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Stability of the Movement of a Planar Interphase Boundary
Between Normal and Superconducting Domains

by C. Lieévre and F. Rothen

Institut de Physique Expérimentale, de 1'Université de Lausanne, 3, Place du Chateau, CH-1005
Lausanne, Switzerland.

(10. XI.72)

Abstract. A study has been made of the stability and motion of an interphase boundary
between normal and superconducting domains during the destruction of superconductivity by a
greater than critical magnetic field, uniform, constant and parallel to the surface of a half-space.
When the boundary shape or position is perturbed, we have shown that it is stable and in these two
cases the motion is asymptotically given by the solution of Pippard and Lifshitz. A more general
description of the boundary motion is also derived.

I. Introduction

The following problem has been studied by Pippard [1] and Liftshitz [2] (in the
following we shall call it the P-L problem). Let us consider the half-space ¥ > 0 occupied
by a type I superconductor. Let us suppose that at time ¢ =0 we suddenly apply a
greater than critical external magnetic field, H, = H (1 + p) uniform and parallel to

vacuum
H
¢ ® surface y z
YOV v v o o7 S GV GV & R 4V &V & &V 4 4 T
N X X

]

Ll L L L Ll VAL
interface I(t)
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Figure 1
The Pippard-Lifshitz problem: the destruction of superconductivity in the half-space x > 0 by an
external uniform magnetic field H,.N = normal domain, S = superconducting domain, #, = thick-
ness of the normal domain, satisfying x,/t1/? = const.

the surface x = 0. The superconductivity is destroyed progressively. An interface
> (), supposed to be planar, is formed between two phases; the domain N becomes
normal, and the domain S remains a superconductor (see Fig. 1). Pippard and Lifshitz
have shown that the depth x, of the boundary satisfies the equation

2bp

x5 = _b_t' (1)
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where o is the electrical conductivity of the normal metal,

¢ the speed of light in vacuo,

b a constant, function of p, whose behaviour is indicated in [1] and satisfies the
relation

b [expl3bp(l — y3]dy = 1.

The following assumptions are necessary to obtain (1).

1) The penetration depth §( >~ 10~%cm) is very much smaller than .

2) The transition isisothermic, which implies either T < T, or, a sufficiently good con-
tact with a thermal reservoir so that heat diffuses much more rapidly than the field
in the metal. Thus

¢ K

< —=,
470 C

where C is specific heat per unit volume and K the thermal conductivity. The
Wiedemann-Frantz law

m kE
3e2
allows us to write tﬁis inequality in the form
3e2c2C
473kE T

K = To

o’ >

which is easily realized for a pure metal.
3) The displacement current can be neglected. This is always the case, since the
displacement velocities of the boundary involved here are of the order of cms™.
4) The Hall effect is not considered.

Under these conditions, the magnetic field #= H/H, satisfies the equation

ox
A% =D—. 2)
2 ot @
Following Pippard, we shall designate by f the greater than critical fraction of field 4
in NV and put 2 =1 + f with

f=p forx=0
f=0 forx=x,
af de

—t g 3
ox| dt ®)
x—xo
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The following question presentsitself : is the P-L solution stable? The answer is obtained
by studying the boundary conditions at the interface N-S. We shall restrict our study
to the case bp < 1 (which corresponds, see figure given in [1], to p < 1.5). Furthermore
the existence of a surface tension between the two phases is not considered. Therefore,
we are interested in the stability only from the point of view of electrodynamics.

The method of solving the problem studied here is more interesting than the result.
In fact, if situations exist in which the boundary is actually unstable (see below) it is
not the case here. But the problem considered has the merit of presenting the simplest
geometry and as far as this is concerned the method is exemplary. Because of the special
boundary conditions characterizing the problem, this study of stability differs con-
siderably from the analogous studies made in hydrodynamics [3]. In any case, this
study leads to a positive result which apparently can be generalized to systems
presenting a different geometry: this is because the interphase boundary is deformed
more easily in the direction normal to the magnetic field than parallel to it. Now, in
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Figure 2
The intermediate kernel in a cylinder carrying an over-critical current: a) London'’s picture with
static domains, b) Gorter’s picture with domains moving towards the centre. R = radius of the
cylinder, 7, = radius of the intermediate kernel, #» = normal domains, s = superconducting domains.

the case of a superconducting cylinder, in which a greater than critical current is
suddenly set up, we know that the interphase boundary which penetrates into the
cylinder at first keeps its cylindrical shape, until the appearance of the instability and
then deforms to give finally an intermediate kernel [4]. The remark made above tends
then to prove that London’s structure [5] will be favoured at the expense of Gorter’s
[6] (see Fig. 2).1)

Summary

In Section II we establish, in vectorial form, the boundary conditions at the
interface between two phases. We consider in Section III the particular case of a
planar boundary during the destruction of superconductivity in a half-space. In
Section IV we study the stability of this boundary relatively to an infinitesimal period-
ical deformation. In Section V, finally, we give a more general solution to this problem,
and show that the P-L solution is the asymptotic one.

!} 'W. Bestgen had suggested the use of this particular method in order to determine the spatial
period of the alternating domains in the intermediate kernel [7].
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I1. Establishment of Boundary Conditions at the Interface in Vectorial Form

A point in the normal domain will be designated by the vector %, while a point at
the boundary will be located by # = 7, + 7#; where 7,(t) corresponds to the unperturbed
boundary of the P-L problem and 7, is the perturbation, which is assumed to be small
(Fig. 3). The relation between 7 and #, is unequivocal as shown by equation (6).

For any function defined at #, we must determine its value at the perturbed
boundary, at 7. Similarly, every vectorial field ¢ will be the sum of two fields ¢ = ¢, + ¢
where ¢, is the perturbed component, with |&;| < ||

Figure 3
The perturbed interface 2(f) between the normal domain N and the superconducting domain S
during the destruction of superconductivity in an arbitrary geometry of the specimen. ¥ = arbitrary
point in the normal domain, # = arbitrary point of the interface 2'(¢).

In the following we develop a linear approximation, retaining only the first degree
terms in the perturbations. This has the consequence that all the perturbations have to
be calculated on the unperturbed boundary. Otherwise, it seems natural to require that
on 7, the primitive equations of the P-L problem are also satisfied.

Let us consider the normal to the boundary. At the instant ¢, #, is evidently
defined only on the interphase boundary > (¢): 7 = 7(7, (£)). If we vary ¢, the family
> (#) constitutes a three-dimensional domain 2. It will be convenient to consider 7, (7,)
as a vectorial field on 2 without specification of the variable £. Under these conditions
we have

tio(7o(t)) = 7o (%) FAT RS

At the perturbed boundary, the normal is written

—

7(r) = ﬁo(7o) e 7’71(?0) with |7_£1| < lﬁo| = 1.

Since 7% must be unitary, and #, is unitary by definition, we have %, | %,.
The velocity ¥ of the boundary is defined on the normal: ¥ = v# from which we have

v h’d? + 4
V=R =HA—=1
T (4)
with
dr,
UOET-{O_"‘E. (5)

dt
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Boundary conditions

The perturbation 7, can be written generally as

71=A(7o, 1) 7io(7o) (6)

with A (7,,¢) small. Using (4) and (5) it is easy to verify that

0A (75, 1)
T T

+ o1y + (U0 V) A (7o, 9) ez, (7)

where the operator Y symbolizes the derivative with respect to 7

1)

The continuity of the normal component of the magnetic field requires
(M@ =0 (8)
which leads (see Appendix A) to the condition
(i iy + 71 Fig) 2y = O. 9)
The local equilibrium of the boundary introduces the condition
|7i(r) |2 = 1. (10)
A calculation given in detail in Appendix B leads to
L — (B
Fio By + Any-grad 5 =), (11)
Fo)
The continuity of the tangential component of the electrical field E in a reference
system moving with the boundary at the velocity 7 requires
- B m
(E +=nH ) =0.
¢ ®
We obtain immediately the two relations
(E-H)g =0 12)
C . —_ —
v=—3li(E A B3 (13)
which give respectively (see Appendix C and D)
(Bo ot — Ty + By -Tot fig) g,y = 0 (14)
1., — . _ — '
Yy = D no-[rotfiy A By + 1ot 7y A Fig + A grad {7y (rot fig A Fig)} ¢z, (15)

III. Application to the Half-Space

Let us regard the superconducting half-space of Figure 1 and suppose the boundary

slightly distorted. Let us consider a particular perturbation, periodic in y and z,
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which does not restrict the generality because every perturbation can be unequivocally
decomposed into a sum of such perturbations. Then we shall take?)

A(_:)’ =a x{) lk?o__ a(x )ei(kyy+k22)

replacing the time ¢ by the variable x,(¢) which is more convenient. The magnetic
field #=H [H .= Fy + 7, will have the same periodicity

hTO == (0,0, 1 +f(x’ xO))
By = (a(%, %o), B(%, %o), (%, %)) - ¢! Ko +5e2)
with
a(0,%0) = B(0, o) = y(0, %) =0 Vx,. (16)
A point at the interface will be'located by
x = %o(f) + a(xg) e ®rr+kz),
Then the normal # = 7, + 7, will be given by
;EO = (1; O; O)
1y = (0, —ik,, —tks) e*®r+ke2),
Using successively the relations (9) and (11) our boundary conditions become:

(%o, Xo) "7 He2) = ik, a (o) e Uovks®) (17)

(%o, %) e"*r+heD) - g(x5) el ey +he2) g

| =0 (18)

X=Xg

From (5) and (13) it is easy to obtain two expressions for v,. Using the relation (1) and
the definition of %, we have respectively

dxe 10p
B, s 19
=% " Dxy 9
(EoA Hy) LYy
= — A = — ——
Yo c’”o oA 1lg D oz

X=Xp

By comparison, we find again the relation (3) of the P-L problem.
Using (7) and the particular form of A4 (#,£) the relation (15) leads to

p a0
dx, dt

0
+ 1Rz at(%g, Xo) — -azi

ol

1]

yY‘H‘-zz) — gl(kyy+kzz) [_ y(xo, xo)

ox

X=X

0
— a(xg) (gg‘

2) It is clear that in the following only the real part of the equations must be taken into
consideration.

x=x0

0*f

ox?

— a(x,)
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The first and the last term on the right-hand side vanish by (18). Otherwise we have
(cf. [1])

77

ox2

bz Pz

2
X0

X=Xg

Whence, still using (17) and (19), we have
bp da(x b? p?
bp daxo) ( b

X 4%, x5

0
+ k%) a(xq) + a—y

=Ji, (20)

X=Xq

X

IV. Study of the Stability

Here we study the behaviour of a(x,) as a function of the depth x, as we seek the
solution of equation (20) with the knowledge that y(x, x,) satisfies the relation (2)

Py dy
ox? (ks + ke)y = D ot
and the two boundary conditions (16) and (18).

We shall proceed in two steps. In the first step we will consider the particular case
when &, =k, = 0. In this case the boundary is planar, but displaced with respect to
%o(f). The phenomenon will be stable relative to an infinitesimal perturbation if this
displacement approaches 0 as ¢ goes to infinity. In the second step it will be necessary
to show that the stability is improved if &, and &, differ from 0.

Our problem, then, is the following: calling d(x,) and y(x,%,) the new unknown
functions we must seek the function @(x,) which satisfies

bpda(x,) 0*p? oy
— i — =0 21
%o d%g £ eloal & 0x (21)

X=Xg

when y(x, %) 1s a solution of the heat equation

oty 0y

ey P 22

0x? ot 22)
and satisfies the two boundary conditions

¥(0,%5) =0 V2, (23)

a(xo)

¥(%o, %) = bp (24)

%o

The relations (21) and (24) depend on time, which complicates the search for the
solution of the equation (22). Let us put

g(u) with u—=— (25)

;}v’(x, xO) =
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The equations (21) and (22) are then written

a(%o) [ %o dd(xo) - , _

2 _bp&’(xo) g TP TEM =0

a(xo) [ # P %o Ad(xo) .
e _g (u) + bpug'(u) + bpg(u) — bp Fxg) %o (u)]—O-

We see that it will certainly be possible to find a solution for g(«) if

xo dd(xo)

a(xo) dx, =M, (26)

where M is constant. The introduction of the function g(u#) is therefore compatible
with our system of equations (21) and (22). We see without difficulty that g(#) must
be the solution of

g" () + Aug'(u) + pg(u) =0 (27)

where, for simplification, we put
A=bp u=0bp(1 + M). (28)

Otherwise, g(#) must satisfy the three conditions

g0) =0 (29)
g(1) =bp (30)
g'(1) = bp(M — bp). (31)

Let us seek a solution in a power series for g(u)

g(u) =r§00,.u'.
From the differential equation (27) we easily obtain the recurrence formula
N+
TN T
The condition (29) leads to ¢, = 0 therefore ¢, = 0 Vi We have then

o0
gu) = 2021+1 u*t

with, for /> 1,

(AW @A+ p) . (& — At p]
(20 + 1)! v

Ca41 = (—

The convergence of g(#) depends on the behaviour of the general term and the ratio of
two consecutive terms. By definition # < 1, it is then sufficient to consider » = 1.
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As pis positive by assumption, and b by definition, A = bp is positive. Let us suppose
at first u > 0. By evident overestimation, we have:

A+ ) [BA+w)]...[(20—1) (A + p)]

é < c
|€2141] @+ 1) |ey]
from which
| (A + pn)t 4
1 2
c < ¢, |. 32

Thus the general term tends to zero. The conclusion is the same if u <0, for (A/2)!
appears in the numerator of (32) and we have in all cases

|021+1| == 0.

The ratio of two consecutive terms is

20 —1) (A
C21-1 2021+ 1)
Covsa | _ 20—-1)A (34)
Cuy| 2020 +1)

Thus for any value of A or A + u we are sure that beyond a certain point the terms
decrease monotonically, and this occurs after a finite number of terms. This assures
that the series converges, as otherwise the series determining g(#) is alternating.

Differentiating g(#) term by term, we see with (32) that the general term of the
new series tends to zero too. With the aid of (33) and (34) we see that the ratio of two
consecutive terms is, in this case, overestimated by

A

LTI 2
A <o
éz 1[.(,\.

Thus this new series converges too. As the convergence is uniform, the series becomes
identical with g’(#). We can then put

@

g'(u) =2 (20 +1) cppyy ?.

=0

Stability of the phenomenon

By the relation (26) we see that the evolution of the amplitude @(x,) of the perturba-
tion with the depth x, depends on the sign of M. To prove that the phenomenon is
stable in the considered conditions, we shall demonstrate by reduction to the absurd
that M cannot be negative. Let us subdivise the negative real axis in three parts:

1) M<-1

With the aid of (28) and (31), we see that u <0 and g'(1) <0. Otherwise g(1) is

positive (30). Thus the equation (27) can be verified in # = 1 only if g”(1) > 0, which
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gives g(u) the following aspect (Fig. 4). Thus
3 uy €10, 1]

such as

gltto) >0 g'(ue) =0 g"(ug) <O

but the equation (27) cannot then be verified in %, with two negative terms. Thus M
cannot be smaller than —1.

g(u)
bp F

A = 2 &=

0 ug 1 u
. Figure 4

Behaviour of the function g(u) in the case where g’(1) is assumed to be negative.

M=-1
In this case p = 0. Taking (30) into account, the equation (27) leads to

g'(u) = Gexp{—4 bpu?}

u

gw) =G [exp{-bpt?}at.

0

Asg(1) > 0, wemust have G > 0 then g’(1) > 0 whichis contrary to the assumption.
—1<M<0
We still have g'(1) <0 but 0 < u < bp, then A + pu < 2bp. Thus thanks to (35) we
know that the ratio of two consecutive terms of g'(1) is
@+ Dey| A+p bp
<—.
(20— 1) €214 20 1

==

As indicated in the introduction, we shall suppose #p < 1, in order that the ratio
above is less than 1 even if / = 1. In this case, we are certain that the terms of g'(1)
decrease monotonically, and do so from the first term. We have a fortiori the same
result for g(1). Inthese conditions, the sum of the seriesis positive and not greater
than the first term. We have thus

0<g(l)<e¢, from whiche¢, >0
but
g(1l)=c¢,Q with0<Q<1

thus g’(1) > 0 which is contrary to the assumption.

Then in all cases we obtain a contradiction, therefore M is positive. We have thus

a(%) « xg™ M>0
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which proves that the phenomenon is stable, when the boundary is planar and
displaced.
General case, k, and k, not null

It is easy to show, all things equal, that if %, # 0 the stability of the boundary is
greater than for 2, = 0. For this purpose, let us put

2
a(xo) = Axo) e KE/P — () o™ k2/20P)%0 | (36)
y(x, %o) = P, %) e~ 42D
d(xo) and 9(x,x,) are then solutions of

bp da(x,) N b2 p? | dy

= =0 37

%o dxg X alxo) + ox &7)
X=X
0%y dy
—— —Ky=D_— 38
Y A ” (38)
with the boundary conditions
y(0,%9) =0 Vx4 (39)
« a(%o)
Pxo, o) = bp—. (40)
%o

(37) to (40) constitute the general equations for the perturbations in the case 2, = 0. The
presence of the decreasing exponential in (36) proves our affirmation,

In particular, we can find the solution a(x,) for the case in which £, =0. We
introduce in this case, too, an auxiliary function like that defined by (25) and the con-
dition of compatibility (26) is replaced by

X9 da(xg)

—— ——— + k223 = —11_4, M = constant
a(xe) dxg

which leads immediately to
- M 2 2
a(xo) oC xBM/bD g—(kzl'pr)XO.

The sign of M is, in this case, without consequence, because the exponential is
preponderating.

Rather than studying in detail the behaviour of a periodic perturbation in the
direction of the axis Oy, we shall confine ourselves to consideration of the limiting case
where x,(¢) is large enough. More precisely, we suppose x, > bp/k,. In these conditions
we verify that

oy
» 7y
ot  ox?
Therefore, the equation (38) has for an approximate solution, using the boundary
conditions (39) and (40),

a(xo) sh|k,|

%o sh|k,|xy

D

V(% %) 2 bp
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Thus (37) has the following asymptotic form
da(xq)

dxq

+ |ky| a(xo) =0
of which the solution is clearly decreasing. In fact
) R ‘ 2b 1/2
Ay, (%o) = Ao(%o) e7*0 = dg(x,) exp [“—ky (FP t) ] ; (41)

Comparing (36) with (41) we establish that the mean times =, and 7, for the disap-
pearance of a perturbation of the respective wave vectors, £, and %,, are given by the
ratio

T, 1 (k\?
. 20p\k,|

More general solution of the P—L problem

2

As we saw above, it is possible to obtain an exact solution of equations (21) to (24)
which describe the evolution of the peturbations 4 of the field and @ of the boundary
assumed to be planar (k, = k, = 0). In addition the ansatz

ﬂmxa:a“&g(f)

g %o

is very analogous to the corresponding one

%@m&=%(i)

Xo

used by Pippard and Lifshitz to obtain the unperturbed solution.

This fact suggests the possibility of generalizing the process considered so far by
regarding the movement of a planar boundary which occupies at time ¢ a position such
that the deviation 4(f) = ro(f) — [(20p/D) t]*/? between its real position 74(f) and its
‘asymptotic’ position [(26p/D)¢]!/2 predicted by Pippard and Lifshitz is not small.
- More precisely, we introduce a relative deviation -

26p \'?
ro(t) — (—Df t)
£

e(t) = — (42
i
5

and we assume that it is arbitrary. This leads us to regard the P-L problem under a
more,general form: we look for a family of solutions %(x,#) of the equation
9*h oh

ox? E
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satisfying the boundary conditions
hO,8)=1+p V¢
hry(t),8) =1
ok dro
— - —

x=ro(t)
(25) and (42) suggest then the change of variables
x 7o(?)

Vi ST e

k being still undetermined. We obtain, without much effort, the differential equation

w

0°h Dk* oh oh

- e — Dy2 — 43

aw2+ 2 " 3w D 19(6)65’ (43)
where we have put

Be) = o) o

() =He) 5

¥(e) being evidently unknown.
The boundary conditions become

MO, e)=1+p Ve (44)
hl+ee€ =1 (45)
oh

— = —Di2[B(e) + 3(1 + €)]. (46)

If we introduce (46) into (43), it is possible to eliminate the unknown function 7(e) ; (43)
is then subject only to the conditions (44) and (45).

The P-L solution 4, is evidently a particular solution of this problem; more pre-
cisely, it is the solution of (43) independent of €. It corresponds to the value e =0
under the condition that « satisfies the relation

K/2
2 P
p = DrceP* f4f e~ dy,

0

a choice that we shall make hereafter.

General remarks on the P-L problem

Equations (43) to (45) constitute the general equations of evolution of the field in
the P-L problem. Once % (w, €) is determined, the relation (46) allows us to obtain the

movement of the boundary since it constitutes a differential equation of the first
order for €(#), thus for 7, (f).
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In the absence of an existence theorem for the equations (43) to (46), we can,
however, have an idea of the richness of the class of solutions for this equation system.
To do it, let us formally develop A(w,e) and J(e) relative to e around the origin

2
€
B, €)= ho (1) + iy (1) € + 1) =+ ...
2 &3

19'(€)=19'1€+19'2§+1?3§+---,

1#(€) having, evidently, no constant term. If we introduce this formal development
into the equations (43) to (46) weobtainseparately for every powernofe (n =0,1,2, .. )
a differential equation for %,(w) and the boundary conditions determining entirely
h,(w) and 4, as a function of the set of 4;(w) and #;(4,7=0, 1, ..., n — 1). As one would
expect, 4y(w) coincides with the P-L solution and /%,(w) can be identified with the
function g(w) introduced in equation (25) of the present paper: %,(w)e constitutes in
fact the linear approximation of the more general problem considered here.

Once we have determined the 4},, and assuming that the formal series converge,
we can use the definition of 9(e) for calculating e(¢):

tde © 9 et
a2

We establish that if we fix at time ¢, the relative deviation of the boundary in relation
to its asymptotic position [(2bp/D £,]*/2, h(w, €) and r4(f) are determined for any time
t =t

For example, we consider here the case where p < 1. We see immediately that
k? ~ 2p/D may be neglected and to the first order of p the equation (43) becomes
trivial,

0*h

ow?

from which we draw without pain, using boundary conditions
oh P de
| ——r——am— (9.

w=1+¢€ 1 T e

Setting £ =1 + €, we have
43 =(6% N 1 )d§= dt

E—1)(E+1) —1 £+1 Y
from which, finally, we have

x3(2) L

—— —1=— where L = constant.

Kt ¢

Thus when f— o we have x§(f) — «?¢~2pt/D which corresponds to Pippard’s
solution, then if p — 0 we have b ~ 1.
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V. Conclusion

We have studied the stability of a planar interphase boundary during the destruc-
tion of type I superconductivity by a magnetic field applied tangentially to the surface
of a superconducting half-space. If the boundary undergoes an arbitrary infinitesimal
deformation or displacement relatively to the planar shape and the position occupied
in the P-L solution, this deformation or displacement decreases in the course of time.
The decrease is infinitely more rapid in the case where the boundary undergoes a
periodic deformation in the direction parallel to the unperturbed field than in the case
where that direction is perpendicular to it. In the case where the boundary is assumed
to be planar but displaced to a finite distance from the position predicted by the P-L
solution, it has been possible to calculate its movement. The P-L solution describes in
this case the asymptotic position of this boundary which is approached relatively
slowly.

VI. Appendix

A. The equation (8) can be written
[Pio + Ayl [Fo + A7 V*) By + Iyl@, = 0.

Taking account of the fact that |
(7o ‘Eo)(?o) =0 (47)

—>

let us show that the term 7#,(#, V)%, is null, which will prove (9), using the following
vectorial identity

-

2(€V) 7 =tot(q A €) + grad(¢-7) — Hdive + édivij+rotH A €+ TotEA 7.  (48)
Let us recall that 7, is considered here as the value taken in X = 7,(¢) by the field 74(%)

g (i V) Ty = fig-TOL(Fy A 7ig) + 7ig-TOL 7y A T,

The vectorial identity
wrot# = div(s A @) + %ot @ (49)
leads to

2io(7ig V) T = div[(Fy A 7o) A 7ig) + 200t 7ig(ly A %) =0  q.e.d.
B. The developed equation (10) is written
Ty + A (g V) Ty + By 2y = 1.
Since |%y(7o)|* = 1 we have
2ig: [ty + A(7ig V) gl gy = 0. (50)

Let us apply to the second term inside the brackets the identity (48) taking (47) into
account

2;170(1_’50 6) h-:o — ﬁo'fgt(ﬁo A 7—’50) "‘hf)diVﬁo +ﬁ'0'1%)th;) A 7_1:0.



228 C. Liévre and F. Rothen H.P. A.

Using (49) we obtain easily
Diy(ig V) Fio = div[(Fiy A 7ig) A Tig] — Bl div #iq = iy grad ().

Introducing this into (50) we obtain (11) immediately.
C. Equation (12) is equivalent to

[Eo+ Ao V) Eo + E\) g,y [Ho + Alfio V) Ho + Hyli,y = 0.
Taking into account that (4170'/0) o = Tot g o 1s normal to i o we have

A7y, 8) {roth’ (750 )}i’0 + (7 )rotﬁ’ h})}(,)-l-[h’o rotk’](, y + %y rotﬁ’oj(,o) =0.

Let us use two times the relation (48) to show that the expression included within the
braces { } is null, which proves the relation (14). We have to take into account that
#o, Fiy, TOL Hiy are mutually perpendicular

210t Ty (g V) Tiy = Tt Fy [Tt (Fig A 7ig) + TOt7ig A Tig)
g (Tig V) TOt Fiy = Tiy- [TOL (Tot Fg A 7ig) + Tt TOt Fig A g + TOt 7ig A TOt Tiy)
which leads easily to
2{ } =Tiy-Tot (Tot Ty A 7o) -+ IOt Fiy- TOt Ty A 7o) — (Fiy A 7o) TOL TOL Ty
We use (49) two times to transform the first term and to group the two others
2{ } = div[(Tot Ty A %ig) A Ty + (Tot Ty A 7ig) TOt iy + div[(Fy A %) A TOt ]

but all terms are null, and { } =0. q.e.d.
D. Equation (13) can be written

]- — —> — T - — —_—
Vg + Uy = B(”o + "1)6},)'[r0t o + A(no V) rot Fig + rot [

NTig + A(no V) g + ] 3.
Since vo = (1/D)7io-Tot iy A o and #, | tot Ay A F, it remains

1 —_ —_—
0= = g [10t o A Ty + TOt Ty A ol

A i
+ '5 no [I‘Ot ﬁo ( V) ﬁo ( V) IOt ﬁo /\ kbo](;:))

Let us use the vectorial identity (48) to transform the second term of the right-hand
side, designated by S

1 5 I —— —
S= ﬁA(?O’ t) {(no A TOtFg) -0t (Mo A 7ig) — (7o A TO Fip)?

— 2(rot Ty Ty A 1) divig — (Fy A 7i) TOt (7 A TOL Tip)

- (ﬁo A o) (1'_0+t St Fo A ﬁo)}(?o)-
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Using the relation (49) and transforming the products of four vectors we obtain
1 -
S =555 Ao 8) {divi(otFiy-Fo A o) 7o)
—2div i, (Tot iy Ti A 7ig) + div(rot iy A Ho)},-
Since rot#, A %, || 7, we can put

Tot Ty A Ty = 7ig(rot Ty Tiy A 7i,)

from which
A@e,t) , — — 5
8= (1; ) o grad(rot 7l Hy A 7o) 7y

and finally we have equation (15).
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