p*)=— =0. 3.194
e Gl ) o (3.194)
We solve this by separation of variables using
= 1—#2
—~
A= g(r)h(p) (=r sinf Ay) (3.195)
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and get

_7"2 d’g 1 d*h

—— =1y =—11+1 3.196
with [ integer. The equations to solve are
d’g  1(1+1)
_ =0 3.197
2 2 9 ( )
with the solution
g=gr't + gor™ (3.198)
and d*h 11 +1)
+1
_— p— .1
d,u2+1—u2h 0 (3.199)

with the solution

ho= 1= 2 [Pl () + haQl ()]s 121 (3.200)

with P;*(z) and Q;"*(x) being associated Legendre functions. The func-
tions Q;* are singular at x = £1 and therefore we assume hy = 0 from
now on. The functions P}*(x) are polynomials defined by

P(a) = (~1)™ (1 — 2" p(2) (3.201)

with P;(z) the Legendre polynomial of degree [. In Eq. (3.200) [ =0
has been explicitly excluded. We can, however, study this case by
solving Eqs. (3.197) and (3.199) directly for [ = 0. The solutions are
given by

g = qir+ go (3.202)
h = hipu+ ho = hycosf + hs. (3.203)

We focus on the case g3 = hy = 0 leading to
A = gahjcosb (3.204)

giving

1
B = A
7"sin(9v X €
1 sin 0
—goh1 €0 X e

rsin @

g2l

767, (3205)

the field of a magnetic monopole !
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For [ = 1 we have

Py = p=cosf (3.206)
d
P! = (—1)sin 9@” = —sin6. (3.207)
It follows that
h = hy sin 0P = —hy sin” 6. (3.208)
We first discuss the case with go = 0. Then we have
A= —gihir’sin®6 (= —gihi@® ) (3.209)
leading to
B ! VA x
= e
rsin 6 ¢
1
= — g1.h1 (—27“2 cos 0 sin fe, — 2r sin® 969)
rsinf \r
= —2g1hy | cosfe, —sinfey |, (3.210)

=e,!

so the magnetic field is constant and pointing into the z direction. The
case g1 = 0 results in

. 2 6
A= —gohy 22 (3.211)
and
goh 2cosfsin b sin2 6
B —— — e — ey
rsin 6 r2 72
2cos b sin @
= —goh <— 3 e, — 3 eg) . (3.212)

To understand this expression better, we look at the vector potential
of a magnetic dipole field with the dipole moment m located at the
origin and pointing into the z direction. The vector potential is given

by

X
A o m - X
T
jm|w
0.8 7“3 €y
|m|r sin 0
X 7713 €y
|m| sin 6
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Dipole field

Figure 3.7: Field lines of the dipole solution.

Here |x| = r and x = wey + ze,. The vector potential is related to
the flux function by

sin? 6

A=rsinfA; x m]| (3.214)

It follows that the flux function given in Eq. (3.211) is that of a
magnetic dipole field with the dipole moment aligned with the z-axis.
A field line plot of that is shown in Fig. 3.7.

Higher values of [ give higher order multipoles like quadrupole, oc-
tupole etc.

f0jg = powpy + 03, /2w

In this case the pressure is given by
p=piA+po (3.215)
with p} and py being constant and
b3 = b3, /A + b, (3.216)

This is the case which corresponds to a constant current density in
translational symmetry, but here the current density is not constant.
It is, however, independent of A.
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We can again find solutions as superposition of potential solutions
(jo = 0) and a particular solution of the full equation.

One solution sometimes referred to in the fusion literature is Solov’ev’s
solution (Solov’ev, 1968). This solution is given in polynomial form as

A= fi(@)2® + fo(w). (3.217)

Substituting this into the Grad-Shafranov equation we obtain

1Ld (1dfY 1d(1df2) 2 S,
_— _ _— R _ — —b .
w dw (wdw)z wdw \wdw wal MOwPl—i_Qw ¢1

(3.218)

By equating the coefficients of equal powers of z on the left and on the
right hand side of this equation we get

d (1dfr
— | ——1]=0 3.219
dw (w dw> ( )
with the solution
fi = a1w? + agw + as. (3.220)

The equation for fy is given by

1 d 1df2> 2 Sl
SR (L A 2 3.221
w dw (wdw +w2f1+'u0wm+ 200 1 ( )

This equation can be directly integrated using Eq. (3.220) and we get
for fo

1 1, 4 2 3
fa= 1 (a1+2uop1)w 302®@
1 1 2 2
—|—§a4w2 — <2a3 + 5()3)1) (% Inw — %) +as. (3.222)
We get Solov’ev’s solution if we set
aa = 0 (3.223)
1

ag = —Zbgﬂ. (3.224)

The flux function A is then given by

1 2a a
(a1 + 5#019’1) wt — = ; w? — . - |- (3:225)
ay + S HoP1 ar + 5 HoP1

FN-
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By further setting

— 42— = R (3.226)
ap + 5#01?/1
—5 - R (3.227)
ai + 5#017/1
/
HoP
= —— 3.228
a 2(1 + a2) (3:228)
bil
B 3.229
1, g (3.229)
we finally arrive at
/ 2
HoP1 2 2 @ 2 212
N ol ~ % (- 2
A 21+ o?) [(w v)z* + 1 (w® — Ry) (3.230)

pojo = whiA+k3A/w

The Grad-Shafranov equation in this case is

1 9 (1&4) 1 924

w? §22

1
=k2A+ —Ek2A. 3.231
- k1A + 5% ( )

w 0w
This particular case includes the axisymmetric linear force-free fields
if k1 = 0. We try separation of variables again and with

A = g(w)h(z) (3.232)
we obtain
w d 1 dg 9 9 o 1 d*h 2
_ma(Lag\ 4o o 4o Ldh o 3.233
g dw (wdw) 1% 27 ha2 = ¢ ( )

For ¢? > we have for h the solution

h = hy exp(cz) + hg exp(—cz). (3.234)
and for ¢? < 0 one gets

h = hysin(|c|z) + ha cos(|c|z). (3.235)

The equation for g reads

1 1 2 2
1.d <_d_9) + (kz g ;ﬁ) g=0 (3.236)

wdw \wdw w
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and with the transformation R = w?/2 becomes

d%g n k2 + 2
dR? 2R

+ k%) g=0. (3.237)

The solutions of this equation are called Coulomb wave functions with
angular momentum number L = 0. These functions can be expressed
in terms of confluent hypergeometric functions (or Kummer functions)
(see Abramowitz and Stegun, 1965, , Chapter 14).

If k1 = 0 (the force-free case) the (non-singular) solution for g is given
by
g = giwli(\/k3 + w). (3.238)

If ¢ = 0 as well, the corresponding magnetic field components are given

by
1 0
B, = g1—=—
P N Ho [J1 (ko)
1
= 01 |:;J1(k2w) +/€2J,1(/€2w):|

1 1
= —Ji(k koJo(k — —Ji(k
g1 [w 1( QW)-i- 2 o( 2w0) = 1( QW):|

= gik2Jo(kow) (3.239)
b k2
By = £ = ;214 = g1k3J1 (ko). (3.240)

This solution is sometimes called the reversed field pinch because B,
reverses its direction at the first zero of Jg.

For ¢2 > 0 and k; = 0 one obtains another force-free solution which in
solar physics is usually called the Schatzmann solution (Schatzmann,
1965). This solution has a similar structure for g, but exponentials for
h. This solution was proposed as an early model of the magnetic fields
of sunspots.

Nonlinear cases

Some 1D solutions have been found, e.g. an equivalent to the Harris
sheet was discovered by Pfirsch (1962). Non-linear 2D solutions are
very difficult to find in rotational symmetry.

3.5.3 Solutions for Helical Invariance

I will not discuss any helical equilibria here, because they are only rarely
used in solar or astrophysical applications. Also, they are by no means easy
to calculate even for the linear cases.
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3.5.4 External Forces

If external forces are included the current density depends explicitly on
the coordinates and it is usually much more difficult to calculate solutions.
There are, however, some cases for which solutions are known and I shall
discuss a few, also giving the appropriate reference for further reading.

a) Translational invariance, constant gravitational force

I will also assume that we have an isothermal plasma, i.e. that T =
constant. As we have seen in Sect. 3.4.1 we can then write

p = po(A)exp(~z/H) (3:241)
B, = B,(A) (3.242)
pody = o [mopo(A)exp(—2/H) + SB3a)] . (3243

We do not have to discuss the case pj, = 0 again, because the solu-
tions are identical to those discussed before.

If
tojy = pokrexp(—z/H) + ks (3.244)

(corresponding to the case of constant current density without grav-
itation) one can find solutions by adding a particular solution of the
full equation to any potential solution.

If the current density is linear in A it has the general form
pojy = (pok1 exp(—z/H) + kz) A. (3.245)

This case has been discussed for ko = 0 by Zweibel and Hundhausen
(1982).

An interesting case for solar physics is given by If the current density
is linear in A it has the general form

. dB
Hojy = Aexp(24) exp(—2/H) + By —¢ (3.246)

If B, = constant, the second term vanishes. Defining
24=24- = (3.247)
= 7 .
we can rewrite the Grad-Shafranov equation in the form

—AA = Mexp(24). (3.248)
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KS solution

Figure 3.8: Field lines of the Kippenhahn-Schliiter solution.

This equation is Liouville’s differential equation again for A. A par-
ticularly well-known solution in solar physics is given by

A = —Incosh(VAz) (Harris sheet !). (3.249)

Using the transformation to derive A, we get

A = —Incosh(VAz) + % (3.250)

and B, constant. This solution has been discussed by Kippenhahn and
Schliiter (1957) as a model for the magnetic support of solar promi-
nences. A field line plot is shown in Fig. 3.8. Further solutions are
discussed in Low et al. (1983).

Rotational invariance, spherical geometry

Again I assume that T is constant. In this case one gets

GMM1>
kBT T

p=rlA)exp (- (3.251)

with p being the average molecular weight of the plasma. Only very
few solutions are known for this problem. Solutions with

po = P1A + po (3.252)

have been found by Hundhausen et al. (1981) and applied to the solar
corona.

For rotating plasmas or if magnetic shear is included, no explicit solu-
tions are known (to the author at least).
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magnetic field line

1/ ................................ ] .%'V

Figure 3.9: Foot point displacement d of a magnetic field line

3.6 Some Remarks about the Choices for p and B,

So far we have, somewhat naively, assumed that we can prescribe the free
functions in the Grad-Shafranov equation as we like. This is, however, usu-
ally not the case. To demonstrate this I will consider a problem well-known
in solar physics.

Suppose p is constant so that we are dealing with force-free fields. We
consider the magnetic field of a coronal arcade which means that the foot
points of the magnetic field lines are both anchored in the lower boundary
(photosphere). Because By, will in general not vanish the two foot points
will be displaced in the y-direction and we define the foot point displacement
d of a field line as

d=y2 —y1, (3.253)

where y; and y9 are the y coordinates of the two foot points in the z = 0-
plane.

Since the plasma in the photosphere is much denser than the plasma
in the corona and because it is sufficiently ideal, the motions of the photo-
spheric plasma determine the positions of the foot points. In other words:
from a physical point of view we should prescribe d for all field lines and not
B, ! Of course, B, and d are related to each other, the question is how ?

The differential equations for any point (z, y, z) on a field line are

dx B,
— = = 3.254
do |B| ( )
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dy _ By

= =X 3.255
do |B| ( )
dz B,
— = —= 3.256
do |B| ( )
with the arc-length o along the field line defined by
B Vo = |B|. (3.257)

As B, = By(A) is constant along field lines, we can integrate Eq. (3.255)
from foot point 1 to foot point 2 and get

g2

1
d=1ys —y1 = By(A) ﬁda (3.258)
g1

This equation provides a relation between By, and d, but we can make the
meaning of the integral more obvious by introducing a new arc-length s
which runs along the projection of B onto the zz-plane, i.e. along contours
of A. This arc-length s is defined by

VAxe, Vs=B, Vs=|B,|=|VA4| (3.259)

The transformation between ¢ and s along a field line with A = Ay is
determined by

d dr\* (dz\?> /BZ+ B2 A
ds _ (_5“) n (_Z) _vBi+ B _[vAlL (3.260)
do do do |B| |B| Amdg
Using this in the expression for d we obtain
S92 1
d(Ag) = B,(Ao) / ol 4 (3.261)
JAVAlL_,
The integral
52
1
D(Ag) = / L (3.262)
/ VA AmAg

is usually called the differential flux volume (defined per unit length here).
This name can be explained as follows. The volume between two flux sur-
faces defined by A = A1 and A = A, and the boundary, extending a distance
L, in the invariant direction (see Fig. 3.10) is given by

Ag s2(A)
V= /d:vdydz = Ly/dxdz = Ly/ / |J|dsd A (3.263)
Q Qo Aq sl(A)
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Figure 3.10: Sketch illustrating the geometry of the flux volume V.

The Jacobian J of the transformation from x, z to A, s is reciprocal to
the Jacobian of the inverse transformation A, s to z, z which is easier to

calculate
0A 0A A0 oA
_CC _Z :__S___S:_B. — _B.|=-lVA4 264
% % Ox 0z Oz Ox P Vs | p| |v | (3. 6 )
ox 0z

We obtain the modulus of the Jacobian determinant as

1

J| === 3.265
1= (3.265)
giving
Ay 52(A) 1
V=L dsdA. 3.266
y/ / Al (3-266)
A1 s51(A)

We now regard the upper limit of the A-integration as a variable and take
the derivative of V' with respect to this upper limit resulting in

s2(A)
dV 1
s1(A)

This equation explains why D(A) is called the differential flux volume.
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So if we prescribe the foot point displacement d(z) on the boundary
z = 0, we basically prescribe By, but we have to solve a nasty integral
equation ! We will encounter a simpler way of imposing this sort of boundary
condition when we discuss Euler potentials but only at the expense of a far
more complicated equilibrium equation itself !

Similar problems occur in other areas of plasma physics as well, e.g. in
magnetospheric physics where one has to determine the pressure function in
some problems in a similar way as B, in the case above or in fusion theory,
if one wants to prescribe the safety factor ¢(A) instead of by(A).
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Chapter 4

Non-Symmetric Systems

For non-symmetric systems a general equilibrium theory such as the Grad-
Shafranov equation does not exist. Even the very existence of non-symmetric
equilibria especially in toroidal geometry has been questioned (Grad, 1985)
and is still a matter of ongoing research. Parker (1979) has proved a “non-
existence theorem” for non-symmetric equilibria which are calculated by
adding “small” perturbations to symmetric equilibria. If generally valid,
this would of course limit the usefulness of symmetric equilibria as approxi-
mations to non-symmetric equilibria considerably. Fortunately, in his proof
Parker uses the assumption that the equilibria exist in the complete R? and
are finite everywhere. As soon as the system has a single boundary (like e.g.
the solar surface) the theorem no longer applies !

So in 3D, we do not just face the problem of calculating equilibria, we
already have to ask ourselves whether they exist at all from a mathematical
point of view in specific situations.

4.1 Potential and Linear Force-Free Solutions

4.1.1 Potential (Current Free) Fields

As in the case of symmetric systems we get from the condition

j=0 (4.1)
that
VxB=0 (4.2)
and
B=VU. (4.3)
It follows that
V-B=AU=0 (4.4)
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In the force balance equation we have either

Vp=0 (without external forces) (4.5)
implying p = constant or

Vp=—pVe (with external forces) (4.6)

with the plasma in hydrostatic equilibrium.
The basic equation to solve is Laplace’s equation

AV = 0. (4.7)

In three dimensions this can be done by separation of variables in various
coordinate systems or by using the method of Green’s functions.
In spherical coordinates for example the general solution is given by

00 !

=33 (ammr! + b ) Y70, 0) (48)

=0 m=—1
where Y;" are spherical harmonic functions defined by
Y (0, ¢) = P (cos 0) exp(ime). (4.9)

For more information about the solutions of Laplace’s equation in three
dimensions by separation of variables or Green’s functions see e.g. Morse
and Feshbach (1953a,b) or Jackson (1975).

4.1.2 Constant Current Fields

Constant current fields are not really interesting in 3D, because of the fol-
lowing arguments. Without loss of generality we can choose

Jj = joe.. (4.10)
From
J-Vp=0 (4.11)
we get
dp
X =0 4.12
az ) ( )
i.e. p depends only on two coordinates. From
VxB= Mojoez (413)
we can conclude that e.g.
B=Vd+ Mojoxey. (414)
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Substitution into the force balance equation results in

ixB = joe, x (V@ + pgjorey)
= €;X V(JO(I)) - MOjgweJ:
‘ .
= e xV(j®) -V (§qu§$2) = Vp. (4.15)
It follows that 1
~V x (aer) =V (p+ gposde? ) (4.16)
Taking the curl of this equation gives
V x (V x (joPe,)) = 0 =
V(V:(Pe,)) —e.Ad = 0. (4.17)

Writing out the components of Eq. (4.17) we get

0*®
=0 4.18
0x0z (4.18)
>*®
= 0 4.19
0yoz ( )
2*® 9’
—+——] = 0. 4.20
(8352 + 3y2> (4:20)
The general solution to this set of equations is
O(z,y,2) = Qz,y) + R(2) (4.21)
with
AQ = 0. (4.22)
On the other hand, ® has to satisfy
AP=V-B=0 (4.23)
which is equivalent to
d’R
- = 4.24
dZ2 0 ( )
implying that
R = Riz+ Ry. (4.25)

The only component of B which can depend on z is B,, but now we get
=3, =
So B, is a constant and we conclude that the physical quantities depend only
on z and y. Therefore we have a translational symmetry in the z-direction.

B, R (4.26)

52



4.1.3 Linear Force Free Fields

For non-symmetric systems we have the same condition for force-free fields
as for symmetric systems, namely

jxB=0. (4.27)
It follows that
1oj = aB. (4.28)
Since
V-j=0 (4.29)
« has to satisfy the condition
B-Va=0. (4.30)

This condition is automatically satisfied if « is constant. One then has to
solve

VxB=oB (4.31)

which is a linear equation for B if « is constant.
There are several different ways to tackle the solution of this equation.
For example, if we take the curl of Ampere’s law, we get

Vx(VxB)=V(V-B)-AB=aV x B =a’B, (4.32)
=0

so we have to solve the vector Helmholtz equation
AB + o’B = 0. (4.33)

We could now solve this equation directly either by separation of variables
or by Green’s function techniques. The problem is to find a solution which
satisfies the condition V- B = 0. We will use a different approach which
guarantees V - B = 0 from the outset.

Since V - B = 0 we can represent B by a vector potential A

B=VxA, (4.34)

but again this is not very useful unless we gauge A in a convenient way, e.g.
using the Coulomb gauge

V-A=0 (4.35)

Note that this still does not fix A completely, because we could define A’ =
A + VO with A® = 0 satisfying the same gauge condition and giving the
same magnetic field B.

Although A is a three component vector field, it is clear that the gauge
condition V - A = 0 leaves only two components independent. This is true
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whatever gauge we choose, so in principle it must be possible to express B
by two scalar functions T" and P representing the two degrees of freedom of
A (or respectively B).

Suppose we choose as one of these two functions the component of A
along a constant unit vector c, i.e.

T=c-A. (4.36)

The other two components of A should be perpendicular to ¢ and derivable
from a single scalar function P. we can fulfill these two conditions by

A—(c-A)c=VPxc=Vx(Pc) (4.37)

so that
A =V x (Pc)+Tec. (4.38)

Note that this does not in general satisfy the Coulomb gauge condition. In
Cartesian coordinates this form of A can be used for arbitrary ¢ and in that
case we get

B=VxVx(Pc)+V x(Tc). (4.39)

The use of the letters P and T' is motivated by the name tangential compo-
nent, because the second term is tangential to any plane perpendicular to
¢, and parallel component because the first term is parallel to c.

But P and T are not unique. We get the same magnetic field B from
another set of functions P/ = P+ ® and 7' =T + U, if

VXxVx(®c)+Vx(¥c) = 0 —
V(V-(®c)) —cAP+ V¥ xc = 0 (4.40)

Let us now take ¢ = e, without loss of generality. Then the z-component of
the gauge condition (4.40) is

2 9%®
9 + 8—y2 =0 (4.41)
with the solution
O = R(f(x+1y,2)) (4.42)

with f(u,z) being an analytic function of u = x 4 iy. The other two com-
ponents of the gauge condition are

0P
Vol x e, + VQE =0 (4.43)

where Vo = e,0/0x +e,0/0y. Now 0®/0z is also an analytic function and
the two components of the gauge condition are

owv 0 [0
5 = o) (4.44)
ow 0 [0
o a—y<a—) (4.45)
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These are the Cauchy-Riemann equations for ¥ and 9®/9z and we conclude
that of
U=-3(2). 4.46
3 () (4.40)

So ® and V¥ are determined up to an arbitrary analytic function f(z+ iy, 2).
We will now use this result to derive the equations that P and T have
to satisfy in the case of linear force-free fields. Because

VxB = Vx[V(V:(Pe;)) —e,AP]+V xV x (Te,)
= Vx(—-e,AP)+V xV x (Te,)
= Vx(Vx(aPe;))+V x (aTe,) =aB (4.47)

we get
—V x [(aT + AP)e,] + V x {V x [(T — aP)e,]} = 0. (4.48)

This is the same equation as for the gauge functions ® and ¥ so that we
can set

AT - AP = <%> (4.49)
T—aP = R(f) (4.50)

The most convenient gauge is obviously f = 0 with the result

T = aP (4.51)
AP —a*P = 0. (4.52)

We have replaced the vector Helmholtz equation by a scalar Helmholtz equa-
tion and we do not have to pay attention to the solenoidal condition for B.

The basic task is now to solve Eq. (4.52) under suitable boundary con-
ditions. We will usually rather impose these boundary conditions on B than
an P. A typical example in solar physics is that we solve for B (P) in the
half space z > 0 with B,(z,y,0) given. If we do not want to enclose the
system in a finite box, we would typically impose the condition that B goes
to zero at infinity. We can then write P as a Fourier integral in x and y
because it is bounded as 2% 4+ y? goes to infinity

P(z,y,2) = / dk, / dly P(ky Ky, z)e!Betthuy) (4.53)

Substituting this expression into Eq. (4.52) we see that P obeys the equation

2P

=+ (> —k*)P =0 (4.54)
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with k2 = k2 + ki The solution to this equation is given by

k2 <a? : P=DPsin(va?—k2z) + Pycos(vVa2 — k22) (4.55)
k2 >a? : P=Pyexp(Vk? —a2z) + Prexp(—Vk? — a?2) '

By using the condition that P should vanish for z — oo, we can only dis-
card the exponentially growing solution, but we cannot discard any of the
solutions for k2 < a? because the character of these solutions for z — 0 will
only become obvious after the k;, k, integration has been carried out.

I would like to remark at this point that although in the solar physics
literature you will find mainly solutions which are periodic in x and y one
can represent any non-periodic function with the suitable properties by a
Fourier integral.

Using the expressions for P we can write the general solution for P as

P(z,y,2) = // dkxdkyp4(k$, ky) exp(—Vk? — a?z) expli(kgz + kyy)]

k2>a?
+ / / byl | Pi (ke by) sin(vo® — K22)
k2<a?

+ Py cos(va? — k?z)} expli(kzx + kyy)].  (4.56)

This expression is not very compact and it can be written in a more useful
form in cylindrical coordinates w, ¢, z with w? = 22 + y?, * = wcos ¢, y =
wsin ¢. We can either solve the original equation in cylindrical coordinates
or transform the integrals directly. Both ways are instructive, but we choose
the second possibility.

We start by introducing polar coordinates in the k,, k; plane by defining

k, = ksind (4.57)
ky = kcosb. (4.58)
With this definition we get
expli(kgz + kyy)] = explikw(sinb cos ¢ + cos fsin ¢)]
= explikwsin(f + ¢)]. (4.59)
Now -
exp(isina) = Z exp(ina)J,(§), (4.60)

with J,(z) a Bessel function, so we obtain

[e.e]

exp(ikzx + ikyy) = Z exp[in(0 + ¢)|Jn(kw). (4.61)

n=—oo
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k2 > a2

Figure 4.1: Integration domain in the k., &k, plane.

When changing the integration variables from k;, k, to k, 6, we have to pay
attention to the domain of integration as sketched in Fig. 4.1. If we do that,
we obtain

dkydky Py(ky, k) exp(—Vk2 — a22) expli(kez + kyy)]

k2>a?
0o 27
= /dkz k / dOPy(ksin 0, k cos 0) exp(—vV k2 — a22)
a 0
S explin(@ + )} (k)
= ) exp(ing) /dkkexp(—\/ k? —a?z2)J, (ko)
27
/ dO Py (ksin 0, k cos 0) exp(ind)
0
=An(k)/k
= ) exp(ing) /dk Ap(k)exp(—V k2 — a22)),(kw).  (4.62)
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In a similar way we get for the second integral

00 VaZ—k2
/ dk, / dhy | Py (ky, ky) sin(Va? = k22)+
e
Py cos(x/ﬂz)} expli(kgz + kyy)]
= i exp(in(b)/dk [Bn(k) cos(\/m,z)—i-
n=—o00 0

C, (k) sin(v/a2 — k%)} Jn (ko). (4.63)

This is the same expression as given in Chiu and Hilton (1977) (note that
their expression (5) contains a typo; the lower limit of the first integral
should be a, not 0).

We now want to prescribe B,(z,y,0) = B.(w, $,0) and calculate the
functions A, (k), By (k) and C,, (k) from this boundary condition. It turns
out that only A, and B, are fixed in this way. One needs additional infor-
mation to fix C,. By evaluating B, from

B =V x [V x (Pe,)] + aV x (Pe,) (4.64)

we get

9*P  9*P _ O*P
ox2  Oy? 022
where we have used Eq. (4.52) in the second equality. It follows that

B, =— +a?P (4.65)

B.(r,¢,0) = i exp(in¢){

n=-—00
=1

/dk An(B) (2 — 02) exp(—v/IZ — a20) I (ko)

=1

(e} r— —

+ / kB (k)[—(a? — k2) cos(v/a? — k20)) T, (ko)
Oa L

+ / dkCy (k) [~ (0 — k2) sin(v/aZ — k20)] T, (ko)

=1

4 / dk Ay (k)2) exp(—vE — a20) J, (k)

=1
——f

+ / dk By, (k)a? cos(vV a2 — k20) J, (kw)
0
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o =0
+ / kG, (K)o sin(v/a? — k20) Jn(kw)} (4.66)
0

leading finally to

(e}

B.(r¢,0)= Y exp(ingb){ / dk K2 A, (k) I (ko)

n=—oo

+ / dkk2Bn(k:)Jn(kw)}. (4.67)
0

So Cy, (k) cannot be determined by this boundary condition ! We now have
to invert the equation above to determine A, (k) and By, (k) from B, (w, ¢,0).
We will need a few useful equations to be able to carry this out. In particular
we will need the completeness relations for the Bessel functions

/d:l? rJm(A2) I (Nz) = %5()\' - ) (4.68)
0
and for exp(ing)
i d¢ exp(ing) exp(—imae) = 2w (4.69)

The strategy is the following.
a) Multiply Eq. (4.67) by J,,, (k") exp(—ime).
b) Integrate over [ dw w [

With this strategy we obtain

[e'e) 2T
[ = [ db exp(-ime) 1K' =)B.(=.6.0)
0 0

:7dww7d¢ ( i exp(ing) eXP(—im¢)>

n=—oo

oo

l / dk K2 A, (k)T (ko) I (K @)

e

+ / dk:k:QBn(k)Jn(kw)Jm(k/w)]
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00 2w

= Z /exp(in¢)exp(—im¢)d¢

n=—oo 0

=270nm

/ dk k* A, (k) / dw wl,(kw)Im (K@) | +
=§(k'—k)/k/
/ dkk? B, (k) / dw @l (kw)Jm (K @)
0 0
=5(k'—k) /K’

=27 [K' A (K)O(K — a) + K B (K)O(a — k)] . (4.70)

Renaming k' as k again, we get

o1 [k A (k)O(k — ) + kB (k)O(ar — k)] =

oo 27
/dww/d(b exp(—ime)J, (K'w)B, (@, ¢,0) (4.71)
0 0
or
k>a @ Ap(k) = 5 fdwwquSeXp —im@)J, (kw)B,(w, ¢,0)

k<a : Bulk) = o2& Ofdww g‘ dexp(—ime) T (ko) Ba (2, 6,0)

(4.72)
Since « corresponds to an inverse length scale L, say,

e A, represents the small scale features of the boundary data B,: k > «
= L < L,.

e 3, represents the large scale features of the boundary data B,: k < «
= L > L,.

We can now substitute these expressions for A,, and B,, back into the first
two terms of our expression for P and get

i exp(ing) [/dkAn(k‘) exp(—Vk? — a?z)J, (kw)+

n=—oo

/dkB ) cos(V a2 — k22)J, (ko)
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o0

= Z exp(ing)

n=—oo

«

exp(—Vk2 — a?2)J, (ko)

a 00 21

1 / / / . / / / /
/dk: [ﬂ /dw w /d(b exp(—ing')J, (kw')B, (@', ¢ ,0)1
0 0 0

cos(Va? — kQZ)Jn(kw)}.
Now -
> exp(ing) exp(ing’)J, (kw) Iy (kw') = Jo(kR)
with

Rr=@-2)V+y—y) =+ ? — 2w’ cos(¢p — ¢').

If we denote the first two terms of P by P;, we can write

00 o0 27
1 I / . / / ol

(4.73)

(4.74)

(4.75)

0 27
1
Py(w,¢,2) = %/dw'w'/dgb' Gi(w, ¢, 2,0, ¢',0)B, (', ¢',0) (4.76)
0 0

with

Tl
Gi(w, ¢, 2,0 ,¢',0) = /dkEJo(kR)eXp(—\/kQ—oﬂz)

+ / dk%Jo(kR) cos(va? —K22).  (4.77)
0

We can derive the contribution to B resulting from P; and therefore from

B, by calculating

B = VxV(Pe,)+aVP xe,
(9P1 aPl aPl
— V21! _e AP T, — 21
v 0z © 1+ < oy © or Y
Thus we obtain
0%P OP,
By = —
! 0x0z ta oy
0?Py oP,
B — el
vl 0yoz @ ox
’P, ’p ’p
B, = _a 1_6 lza 1+0z2P1.

Ox? 0y? 072
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(4.78)

(4.79)
(4.80)

(4.81)



To evaluate these formulae we need the derivatives of the Green’s function
G1. Using Eq. (4.77) we get

1
8G1 /dkz 8RJO (kR) exp(—Vk? — a2z2)

1
—i—/dk kza—RJO (kR) cos(Va? — k?z)

S Rx l/Jl(sz)exp(— k? —a?z) +

/kol(kR) cos(va? — k%)] (4.82)
oGy,  x—a b 5 5
oy 7 [/Jl(kR)eXp(— k? — a2z)+
/kol(kR) cos(vVa? — kzz)] (4.83)
Introducing

= /ko1 kR)exp(—Vk? — a2z) — /kol(kR) cos(vVa? —k2z) (4.84)
a 0

&
&
I

R

Byl = 2 /d ! /d¢ [y Y ar ax ;%x/f;| Bz(w,7¢,70) (486)

b - ko fu (-
2 () siersn

1 7 x—a' 0 y—v ol
— o d / //d/ i -
2770/ “ ¢l R (9:U+ R 0Oy

/dww /d¢' [x 2o y_y/r] B.(«,¢',0) (4.85)

1 1
T~ R—(y—y/)zﬁ, o
T+ = | B.(=', &, 0)




1 7 x— 2 or
— o d / //d/ il
2770/ ww ¢l R Ox

y—vy or T Y.
—+—|B ) 4.
TR oy T R|PHEN0) (4.87)
If we introduce the angle © by defining
r—2 = Rcos© (4.88)
y—1y = Rsin®, (4.89)
we get B B B
or  9x ol Oy or or or
—m=as t+ = = @— 0—. 4.90
9R ~ oRoz " oRoy ~ %8s "%, (4.90)
Using this in the expression for B,; we obtain
= ——/dww /d¢ (aR R) B.(@',¢',0). (4.91)

The form of ' we have derived so far is a little bit inconvenient because it
still involves an integration over k. Thererfore, we need to derive a closed

form for T in the following way:

exp(— k2 —a2z2)+

Q\g

__0
R dk
/ dk (=J1(kR)) cos(V a? — k2z)
———
0 1 dJg
R dk
= = [exp(- VI = aZ)ag(kR)|
+%/ hexp( \/mz)JO(kR)
%[ (Vo> = 22)Jo(kR)]
_Z sm(\/7/€2 )Jo(kR)
RO/ \/7
— L L Ji(aR) + JofaR) — cos(as)] +



z

R

T k
/dkﬁ exp(—Vk? —a?z)Jo(kR)—
-«

(07

/dk\/ﬁ sin(vVa? — k22)Jo(kR) | . (4.92)
0

Now we use the following identity for the integral part citep[can be worked
out from][, p. 416, Eq. (4)]watson :

k o
k —Vk? — a? ksin(vVoZ — k2 ;
/dkz exp( a Z)Jo(k:R) B /dk sin(vVa Z)Jo(k‘R) _ cos(ap)
J 2 _ o2 J a2 _ k2 P
(4.93)
with p? = R? + 22. So we finally find
= Rip cos(ap) — COS(RQZ). (4.94)

With this I' we can easily work out what the contribution of G; to the
different components of B is. From the integrals we can then work out B
given B, on the boundary.

We have not yet discussed the contribution of the third term. This turns
out to be fairly difficult. It would be most natural to fix C}, by imposing the
value of another component of B on the lower boundary. This is, however,
very difficult because C,, cannot be calculated as simply as A,, and B, from
either B, or B,.

Chiu and Hilton (1977) suggest to impose the angle

By(xaya 0)

tan (5(1’,2], 0) = m

(4.95)
as additional information. More recently several authors have suggested to
minimise the deviation of the calculated field from the measured field on
the photosphere to determine C,, (and eventually ' !) (Amari et al., 1997;
Wheatland, 1999). To my knowledge, nobody has ever calculated equilibria
which include the C,-term so far (Lothian and Browning, 1995, for example
neglect the C), contribution).

What about the third field component ? Once we have fixed two com-
ponents of B the condition V - B = 0 fixes the third. If o would not be
constant we would have additional freedom but that problem is even more
difficult to solve.

But here the problem is even worse because the C), only represent large-
scale contributions to B. So we cannot simply just B, or B, which might be
determined by observations, but only the large scale part of them because
the small scale contributions is alreadt completely determined by imposing
B,
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This is an example of an ill-posed problem. The well-posed problem
would be the one with n x B prescribed on the boundary (see e.g. Morse
and Feshbach, 1953b, , Chapter 13). The problem is less dramatic if we
enclose the system in a finite box and prescribe the normal component of B
on all boundaries.

This is presently the state-of-the art in 3D force-free fields in general.
Apart from laminated force-free solutions only very few other 3D force-free
solutions are known (Low and Lou, 1990).

4.2 FEuler Potentials

For symmetric systems we have been able to formulate the equilibrium prob-
lem in terms of a flux function A. The natural question is whether there
is a similar formulation for the 3D non-symmetric case. Such a formulation
does actually exist and it uses Euler potentials (also called a Clebsch repre-
sentation) for the magnetic field B. As in the symmetric case we start with
an expression for B which satisfies V - B = 0 automatically.

With the Euler potentials a and (3, we can write

B=Vax V3=V x(aVp) (matched Euler potentials) (4.96)
or
B=f(d,5)Va x V3 (unmatched Euler potentials) (4.97)

with an arbitrary function f(z,y). Before we investigate how this is related
to the flux function of symmetric systems, we first formulate the equilibrium
problem in terms of Euler potentials. We will directly deal with the case
including external gravitation. The case without external force follows as a
special case.

We start with the force balance equation and substitute the Euler po-
tential representation for B

JxB-=Vp—pV¥ = jx (VaxVp)—Vp—pV¥
— (-VA)Va - (j-Va)V - Vp— pVi
= 0. (4.98)
As in the symmetric case, Va, V3 and VW represent three linearly inde-

pendent vector fields and we can split the force balance equation into three
components along Va, V5 and VV :

jw_(g_g)w - 0 (4.99)
_j.v@_(g_g)w — 0 (4.100)
_<g_$>aﬂ_p _— (4.101)



With

toj =V xB =V x (Vax Vp) (4.102)
we get
VB-V x (VaxVp)— (S—Z)B b T 0 (4.103)
—Va- -V x (VaxVp)— (g—g) =0 (4.104)
a, U
dp B
- (0_W)a,5 = (4.105)

As in the symmetric case we will have to supply information about the
thermodynamics of the problem to solve the third equation.

The resulting partial differential equations for o and 8 are a system of
non-linear coupled second order equations. Note that even the differential
operators are non-linear. Also this system of equations is not of a unique
type in terms of elliptic, hyperbolic or parabolic, but of mixed type. From a
mathematical point of view it is not clear what a well-posed problem would
be.

We have formulated the mathematical problem in terms of Euler poten-
tials, but what are they and what are their properties 7 First of all, from
their definition we get directly that

B-Va=B-V3=0, (4.106)

so a and (3 are constant along field lines. This means that we can use « and 8
to label field lines. A surface o = g = constant is a flux surface consisting of
magnetic field lines and the same is true for the surfaces § = 5y = constant.
The intersection of the two surfaces defines a field line with o = « and
B = By. These flux surfaces are not unique, because any surface consisting of
field lines is a flux surface. This is reflected by the fact that Euler potentials
are not unique for a given magnetic field B but can be gauged, i.e. the same
magnetic field can be represented by different Euler potentials.

The major disadvantage of Euler potentials, apart from the complexity
of the mathematical equations is that they do not always exist globally for
a given magnetic field B. What does this mean ?

We can always find Euler potentials o and g which represent the mag-
netic field correctly locally, i.e. close to a fixed location ry. However, in 3D
we can only guarantee that the same Euler potentials represent the mag-
netic field everywhere, i.e. also away from rg (i.e. globally), if a) the domain
contains one surface which each field line intersects only once and if b) the
magnetic field does not have any null points (B = 0) inside the domain, or
if the magnetic field has a vector potential A for which A - B = 0 (Rosner
et al., 1989).
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Condition a) makes Euler potentials more or less useless for non-symmetric
equilibria in tori and condition b) can cause difficulties if null points exist
inside the considered domain as is often the case in models of coronal mag-
netic fields. The reason for this is that the magnetic field lines tend to be
‘chaotic’, i.e. they do usually not define smooth magnetic surfaces. The

equations for field lines
dr B

e @ (4.107)
can be regarded as describing a dynamical system and the methods of dy-
namical system theory can be applied to investigate the behaviour of field
lines.

The second possible condition under which global Euler potentials can
be shown to exist has the consequence that the total magnetic helicity H =
Jiy A - BdV of such fields vanishes.

4.2.1 Euler Potentials in Symmetric Systems

Euler potentials are sometimes also useful for symmetric systems. If we
recall the expression for the magnetic field in terms of a flux function and
compare to the matched Euler potential form in 3D, we see that (in Cartesian
coordinates for simplicity)
B — VA xe,+ Byey; A= A(z,z), By = By(z,z)(4.108)
piuler _ g, xvg, (4.109)

If we choose 8 =y + f(z, z) and assume that o = a(z, z) we get

BEUWEr _ G V(y+ §) = Va x e, + Va x V5. (4.110)
%’_/
I ey
This shows that we can identify a with A and Va X V3 with Bye, for

symmetric systems. Note that 5 is not constant along field lines.
The equilibrium equations for the symmetric Euler potentials reduce to

V(B+y)-V x (Vaxe, +Vax Vi) = <S—Z) (4.111)
'

—Va-Vx(Vaxe,+VaxVp) = 0 (4.112)

because p may not depend on y and so it cannot depend on  and thus on
B. We simplify the equilibrium equations and write
Byey

- —_—
VB+y) |-Aaey+V x (Vax VP)| =
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[ = constant

1/ ................................ ] .%'V

Figure 4.2: Connection between foot point displacement d and Euler poten-
tials.

(e, VB+1)(—Aa) + (VB +e,) VB, xe, =

0
- ~ dp
—Aa+VE-Vx(VaxVp) = (4 (4.113)
Ooa U
and in the same way for the second equation
—Va-V x (VaxVp)=0, (4.114)
which means nothing else but
(Vaxey) VB, =0 = B, = By(«). (4.115)

The formulation of a symmetric equilibrium problem in terms of Euler po-
tentials leads to a set of equations which is far more complicated than the
respective Grad-Shafranov equation. However, some boundary conditions
can be formulated much more easily when we use Euler potentials. Let us
look briefly at the case of a magnetic arcade with prescribed foot point dis-
placement d. As we have seen in Section 3.6 we need to use a nasty integral
relation between d and B, (A) if we use Grad-Shafranov theory. With the Eu-
ler potentials, d can be prescribed much easier. Since f(x,y, z) = y—l—B(w, 2)
is constant along field lines, 8 must have the same value at both foot points
of an arcade field line (see Fig. 4.2), i.e.

B(x2,12,0) — B(x1,y1,0) = yo + B(x2,0) — y1 — B(x1,0) =0.  (4.116)
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From this equation we can derive that

d=ys —y1 = — (B(@,O) - 5(5'31,0)) - (4.117)

Thus we can prescribe the footpoint displacement along a field line by im-
posing the correct boundary conditions on 5 !

4.2.2 Laminated Equilibria

A special class of analytical solutions using Euler potentials are the so-called
laminated equilibria. They are non-symmetric extensions of the symmetric
equilibria with the B-field written as

B=VaxVp=VaxVy (4.118)

with 8 = y but @ = «a(x,y,2). The B-field has no y-component and the
field lines are confined to planes of constant y. That explains the name
‘laminated equilibria’.

The equilibrium equations in this case are given by (neglecting external
forces for simplicity)

—AQOC = Mo (@) (4119)
Y

O
19} 1 Ao\ 2 da\ 2
a_y{p+% [(a_:) 4 <&> H - 0 (4.120)
with o o2

Note that the y-derivative in Eq. (4.120) is the total y-derivative, not the
y-derivative at constant o !

The second equation simply states that the total pressure pr = p +
IB|?/2p0 does not vary in the y-direction. Similar equations can be derived
for other coordinate systems replacing 8 = y by the appropriate condition.

Solutions for the Cartesian case have been found for

p(a,y) = p1(y)a + po(y) (4.122)
and
ple,y) = pa(y)a® + po(y)- (4.123)

The most complete discussion has been given by Kaiser and Salat (1997).
Force free laminated solutions can also be found for Cartesian coordi-
nates and spherical coordinates (for a discussion see Low, 1988b,a).
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4.3 Other Approaches

As the more or less only systematic 3D equilibrium theory similar to the
Grad-Shafranov theory in 2D has so many difficulties, it is natural to try
other ad hoc approaches to obtain solutions. I will here present one such
approach which has been studied intensively by B. C. Low (Low, 1985;
Bogdan and Low, 1986; Low, 1991, 1992, 1993a,b) with a few additions by
Neukirch (1995, 1997a,b); Neukirch and Rastétter (1999). I will present the
theory in Cartesian coordinates with constant external gravitational force.
A similar treatment can be carried out in spherical coordinates. I will not
follow the approach of Neukirch (1995), but that of Neukirch and Rastétter
(1999) because it is more transparent, especially after our discussion of linear
force-free fields.

The first assumption we make is that the current density j has the fol-
lowing form

poj = aB+V x (FVV)
= aB+V(gF) x e, (4.124)
where U = gz has been used, « is assumed to be constant and F' is an
arbitrary function. As in the linear force-free case, we write the magnetic

field B as
B =V X[V X (Pe,)]+V x (Te,). (4.125)

Taking the curl of this expression for B and equating it to Eq. (4.124), we
obtain
VxB = Vx(—e,AP)+V x [V x (Te,)]
= Vx|V x(aPe,)]+V x (aTe,)+V x (gFe,). (4.126)

We can rearrange the last equation into
V x[—e, (AP +aT 4+ gF)]|+ V x{V x [(T — aP)e,|} = 0. (4.127)
Just as in the linear force-free case we can solve this equation by

T = aP (4.128)
AP +a*P+gF = 0. (4.129)

Obviously, the Helmholtz equation of the linear force-free case has been
replaced by a similar equation with one additional term. We now have to
be a bit more specific about this term.

Therefore we have a look at the force balance equation. For the Lorentz
force term we get

jxB = i(VFXV\I/)XB
Ho
1
= B VE)VY - (B-VI)VF) (4.130)
0
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Substituting this into the force balance equation results in

1 1
—(B:-VF — ypp)V¥ — —(B-VU)VF - Vp=0 (4.131)
Ho Ho
and we conclude that
p=p(F,P). (4.132)
Using this relation in the force balance equation, we obtain
dp > 1
— = ——B.-VVU 4.133
<3F v 1o ( )
Op ) 1
= —|zx) +—B:-VF 4.134
=), (1134
To be able to get analytical solutions we make a further assumption, namely
1 1 1
-——B - VUV =———F 4.135
1o po K(¥) ( )
equivalent to
1
F=kr(V)B-VV =—-¢£(2)B, (4.136)
g
with s, respectively ¢ arbitrary functions. With this assumption Eq. (4.133)
becomes 9 L1
p
— ) =————F 4.137
(67), = o (157
which we can integrate immediately
(1) L (4.138)
p=po(¥) - 5—= :
0 2p0k(T)

with po(¥) an arbitrary background pressure. If we make the further as-
sumption that the density p is defined by Eq. (4.134) we have completed
the integration of the force balance equation. The temperature 7' can be
calculated if we assume that p, p and T are related by the ideal gas law

1
p= ;RpT (4.139)

where p is the mean molecular weight.
We still have to determine the magnetic field. To do this we express F
in terms of P and substitute this expression for F' into Eq. (4.129). We get

1 1 o’p  9*P
F= §£(Z)BZ = —;5(2) (ﬁ + (9—y2> . (4.140)
Substituting this into Eq. (4.129) we obtain
&P P
2 — e _— =
AP + P — £(2) (aﬁ + ay2> 0. (4.141)
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We have found a linear equation for P and we can solve it with separation
of variables. The coefficients of the differential equation depend only on z
and we can therefor use Fourier integrals for the  and y dependence

P(z,y,2) = / dk, / dk, exp(ikzz + ikyy) P(ke, ky, 2). (4.142)

P has to obey the equation

d2p

W + [042 — ]4?2 + k2§(z)]]5 =0 (4143)

with arbitrary £(z). This equation has the same mathematical structure as
a one-dimensional Schrédinger equation where £(z) replaces the potential
V(2) and k? — o? the energy eigenvalue E. This similarity enables us to
find plenty of solutions. For example, £(z) = {y = constant allows the same
solution structure as the linear force-free case, & o 22 gives the “harmonic
oscillator” solutions, & o< 1/z the “Coulomb potential” case and so forth.

The solutions derived in this way contain three different contributions to
their current density: the linear force-free part B, a non-linear force-free
part given by the parallel component of the VF x VW¥-term and a non-force-
free part given by the perpendicular part of the VF x VW-term.

Due to the similarity of Eq. (4.141) to the Helmholtz equation for P
in the linear force-free case, one can develop a Green’s function method
for this class of MHS solutions in the same way as for the linear force-free
solutions (Petrie and Neukirch, 2000). This method can in principle be
used to determine not only the magnetic field, but also the plasma pressure,
density and temperature from boundary data.

Using the same general approach, solutions have also been found for
cases in which F' and B, are nonlinear functions of each other (Neukirch,
1997Db).
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