Geometrical and Asymptotical Properties
of Non-Selfadjoint Induction Equation
with the Jump of the Velocity Field. Time
Evolution and Spatial Structure

of the Magnetic Field
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Abstract We study asymptotic solutions of the nonlinear system of MagnetoHy-
drodynamics. The solutions are assumed to jump rapidly near certain 2D-surface in
3D-space. We study the time behavior of the solution. In particular, we derive free
boundary problem for the limit values of the magnetic field and the velocity field
of the fluid. This problem governs also the evolution of the surface of the jump. We
derive equations on the moving surface, describing the evolution of the field profile.
In particular, we prove that the effect of the instantaneous growth of the magnetic field
takes place only for degenerate asymptotic modes. This effect is deeply connected
with non-Hermitian structure of the linearized induction operator.

1 Introduction

Equations of Magnetohydrodynamics (the MHD equations) describe the motion of
the magnetic field in a conducting fluid. This nonlinear system of PDE’s consists
of the Navier-Stokes equations for the velocity field of the fluid and the Maxwell
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equations for the magnetic field. The equations are coupled by the term, describing the
Lorenz force. The MHD equations describe, in particular, evolution of the magnetic
fields of planets, stars and galaxies. Usually the viscosity and the resistance of the
fluid are small enough and one can study the asymptotic solutions of the system
with respect to the corresponding small parameter. This problem was studied in a
lot of papers; note that in linear approximation the structure of the asymptotics is
the subject of the famous dynamo theory (see, e.g. [1-12]). The main mathematical
problem (which is still open) is to prove the existence of exponentially growing
solutions.

The alternative effect was studied in [13, 14] (in linear approximation also).
Namely, we described the instantaneous growth of the magnetic field, induced by the
jump of the velocity field of the fluid. In another words, we studied the asymptotics
of the solution for the Cauchy problem for linear induction equation with rapidly
varying velocity field. We assumed that this field had a rapid jump in a small vicinity
of the fixed 2D surface. We proved that the solution grows rapidly with respect to
the corresponding small parameter, and has a delta-type singularity near the surface
of the jump. This effect is a result of the non-Hermitian structure of the linearized
induction operator—in certain sense the operator of the problem is close to the Jordan
block.

Here we study the analogous problem for the complete nonlinear system. We
describe the asymptotic structure of the solution with a rapid jump near 2D-surface.
Now the surface is not fixed—it moves in time together with the solution. We obtain
the special free boundary problem which governs the movement of the surface. We
also study the possibility of the instantaneous growth of the magnetic field. It appears
that the growth is possible only in the case of so called degenerate Alfwen modes;
the latter appear if the main term of the magnetic field is tangent to the surface of the
jump.

2 Statement of the Problem

2.1 The Cauchy Problem with the Jump of Initial Fields

We denote by B(x, t) and V (x, t) the magnetic and velocity fields in a conducting
fluid (B, V are time-dependent vector fields in R?). This pair of vector functions
satisfy the following nonlinear MHD system

IB ,
5 (V.V)B—(B.V)V =B (1)
v ,
S T V.YV = (B.V)B+ VP =AY 2)

(V,V)=0, (V,B)=0. (3)
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Here P(x,t) is a scalar function, which can be expressed in terms of B and the
pressure of the fluid, v u are positive numbers, characterizing hydrodynamic and
magnet viscosities, ¢ — 0 is a small parameter.

Let us consider for the system (1) initial data of the form

Bl,—o = B° (@,x,s), V0o = V° (@,x,s), (4)

where @(x) is a smooth scalar function, divergence free vector fields Bo(y, X, ),
VO(y, x, &) depend smoothly on all arguments and tend to limits B%*(x, ¢), VO*
(x, &) as y — =oo faster then any power of y. We assume that the equation @y (x) =
0 defines a smooth compact surface My C R? and @ (x, 1) < 0 inside the domain,
bounded by the surface. Without the loss of generality one can assume also that in
the vicinity of the surface |®y| equals the distance from M, in the normal direction;
in particular, in this vicinity |[V@g| = 1.

Remark 1 Vector fields of this type define “smoothened” discontinuities—as ¢ — 0
they tend to the discontinuous functions with the jump on the surface My. The
corresponding weak limits have the form

#° = B""(x,0) + 0y, (B" (x,0) — B""(x,0)),
70 = VOt (x,0) + Oy, (VO (x,0) — VO (x,0)),

where 0y, is the Heaviside function on M.

In the next sections we describe the asymptotic solutions to the Cauchy prob-
lem (1)—(4) under some additional assumptions concerning the initial fields. These
assumptions define separate nonlinear modes.

2.2 Degenerate and Nondegenerate Alfwen Modes

The structure of the asymptotic solution to the Cauchy problem (1)-(4) depends
essentially of the presence of the points of the initial surface, in which Bo(y, x,0)is
tangent to M. We will study two limit cases: in the first case there are no such points
(nondegenerate modes) while in the second one B is tangent to M, everywhere
(degenerate mode). We do not study the problem of nonlinear interaction of modes;
note that even in linear approximation this problem is highly nontrivial (for WKB-
type solutions this problem was studied recently in [15]). Note that it is easy to prove
that, according to the equations governing the motion of the surface, the points of
tangency can not appear or disappear—the absence or presence of these points is a
property of the initial data.

If there is no tangency, on can extract the single nondegenerate mode with the
help of additional conditions on the initial fields; these conditions (which are well
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. aVO(y 9B9(y o
known in the MHD theory) state that the fields 2~ (ayv?x,O) and 28 ((,;v’x’o) must coincide

up to a sign. To be definite, we chose the sign “+”; so for nondegenerate mode we
assume additionally that

IVO(y, x,0) _ IB°(y, x, 0)

5
oy oy 4)
For the degenerate mode we assume that B is tangent to M:
(B°(y, x,0), V&0)) |y, = 0. (6)

Our goal is the description of the formal asymptotic solution as ¢ — 0 of the
Cauchy problem (1-4) under additional conditions (5) or (6).

3 Formulation of the Results. Nondegenerate Modes

Here we describe the structure of asymptotic solution corresponding to nondegener-
ate mode. The main term of asymptotics is defined by the free boundary problem for
the limit fields as y — o0 and by the equation on the moving surface, describing
the profile of the rapidly varying field. Surprisingly, the latter equation appears to be
linear.

3.1 Free Boundary Problem for Limit Fields

Let the conditions (5) are fulfilled; we denote by uy(y, x), wo(x) the main terms of
the sum and the difference of the velocity field and the magnetic field in the initial
instant of time:

up = V°(y,x,0)+ B°(y,x,0), wo=V°y,x,0) — B»y,x,0).

Let ug, w(jf be the limits of ug, wg as y — =£o00. Let us consider the following free
boundary problem: for a finite time interval ¢ € [0, T'] we seek for a smooth compact
surface M, € R? and for smooth vector fields u™ (x, 1), w* (x, ¢) and scalar functions
Poi (x, 1), defined in the internal (D,”) and external (D;r ) domains and satisfying for
x € Di the following equations

WE 4 (wE, Vyut + VP =0, (7)
WE 4w, V)w*E + VP =0, (8)
(V, ui) = (V, wi) =0. 9)
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We put also the conditions on the surface

0P
[w] = 07 [PO] = 07 [un] = O’ _W = Wy, X € Ml (10)
and the initial conditions
Dlimo = Do(x), utlmo=uy, wl—o=wy, xé€Dy. (11)

Here @ (x, t) denote the distance (with the appropriate sign) from the surface M,
in the normal direction, u, = (u, V®)|y,, w, = (w, V@)|y,, symbol [ f] denotes
the jump of the function f:

1=, = f7 -
Remark 2 The surface M, is defined by the equation @ (x, ) = 0; the boundary
condition —%—f’ = w, means that the surface moves along the trajectories of the

vector field w.

3.2 Linear Equations on the Moving Surface,
Describing the Rapidly Varying Part of the Solution

Let @, u™, wt, POjE be the smooth solution of the free boundary problem, formulated
above. Let us consider 3D surface 2 C R*, defined by the equation @ (x,¢) =0
(trace of the moving surface M,). Note that the field d/9¢, generally speaking, is not
tangent to this surface; we denote by 9, the projection of d/dt to the tangent plane to
£2. We denote by w the projection of the field w|y,, to the tangent plane to M, and
let 2 be the second fundamental form operator (that is the operator in the tangent
plane with the eigenvalues equal to the principle curvatures and eigenvectors equal
to the principle directions). The rapidly varying part of the main term of asymptotic
solution—vector field / on the surface M,—satisfies the Cauchy problem

2

ad
—, 12
- (12)

oh A 1
Ly h + ozya— + Voh — w,$Bh = E(u +v)
y

hli=o = I (uo — ug)|my- 13)

Here V denotes the covariant derivative on the surface M,, ¥ denotes Lie deriv-
ative on 2, I7 is the projection to the tangent plane to M;,

9 I Id 0. V)
o= — —_— w, .
3o M\ ot
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Remark 3 Vector field h satisfies the Cauchy problem for the linear parabolic
system—evidently, this system has a unique solution for any finite time interval.

Remark 4 Equation (12) is analogous to the advection-diffusion equations on the
moving surface M,. Advection is governed by the field w, while diffusion is presented
by the terms in the right hand site, containing viscosity. The system additionally
contains the second fundamental form operator %; the corresponding term describes
the influence of the curvature of M, on the growth or the decay of the field 4.
In particular, in the area of hyperbolic points the corresponding term induces the
growth of the one component of the field and the decay of the another component,
while in the area of elliptic points both components have the tendency to grow or to
decrease simultaneously.

3.3 Asymptotic Solution of the Cauchy Problem

General structure of nondegenerate mode is described by the following theorem.

Theorem 1 Let fort € [0, T'] there exists a smooth solution @, wE, ut, POi to the
free boundary problem (7)—(11) as well as the smooth solution of the corresponding
linearized problem (see (36)—(40)) and the analogous problem with a smooth right
hand side. Then there exist formal series
( P (x,1) )
9 x’ t b
e

B = ZekBk ((p(j t),x, t)
k=0
(Q)(x, 1)

oo
L V=Y,

k=0

o0
P=>"¢P
k=0 €

,x,t), (14)

satisfying the Cauchy problem (1)—(4) with the initial fields, satisfying (5). Moreover,

. 1 + + : 1 + +
},grfooVo—z(u +w), )'ErinooBo_E(u —w),

the function Py does not depend on the rapid variable y and coincides with POﬂt in

DZ. On the surface M, the tangent V., B and normal V,,, B, components of the fields
Vo, By have the form

1 1
Va(x, 1) = 5 n +wn),  Ba(x, 1) = 5 (un — wn), 15)

V(y,x,0) = %(h(y +c(x, ) +u” (x, 1) +W(x, 1)), (16)
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. 1
B(y,x,t) = E(h(y +ox, 1) +u (x,1) —w(x,1)). (17

Here c(x,t) is a smooth function, satisfying the equation, obtained in Sect.5 (see.

(34)).

Remark 5 Initial conditions for the function ¢ depend on the vectors %IS:OBO,
aa_g le—oV°. So the asymptotic solution is “asymptotically unstable”—small (O (g))
variation of initial conditions leads to the big (O (1)) variation of the asymptotics.
However, the limit fields B;", V= and the profile /(y) do not change as a result of
such a variation— O (&)—variation of the initial conditions lead to the O (¢)—shift
of the surface of the jump.

4 Formulation of the Results. Degenerate Mode

Here we describe the structure of asymptotic solution, corresponding to the degener-
ate mode. Just as in the nondegenerate case, the main term of asymptotic solution is
defined from the free boundary problem and from the system of equations on the mov-
ing surface. However, the latter equations now are essentially more complicated—
they form a nonlinear system for two vector fields and one scalar function. The main
property of this system—the possibility of the instantaneous growth of the magnetic
field.

4.1 Free Boundary Problem for the Limit Fields

Let the conditions (6) be fulfilled; let us consider the following free boundary prob-
lem. On the finite time interval ¢ € [0, T] we seek for smooth compact surface
M, € R3, vector fields Bgc(x, 1), VOjE (x, t) and scalar functions Poi(x, t), defined
in the internal (D,”) and external (Dt+ ) domains with respect to M, and satisfying for
x € D the following equations

Bo 1 (V& VIVEE = (BE. V)BY + VP =0, (18)
apt
Do 4 (Vi V)BY — (BE, V)ViE =0, (V,ViH = (V.By)=0, (19

boundary conditions

0P
B,=0, [P]=0, [V,]=0, By Vo, x €M, (20)
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and initial conditions

Dli—o = Po(x), Vylmo=V"* Bil—o=B"*, xeDy. (21

Here @ (x, t) equals the distance (with the appropriate sign) from the surface

M, in the normal direction, V,, = (Vy, V®)|y,, B, = (By, VP®)|uy,, the symbol [ f]
denotes the jump of f:

(1= = f7 e
Remark 6 Surface M, is defined by the equation @ (x,#) = 0; the boundary con-
dition —% =V, means that the surface moves along the trajectories if the field

Vo.

4.2 Equations on the Moving Surface, Describing
the Rapidly Varying Fields

Let @, V5", By, P be the smooth solution of the free boundary problem, formulated
in the previous section. The rapidly varying part of the solution—two vector fields
v, b on the surface M,—satisfy the Cauchy problem

D%,v+@vv+fcyg—‘y)—2Vn%v—§bb+@@=ag—f+v%, (22)
b v 9%b

ZLyb +{v, b} + Ky 5y = agy + uis, (23)

V,0) =0, (V,b)+ 5 =0, 24)

Vmo = T (V°|uy),  blico = IT(B|u,). (25)

Here £ = (P0+%Vn2)|M,, a 1is a smooth scalar function, « = %IM
(%2 + (Vo VD).

Remark 7 Equations (22) are close to the Prandtl equations for the boundary layer
and their generalizations, describing vortex structures in the fluid (see [16-18]).

Remark 8 Function a can be excluded from the system—it can be expressed from
the last equation:

y
a(y,x,t) =a (x,t) + /(@, bydy.
—0Q
The limit function a™ (x, ¢) can be computed from the linearized free boundary

problem; at the initial instant of time this function has the form (£ [.—o(B%~, V&y).
So the O(¢g)-variation of the initial field implies the variation of the function a and
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the vector fields v, b—the main term of asymptotic solution. Moreover, using the
form of (22) it is easy to see, that even if at the initial instant of time the magnetic field
is small (B® = O(¢)), during arbitrary small time ¢ > 0 the field grows to the value
O(1). The same effect (instantaneous growth of the magnetic field, caused be the
jump of the velocity field)—was described in the paper [13] in linear approximation.
Note that, analogous to the linear situation, the magnetic field in this case is localized
in the small vicinity of M, (evidently, BgE = 0if B = 0(¢)).

4.3 Asymptotic Solution of the Cauchy Problem

The structure of the degenerate mode is described by the following theorem.

Theorem 2 Let for t € [0, T] there exists smooth solution @, Voi, Boi, POi for the
free boundary problem (18)—(21), as well as the smooth solution for the linearized
problem with the smooth right hand side. Let the system (22)—(25) admits smooth
solution h, v, a. Then there exist power series

B:zng,{(W,) SFen(tn)
k=0 €
Z (@(x ) x,t), (26)

=0

satisfying the Cauchy problem (1)—(4) with the initial fields, satisfying (6). Moreover,

lim Vp = Vj, lim By = B,
y—>xo0

y—=Fo0
the function Py does not depend on 'y and coincides in the domains DF with Poi.
On the surface M, the tangent V, B and the normal V,,, B, components of the fields
Vo, By have the form
Va(x, 1) = (V. V®)ly,, Bu(x,1) =0, 27
V(y,x,0) = v(y +d(x, 1), B(y,x,1) =b(y+d(x,1). (28)

Here d(x, t) is the smooth function, which can be expressed in terms of the limit
fields V=, Bif.
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5 Construction of the Asymptotic Solution

Here we give the proof of the Theorem 1; the proof of the Theorem 2 is analogous.

5.1 Division in the Asymptotic Modes

We seek for the formal asymptotic solution of the Cauchy problem (1)—(4) (i.e. for
the the formal series, satisfying the corresponding equations and initial conditions) in
the form (14); we assume that @ (x, ), By (y, x, 1), Vi (¥, x, t), P (y, x, t) are smooth
functions of all arguments, and By — B,f (x,0), Vy, —> Vki (x,1), P, —> Pki (x,1) as
y — =00 faster than any power of y. We denote by M, the surface, defined by the
equation @ (x, ) = 0; we assume that this surface is smooth and compact, @ < 0
inside M, and in certain vicinity of this surface |® (x, t)| coincides with the distance
from the point x to M, in the normal direction (we can always provide this property
with the help of re-expansions in (14)). Moreover, we assume that |[V®| > C > 0 in
R3. Further we will usually omit the index ¢ in the notation of the surface.

Let us substitute the series (14) to the equations (1) and consider the summands in
the both sides of equality, containing equal powers of €. The summands, containing
¢!, lead to the equation

9 9B, Vo
(5 + (0. V@) 5= = (Bo. Vo) 52 =0, 29)
0 dy dy
9D Vo 3B, 3P
(— + (Vo ¢))_ — (B, Vo) 2+ VDL =0,
at ay dy

9 9
—(By, V&) =0, —(Vp,V®)=0.
dy dy

Note that the left hand sides of these equalities decay rapidly as |y| — oo, hence,
due to the well-known estimate [19]

)
F(x, )’) = F(x, y)|x€M,y:<P/£ + @ (%F(-xs y)) |xEM,y:<P/£ + ...

d
= F(x, y)|xeM,y:<D/s + ey (ﬁF(x’ y)) |xeM,y:¢>/s +-- = F(x, y)|xeM,y:<1>/£ + O(e)

these summands can be mod O (¢) restricted to the surface M. Note that this equality
is obtained with the help of Taylor expansion with respect to the distance from M; in
further approximations with respect to ¢ we will take into account all the summands
of this expansion.
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Multiplying (29) by the vector V@, we obtain

20, =o.
oy [m

We will have to prolong functions, rapidly decaying in y, from M to the vicinity
of this surface. We will use the following rule: the functions and the fields will be
prolonged in such a way, that they will not depend on @ (i.e. will satisfy equations
Vve F = 0). In particular, as ‘% |» = 0, we will assume that this derivative vanishes
everywhere.

Note that, if (29) has nontrivial solutions, the determinant of 2 x 2 matrix

0P
(W + (Vo, V¢)) v (Bo. VO)Iu

L
(Bo, V@) |y (E + (Vo, Vq))) |1

vanishes; this implies one of the two following conditions.

1. The rang of this matrix is equal to unity; in this case we have on M

9By oV 09
——=*x——, — + Vo, V®) =%(By, VD).
ay ay ot

2. The rang is equal to zero; in this case

D
o + Vo, V@) |y =0, (B, V®)|y =0,

and we have no conditions on the vectors %, %
These two cases correspond to nondegenerate and degenerate modes; consider the
first case. We chose the mode, corresponding to the “+” sign; in another words,

we assume that the initial fields satisfy (5). So (1) are fulfilled up to mod O (1), if

9Py

0
=0, —(Vo— By =0,
R By( 0 0)

ad ad
_(V07 VQ) = 07 _(BO’ V@) = 09
dy dy

0P
B + Vo — By, V®) ) Iy =0.
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5.2 Free Boundary Problem for the Limit Fields

Now let us equate summands, containing €9, in both sides of (1). Consider first these
equations in the domains D, i.e. in the points which do not belong to M. At these
points y — 0o, so in the corresponding equalities one can mod O (¢*°) pass to the
limit y — Zo00; thus we have

avE

a—f + (V& VVE) — (BF, V)BE + VP =0,
aBoi + +  pt E
Y + (Vy ,V)BO (B, . VV; ) =0,

(V, V) = (V, By) =0.

Letusdenoteu = Vy + By, w = Vy — By; in the previous section we showed, that
w does not depend on y. Consider the sum and the difference of the equations for
VOjE an Boi; evidently we obtain (7). As Py, w do not depend on y, at the points of M
P0+ =P, w™ = w™; moreover, the function (Vy + By, V@) also does not depend
on y, hence u,” = u, , where u* denote the limits of the normal components of the
vector u in the points of M. Thus the fields u*, w and the functions Py, @ satisfy (10)
(we remind, that the equation for the function @ was obtained earlier). Evidently,
initial conditions (11) are also fulfilled. Further we will assume that @, w, u*, Py is

a smooth solution of (7)—(11).

5.3 Equations on the Moving Surface

Let us return to the equations, appearing from the summands, multiplied by £°. Due
to the equations of the previous section, the left hand sides of these equations vanish
as y — =00, hence they can be restricted mod O (¢) to the surface M. We have

Vo o Vo V)Vo + (Bo. vy (21— 9B
al‘ 0> 0 0> ay ay

830 3V0 8Pl
—(B,V®)— + (V1,V®)— — (By, V)By + VPy + V& —
dy dy dy

by (@, + (V, vqs))avo) 9 (B Vqﬁ)aBO Vo 0
A ’ Y~ - A ’ N —V—F = )
Yoo \\Tr L0 oy ) Ve 70 3y 9y2
830 831 8V1 330 aVO
— +Bo, VO — — — ) + {Vo, Bo} + (V1, V@) — — (B, V®) —
ot ay ay dy ay

9 9By 9 Vo 3% B,
— (@, + Vo, VOY)— ) —y— | (By, VO)— ) — =0,
+ya¢(( + Vo ))By) ya(p((o )ay) “ay2
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a
5(%, Vo) + (V, V) =0,

0
—(B1, V@) +(V, By) = 0.
dy

Here we took into account the summands of order O(1), neglected in the previ-
ous approximation (second summands of the Taylor expansion with respect to the
distance form M).

Let us rewrite the equations in the following form:

9B, 9V AV,
(By, V) (—‘ - —‘) (VI,WD)— - (Bl,w)—‘) = F,
dy dy dy dy
8V1 8Bl 8B() 8Pl
(By, Vo) | — — — +(V1,Vq>)——(31,v<p)—+v<p—=G,
ay ay ay dy dy
9 9
—V,V&)=¢g —(B,,V®)=f, f—g=0 (30)
dy dy

(the last equality follows from the equation (V, w) = 0 in R?).
Let us project the second vector equation to the tangent plane to M and then let
us consider the sum and the difference of the obtained vector equations. Taking into

account that avo = 9B 35 well as (29), we obtain

dy

2(Bo. v¢>)% — I1(G) — F, G1)
y

oV
2wy, va>>a—° = I1(G) + F, (32)
y

where w; = V| — Bj and [T is the projector to the tangent plane. Projecting the same
equation to the normal direction to M, we obtain

M G.ve. 33)

Proposition 1 Equation (32) can be reduced to the form

9’H

oH
% H+(ay+/3)—+V H—u),,%’H——(,u—i-v)a =

(34)
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where H = IT(u — u™) |y, @ = %W (% + (w, VCD)), B = (wy, VO).

Proof First we prove that the vector F' is tangent to M let us compute its normal
component. Taking into account the equality (V®, dV;/dy) = 0, after direct com-
putations we obtain

—(F,V®) = (% + (w, V)) (Bo, V@) — (B, V) (—(p + (w, VCD))

Note that the first summand is independent of y; taking into account the equality
(@, + (w, V@) |3 = 0, one can rewrite the second summand in the form

(B, VO) 9 | 0o + (w, V&)
— — — + (w, .
0 ao M\ o

This function is also independent of y. Note that the vector F vanishes as |y| — oo,
hence (F, V&) = 0.
Thus (32) can be rewritten in the form

Vo
2wy, V@)~ = (G + F)
y

Using the explicit expressions for F and G, we have

du ou ,u+v82
I + (w,V)u+VPy+ ya— — ﬁ—:
ot ay 2 8y

Let us subtract from this equation the equality

-
o (% +(w, Vyu + VPO_) Iy = 0.

Note that Py does not depend on y and the vector du/dy is tangent to M. Using these
facts, we obtain

w+va‘H
2 9y?

dH . OH
Iy — + W, VYH |+ (ay+ p)—— =
at ay
where H = u — u -, H= )it |m (note, that, according to (10), this vector is tangent
to M). Further computation of the projection is quite analogous to the calculation,
presented in [20]. Namely: we expand the vector d/9¢ to the tangent and normal
components to the 3D surface U, M, C R*. Cumbersome computations lead to the
formulae
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n aI7A[+( wa )=, o+ 6 va + o
a. w, = N w, Wy —
at at "dd

{0,, H} + Vo H + IT a(p+ oH w(ﬁ V)8
= ’ 7 . wn " 4. I .
! v at ad ot 9P

=% H + VoH — w, BH.

Equation (34) contains the coefficient 8, depending on the first correction wj;
so the equations for the main part of the asymptotics appear to be linked with the
equations, appearing in the next approximations. However, the form of the function
h appears to be independent on the correction w;—the latter function influences
only the shift of the argument y, i.e. the small (of order ¢) shift of the surface M,.
Formally: the following assertion can be verified directly.

Proposition 2 Equation (34) is invariant with respect to the transformation
H(y,x,t) > H(y +c(x,1),x,t), B— B+ 9(c)+ (w, V)c.

Corollary 1 Let h(y, x,t) be the solution of the Cauchy problem (12), while the
scalar function c(x, t) on the surface M, satisfies the equation

3,(c) + (i, V)e + B(x, 1) =0, ¢(0) =0. (35)

Then the vector field H(y, x,t) = h(y + ¢, x, t) satisfies (30) and H|,—o = (uyp —
ug )| my-

5.4 Construction of the Main Part of the Asymptotic Solution
and Description of the Further Terms

The free boundary problem determines the functions Bi, Voi, &, w, Pyand (u, V).
In order to construct the main term of the asymptotics one has to prolong the vector
field & to the entire space and to compute the phase shift c(x, #). Note that 7 —
Oasy— —ooand h — (ut —u~)|y as y — —o0; so the vector field i can be
represented in the form

_ 1
h=nw" —u )y +ho(yv.x. 1), nQ») = S+ tanhy), ho—0 as y— +oc.

Let us define the field U (y, x, t) in the entire space as follows

Uy, x,t) =n(y) @ (x, 1) —u"(x,1) +uo(y, x, 1),
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where the decaying function u is the standard prolongation of 4y (Vygug = 0,
uoly = ho)). Now the vector field u is defined in the entire space up to the shift
of the argument y (u(y, x,t) = U(y + ¢, x, t)). In order to determine this shift, we
consider the O (e')-approximation. Considering the corresponding equations in the
domains D, and passing to the limits y — 00, we obtain

avE

= VSV + (VG VIV = (B, VIBE — (B, V)By + VP =0,
dBE
8—; + (V{5 VIBy + (V55, V)BY — (By , V)V — (B, V)V;" =0,

(V, Vi = (V, Bf) = 0.

The sum and the difference of these equations have the form

+
W, Vyw + @E, V)w + VPE =0, (36)
+
W 4w, VYUt + (w, VIuE + VPE =0, (37)
(V.up) = (V,wi) =0, (38)
where u; = V| + B,. Boundary conditions on the surface M; come from (30, 33):

integrating them with respect to y, we obtain

1 o0 o0
[w!] =0, [wl]=—m/1~“dy, [u!] = /<f+g>dy,

o0

[P] = /(G, Vo)dy. 39

—00

Evidently, the initial conditions have the form

Vo dBY
utli—o = (V) + B)E, wili—o = (V) — B)*, v{’=¥|5:o, B?gb:e-
(40)

Remark 9 Boundary conditions (39) do not depend on the phase shift c(x, 7).

Let wi, u, Pi* be the smooth solution of the problem (36)—(40); substituting
the function 8 = (w;, V@)|y (which is independent of y) to (35) and solving this
equation, we obtain the phase shift c(x, #). Now the main term of asymptotic solution
is described completely.
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The corrections can computed analogously; in order to describe the k-th summand
of the asymptotic series, one has to take into account three approximations—O (1),
0 (") and O (eFHh).
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