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Abstract

We prove the local-in-time existence of solutions with a surface of current-
vortex sheet (tangential discontinuity) of the equations of ideal compressible
magnetohydrodynamics in three space dimensions provided that a stability
condition is satisfied at each point of the initial discontinuity. This paper is
a natural completion of our previous analysis in [43] where a sufficient con-
dition for the weak stability of planar current-vortex sheets was found and
a basic a priori estimate was proved for the linearized variable coefficients
problem for nonplanar discontinuities. The original nonlinear problem is a
free boundary hyperbolic problem. Since the free boundary is characteristic,
the functional setting is provided by the anisotropic weighted Sobolev spaces
H". The fact that the Kreiss-Lopatinski condition is satisfied only in a weak
sense yields losses of derivatives in a priori estimates. Therefore, we prove
our existence theorem by a suitable Nash-Moser-type iteration scheme.

1. Introduction

1.1. Free boundary value problem for compressible current-vortex sheets

The equations of ideal compressible magnetohydrodynamics (MHD) take
the form of the system of conservation laws
Orp + div (pv) =0,
O(pv) +div(pvev-H@H)+ Vq¢=0,
0:H -V x (vxH) =0,
9 (pe + $[H|?) + div ((pe + p)v + Hx(vxH)) =0,

where p, v = (v1,v2,v3), H = (Hy, Ha, H3), and p are the density, the fluid
velocity, the magnetic field, and the pressure respectively, ¢ = p + 3|HJ? is

(1)
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the total pressure, e = E + %|v\2 is the total energy, E = E(p,S) is the
internal energy, and S is the entropy. The Gibbs relation

TdS = dE - L dp
0

implies that p = p?E,(p, S) and the temperature ' = Eg(p, S). Then, with
a state equation of medium, E = E(p,S), (1) is a closed system. As the
unknown we can fix, for example, the vector U = U(¢,x) = (p,v,H,9),
where ¢ is the time, x = (z1,22,23) are space variables, 9; := 9/0¢t, and
6j = 8/8%

System (1) is supplemented by the divergent constraint

divH =0 (2)

on the initial data U(0,x) = Up(x). Taking into account (2), for smooth
solutions we can rewrite (1) in the equivalent form

1 d d
— P divv=0, »Z¥ _(HV)H+ V=0,

pc2 dit dt 3)
dH as

— —(H,V)v+Hdivv =0,

dt 0,

o
where ¢? is the square of the sound velocity and d/dt = 9, + (v,V) (by
(, ) we denote the scalar product). Now p = p(p,S) is considered as a
state equation of medium and 1/c¢* = p,(p, S). Equations (3) read as the
symmetric quasilinear system

A(U)9,U + zn: A;(U)9;U =0, (4)

j=1

where the symmetric matrices A, can be easily written down, in particular,
Ao = diag (1/(pc?), p, p,p,1,1,1,1). System (4) is symmetric hyperbolic if
the state equation p = p(p, S) satisfies the hyperbolicity condition Ay > 0:

p(p,S) >0, pp(p,S)>0. (5)

We consider the MHD equations for ¢ € [0,7] in the unbounded space
domain R3 and suppose that I'(t) = {1 — f(¢,x’) = 0} is a smooth hyper-
surface in [0,7] x R3, where x' = (29, 73) are tangential coordinates. We
assume that I'(t) is a surface of strong discontinuity for the conservation
laws (1), i.e., we are interested in solutions of (1) that are smooth on either
side of I'(t). To be weak solutions of (1) such piecewise smooth solutions
should satisfy the MHD Rankine-Hugoniot conditions

] =0, [Hx]=0, jlox]+lg] =0, jlvs] = Hn[H],

6
Hx[v.] =j[H:/p], jle+5(H}*/p)| +lgvx — Hx(H,v)] =0 )
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at each point of I" (see, e.g., [18,19]), where [g] = g"|r — g~ |r denotes the
jump of g, with g% := g in 2F(¢) = {z; = f(t,x)},

j:p(UN_atf)u UN = (VuN)a HN = (HaN)7 N= (17_82f7_83f)7
Vr = (U7'17U7'2)? HT = (H7'17H7'2); Ur, = (V,Ti),
H: = (H7Ti)a T1 = (82f, 170)3 T2 = (83f70> 1)7

Hyx|r = H§|p7 and j := ji|p is the mass transfer flux across the disconti-
nuity surface.

From the mathematical point of view, there are two types of strong dis-
continuities: shock waves and characteristic discontinuities. Following LAX
[20], characteristic discontinuities, which are characteristic free boundaries,
are called contact discontinuities. For the Euler equations contact discon-
tinuities are contact also from the physical point of view, i.e., there is no
mass transfer across the discontinuity. However, in MHD the situation with
characteristic discontinuities is richer than in gas dynamics. Namely, besides
MHD shock waves (j # 0, [p] # 0) there are three types of characteristic dis-
continuities [4,5,18,19]: tangential discontinuities or current-vortex sheets
(=0, Hx|r = 0), contact discontinuities (j = 0, Hx|r # 0), and Alfvén or
rotational discontinuities (j # 0, [p] = 0). Current-vortex sheets and contact
MHD discontinuities are contact from the physical point of view (j = 0),
but Alfvén discontinuities are not.

The local-in-time existence of shock front solutions of the Euler equa-
tions was proved by BLOKHIN [3,4] and MAJDA [23,24], provided that the
uniform Kreiss-Lopatinski condition [17,22,4] is satisfied at each point of
the initial shock discontinuity (i.e., shock waves are uniformly stable). For
the 3D Euler equations contact discontinuities with a nonzero jump in the
velocity (vortex sheets) are always violently unstable [41,10]. For the 2D
isentropic Euler equations, COULOMBEL & SECCHI [8] have recently proved
the existence of supersonic vortex sheets. In [8], using the result of [6], they
have also shown the existence of weakly stable shock waves in isentropic gas
dynamics.’

In MHD there are two types of Lax shocks: slow and fast shock waves
(see, e.g., [18,19]). A complete 2D stability analysis of fast MHD shock
waves was carried out in [42] for an ideal gas equation of state. Taking in-
to account the recent work of METIVIER & ZUMBRUN [26] extending the
KREISS-MAJDA theory [17,22] to a class of hyperbolic symmetrizable sys-
tems with characteristics of variable multiplicities (this class contains the
MHD system), uniformly stable fast MHD shock waves found in [42] ex-
ist locally in time. In this paper, we are interested in current-vortex sheets
and continue our analysis in [43] where a sufficient condition for the weak

! The existence theorems in [8] were proved for a finite (not necessarily short)
time but under the condition that the initial discontinuity is close to a weakly
stable rectilinear (for 2D) or planar (for 3D) discontinuity. It seems that the as-
sumption that the initial data are close to a piecewise constant solution is technical
and could be removed, provided that the time of existence is sufficiently short.
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stability of compressible current-vortex sheets was first found for a gener-
al case of the unperturbed flow (see a discussion below). Concerning other
types of characteristic MHD discontinuities, contact MHD discontinuities
(Hx|r # 0) are known to be always weakly stable [4] whereas Alfvén dis-
continuities are violently unstable for a wide range of flow parameters [15].

For current-vortex sheets, with the requirements j = 0 and Hyn|r = 0
the Rankine-Hugoniot conditions (6) give the boundary conditions

of = ’U%, Hlilt =0, [¢J=0 on I'(t). (7)

Observe that the tangential components of the velocity and the magnetic
field may undergo any jump: [v,] # 0, [H;] # 0.
Our final goal is to find conditions on the initial data

US0,x) =Ug(x), x€0250),  f(0.x)=fo(x), x' eR? (8

providing the existence of current-vortex sheet solutions to the MHD sys-
tem, i.e., the existence of a solution (U%, f) of the free boundary value
problem (1), (7), (8), where U* := U in 2%(¢), and U* is smooth in
2% (t). Because of the general properties of hyperbolic conservation laws it
is natural to expect only the local-in-time existence of current-vortex sheet
solutions. Therefore, the question on the nonlinear Lyapunov’s stability of
an ideal current-vortex sheet has no sense.

At the same time, the study of the linearized stability of current-vortex
sheets is not only a necessary step to prove local-in-time existence but also
is of independent interest in connection with various astrophysical applica-
tions. In particular, the ideal compressible current-vortex sheet is used for
modeling the heliopause, which is caused by the interaction of the supersonic
solar wind plasma with the local interstellar medium (in some sense, the he-
liopause is the boundary of the solar system). The generally accepted model
of heliopause was suggested by BARANOV, KRASNOBAEV & KULIKOVSKY
[2], and the heliopause is in fact a current-vortex sheet separating the in-
terstellar plasma compressed at the bow shock from the solar wind plasma
compressed at the termination shock wave. Note that in December 2004
the spacecraft Voyager 1 has crossed the termination shock at the distance
of 93 AU from the Sun, and astrophysicists predict that it should reach
the heliopause in the next ten years. So, the mathematical modeling of the
heliopause in which current-vortex sheets play the key role becomes very
urgent.

Piecewise constant solutions of (1) satisfying (8) on a planar disconti-
nuity are a simplest case of current-vortex sheet solutions. In astrophysics
the linear stability of a planar compressible current-vortex sheet is usual-
ly interpreted as the macroscopic stability of the heliopause [32]. One can
show that for the constant coefficients linearized problem for planar current-
vortex sheets the uniform Kreiss-Lopatinski condition is never satisfied [43].
That is, planar current-vortex sheets can be only weakly stable or violently
unstable. In the 1960-90’s, in a number of works motivated by astrophysical
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applications (see [32] and references therein) the linear stability of planar
compressible current-vortex sheets was examined by the normal modes anal-
ysis. But, because of insuperable technical difficulties neither stability nor
instability conditions were found for a general case of the unperturbed flow.

In [43] we have proposed an alternative energy method that has first
enabled one to find a sufficient condition for the weak stability of planar
compressible current-vortex sheets. For the most general case when for the
unperturbed flow the tangential magnetic fields H'* = (HQi, H di) are nonze-
ro and noncollinear this condition reads

G(U*,U7) >0, 9)
where

+ —
G(UT,U™) = |sin(p* — )| min{ — i — |V
(0% U7) = sinet ) min { 2, -

v/i :< + :t) + cicf ([V/]vH/i)

+
v 7v /y = ) COS()O = ’
2 (¢*)2 + (¢f)? V] [

and ¢y = |H|/\/p is the Alfvén velocity.? Later on we will refer to (9) for
nonplanar current-vortex sheets and (9) will be assumed to be satisfied at
each point of I'(t), but now, when we speak about planar discontinuities, all
the values in (9) are constants describing a piecewise constant solution of (1),
(8) (unperturbed flow). Without loss of generality the planar discontinuity
is supposed to be given by the equation x; = 0, i.e., it follows from (8) that
for the piecewise constant solution v = Hif = 0.

As was shown in [43], the case when the vectors H'" and H'~ are
collinear or one of them is zero corresponds to the transition to violent
instability. We exclude these critical cases from the consideration and with-
out loss of generality suppose that

HiHy —HiHy >¢>0, (10)

where € is a fixed constant. Recall that if H'"™ = H'~™ = 0 we have a planar
vortex sheet, which is always violently unstable in 3D.

1.2. Reduction to a fixed domain

The function f(t,x’) determining the discontinuity surface I" is one of
the unknowns of the free boundary value problem (1), (7), (8). To reduce
this problem to that in a fixed domain we straighten, as usual (see, e.g.,

2 Tt is known that current sheets ([v'] = 0) are always weakly stable. To include
this particular case into (9) we set that, for example, ¢t :=7/2 and ¢~ := 0 for
[v'] = 0. That is, (9) is automatically satisfied for the case [v'] = 0.
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[22,25]), the unknown front I". That is, the unknowns U being smooth in
2% (t) are replaced by the vector-functions
U™*(t,x) := U (t, d(t, +21,%'), %),

that are smooth in the fixed domain R3 = {z; > 0, x’ € R?} , where
&(t,0,x") = f(t,x') and 1P > 0. In [43], as in [22], we used the simple
choice &(¢,x) := x1+ f(¢,x"). Such a choice was suitable for our aims in [43],
where we have proved a basic a priori estimate for the variable coefficients
linearized problem, provided that the stable (in the sense of (9)) state about
which we linearize problem (1), (7) belongs to W2 ([0,T] x R%).

In this paper, to avoid assumptions about compact support of the initial

data in the nonlinear existence theorem and work globally in Ri we use the
choice similar to that suggested by METIVIER [25]:

¢(tvx) =2+ X(ml)f<t7xl)>

where x € Cg°(R) equals to 1 on [~1,1], and |[x'[lz. @®) < 1/2. Then,
the fulfillment of the requirement 0;9 > 0 is guaranteed if we consider
solutions for which || f||z__ (0,rxr2) < 1. The last is fulfilled if, without loss
of generality, we consider the initial data satisfying || fol|.r2) < 1/2, and
the time 7" in our existence theorem is sufficiently small.

Dropping for convenience tildes in U* and introducing the functions

PE(t,x) := B(t, a1, %) = 421 + UE(t,x), TE(t,x) = x(£1) f(t, %),
we reduce (1), (7), (8) to the initial boundary value problem
L(UN¢T) =0, LU ,#7)=0 in[0,T]xR3, (11)
B(UT, U, f)=0 on[0,T] x {z; =0} x R?, (12)
Ut|=o=Uy, U |)=0=U; inR3, flizo=fo nR?*  (13)
where L(U,¥) = L(U,¥)U,
L(U, W) = Ay(U)dy + A1 (U, W)d; + Ay(U)dy + A3(U)ds,
A (U0 = alfﬁi (41 (U*) - ap(UF)o - kfjgmui)akwi)

(019% = +£1 4+ 0,¥F), and (12) is the compact form of the boundary con-
ditions

hf—-vi=0, Of—vyx=0, [¢J=0 onl0,7]x {z; =0} x R?,

with v = v —vF0uf —vi0sf, [q] = ¢ |es=0 — ¢ |z1=0-

There appear two natural questions. The first one: Why the boundary
conditions Hy |z, —0 = 0 and Hy |z,—0 = 0 have not been included in (12)?
And the second question: Why systems (1) and (4) are equivalent on current-
vortex sheet solutions, i.e., why system (1) in the straightened variables is
equivalent to (11)7 The answer to these questions is given by the following
proposition.
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Proposition 1. Let the initial data (13) satisfy
divh®™ =0, divh™ =0 (14)
and the boundary conditions
Hylai=0 =0, Hylai=0 =0, (15)
where
hE = (HE Hf0,0%, HY0,0%), HE = Hf — Hf0,0* — HEo,0™

(HF|z, =0 = H§|m1:0). If problem (11)-(18) has a solution (U™, f), then
this solution satisfies (14) and (15) for all t € [0,T]. The same is true for
current-vortex sheet solutions of system (1).

The proof of Proposition 1 is given in Appendix A. Equations (14) are
just the divergent constraint (12) on either side of the straightened front.
Using (14), we can easily prove that system (1) in the straightened variables
is equivalent to (11). Concerning the boundary conditions Hy: |,,—o = 0 and
Hy|z;=0 = 0, we must regard them as the restrictions on the initial data
(13). Otherwise, the hyperbolic problem (11), (12), (15) does not have a
correct number of boundary and, in particular, its linearization does not
have the property of mazimality [30]. Indeed, one can show (see [43] and
Section 2) that the boundary matrix on the boundary x; = 0,

Au|a:1=0 = diag (gl(U+,W+), Avl(UiaLpi)”xl:O?

has two positive (“outgoing”) and two negative eigenvalues, and other eigen-
values are zeros. That is, the boundary x; = 0 is characteristic, and since one
of the boundary conditions is needed for determining the function f(t,x’),
the correct number of boundary conditions is three (that is the case in (12)).

1.8. Main result and discussion

In this paper, our main goal is to prove the local-in-time existence of
solutions to problem (11)—(13), provided that the initial data (13) satisfy
the stability condition (9) at each point of the straightened front z; = 0
together with all the other necessary conditions, see Theorem 1 below.

As usual, we will construct solutions to the nonlinear problem (11)-
(13) by considering a sequence of linearized problems. However, since for
current-vortex sheets the Kreiss-Lopatinski condition is satisfied only in a
weak sense, there appears a loss of derivatives phenomena and, therefore,
standard Picard iterations, which convergence is usually proved by fixed-
point argument, are inapplicable for our case. We overcome this principal
difficulty by solving our nonlinear problem by a suitable Nash-Moser-type
iteration scheme (see, e.g., [14]). For multidimensional hyperbolic conser-
vations laws, the Nash-Moser method was earlier used by ALINHAC [1] to
prove the existence of rarefaction waves and by FRANCHETEAU & METIVIER
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[11] to construct shock front solutions when the strength of the shock tends
to zero. Recently the Nash-Moser method was successfully exploited by
COULOMBEL & SECCHI [8] for 2D compressible vortex sheets for the isen-
tropic Euler equations.

As in [8], the Nash-Moser procedure we shall use in this paper is not
completely standard. Exactly as in [8], some nonlinear constraints must be
satisfied at each step of the iteration scheme. Moreover, in comparison with
[8] we have the additional constraints (14) and (15), which actually make
most trouble. As vortex sheets, current-vortex sheets are characteristic free
boundaries that implies a loss of control on derivatives in the normal direc-
tion. But, the peculiarity of our problem consists in the fact that the loss
of control on normal derivatives cannot be compensated as it was done in
[8] (see also [38]) for gas dynamics by estimating missing normal derivatives
through a vorticity-type linearized equation. Therefore, in our case, as for
the MHD system in a fixed domain whose boundary is a regular magnet-
ic surface [27,33,36,46], the natural functional setting is provided by the
anisotropic weighted Sobolev spaces H™ (see the definition below).

In principle, for current-vortex sheets we could straighten the front as
was suggested in [8]. For the choice of &(¢,x) used in [8] the boundary
matrix A, would have constant rank in the whole space Ri, but not only
on the boundary x; = 0. Then, we could work in the usual Sobolev spaces
H™ with a certain anisotropy in the normal direction [30]. Here, we however
prefer to use the function space H]* because it provides a little bit more
regularity of solutions. Following [27-29,33-37,39,46], this space is defined
as follows:

HMRY) == {u€ Lo(R3) | 020fu € Lo(RY) if |a|+2k<m},

where m € N, 0% = (001)*1 052052, and o(z1) € C*°(R4) is a monotone
increasing function such that o(z1) = x; in a neighborhood of the origin
and o(z1) = 1 for 21 large enough. The space H"(R3) is normed by

||U’H72n,* = Z ||8fafu|\2Lz(R3+)-
la|+2k<m
Following [34,37], we also define the space
CL(HT) = () HE (0, T, H"F)
k=0

equipped with the norm
T
2 2
[U]m,*m:/o llu()lll7, «dt,  where [[lu(t)ll7, . = ZH@] M

For a multi-index o = (g, a1, 2, a3) we shall also use the notation 0¥ =
07 (001)* 052 05°.
We are now in a position to state the main result of the present paper.
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Theorem 1. Let m € N and m > 12. Suppose the initial data (13), with
(U fo) € H2F19(RY) x H2H19(R2),

satisfy the hyperbolicity condition (5) and the divergent constraints (14) for
all x € R3.. Let the initial data at x1 = 0 satisfy the stability condition (9),
restriction (10), and constraints (15) for all x' € R%. Assume also that the
initial data are compatible up to order m + 9 in the sense of Definition 1
(see Section 4). Then, there exists a sufficiently short time T > 0 such that
problem (11)-(13) has a unique solution

(U=, f) € LL(HM(RY)) x H™((0,T] x R?).

The main tool for proving the convergence of the Nash-Moser iteration
scheme is a so-called tame estimate [1,8] for the linearized problem. In [43],
the basic a priori estimate in H}! for the linearized problem was obtained by
the energy method thanks to a new symmetric form of the MHD equations.
The energy method we used in [43] can be formalized as the construction
of a so-called dissipative O0-symmetrizer [45]. Here, to get the tame estimate
for the linearized equations we use the same idea as in [43]. Since we exploit
standard energy arguments and, unlike 7], do not use paradifferential cal-
culus in the linear variable coefficients analysis, we do not need to make the
technical assumption from [8] that the initial data are close to a piecewise
constant solution associated with a planar discontinuity.

Again, since we use the energy method, there is no problem at all to
prove the uniqueness of a solution to problem (11)—(13). Uniqueness follows
already from the basic H} estimate deduced in [43] and can be proved by
standard argument, exactly in the same manner as was done in [44] for
incompressible current-vortex sheets.?> With this short remark, we shall no
longer discuss the problem of uniqueness in this paper.

In Theorem 1, we have a big loss of derivatives from the initial data to
the solution. Actually, the number of lost derivatives could be two or even
three times less if we worked in the function space HJ} (see [35]) instead of
H™. In our case, the solution belongs to £2.(H™) if its “noncharacteristic”
part U is such that 0, UL, € £2.(H 1), where

UL = (¢F,vE HY), of =ovi —0fo,0F —vio;0%.
However, we prefer to not follow this way, because it is connected with
extremely big technical difficulties, calculations, etc. In particular, for Ufc
we need to estimate the errors of the Nash-Moser iteration separately.

3 Note that for the energy method the appearance of a zero-order term for the
front in the interior equations for the difference of solutions [44] (in terms of
a so-called “good unknown” of ALINHAC [1], see Section 2) does not make any
trouble.
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Recall that condition (9) is only sufficient for stability. As was shown in
[43,44], in the incompressibility limit this condition describes exactly the
half of the whole parameter domain of stability of planar incompressible
current-vortex found by SYROVATSKIJ [40] by the normal modes analysis.
For compressible current-vortex sheets, the main difficulty in the normal
modes analysis is connected with the fact that the Lopatinski determinant
is generically reduced to an algebraic equation of the tenth degree depending
on seven dimensionless parameters and one more inner parameter determin-
ing the wave vector (see [32,43]). Moreover, the squaring was applied under
the reduction of the Lopatinski determinant to this algebraic equation and,
therefore, it can introduce spurious roots. For all these reasons, the problem
on finding the necessary and sufficient condition of weak stability of planar
compressible current-vortex sheets is still open.

Remark 1. For current-vortex sheets one can also consider associated dif-
fusing (nonstationary) viscous profiles for the resistive viscous MHD equa-
tions.? Since for these equations we can at least expect the existence of
global-in-time solutions, it is natural to study Lyupunov’s (long-time) sta-
bility of “viscous” compressible current-vortex sheets. Some numerical re-
sults in this direction can be found in [9].

The plan of the rest of the paper is the following. In Section 2 we for-
mulate the linearized problem and prove its well-posedness under suitable
assumptions on the basic state about which we linearize our nonlinear prob-
lem (11), (12). The main of these assumptions is the stability condition (9).
In Section 3, for the linearized problem we derive an a priori tame estimate
in the anisotropic weighted Sobolev spaces. In Section 4, we specify compat-
ibility conditions for the initial data and, by constructing an approximate
solution, reduce problem (11)—(13) to that with zero initial data. At last,
in section 5 we solve the reduced problem by a suitable Nash-Moser-type
iteration scheme.

2. Linearized problem associated to (11), (12)

2.1. The basic state

Let R R X
(U*(t,x), U (t,x), f(t,x)) (16)

be a given vector-function, where Ut = (ﬁi,f/i,fli, §i) and f are sup-
posed to be sufficiently smooth in

Qr := (—00,T] x RY.

4 For a complete analysis of the existence and bifurcation of (stationary) viscous
profiles for MHD shock waves we refer to [12].
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Later on for the functions defined in {27 the time interval [0, 7] appearing in
the definition of the norm [-]s . given in Section 2 is replaced by (—oo, T.
Moreover, by H?(£27) we will denote the space that coincides with the space
L%(H:(RY)) defined in Section 2 if we replace the time interval [0, by
(=00, T].

We assume that the basic state (16) about which we shall linearize prob-
lem (11), (12) satisfies the hyperbolicity condition (5) in {27,

p(I*,8%) > 0. py(p*.5%) >0, (17)
the Rankine-Hugoniot conditions (12),
Of = ilri=0 =0, 0f = Oxle=0 =0, [1]=0, (18)

and the stability condition (9) together with restriction (10) on 0027 :=
(—OO,T] X {Il = 0} X RQ,

G(ﬁ+|w1:07ﬁ_‘1‘1:0) > Oa (ﬁ;ﬁi’? - ﬁ;_ﬁQ_Hm:O >€e> 07 (19)
where ¢* = p+ + %|ITIi|27
iF = 0F — 0500f — 0505 f, (@) = (¢" — ¢ )lar=o-
Let also

Ut, U™ e W2 (02r), feW3(002r), 0
. ~ . 20

10 w2 (20) + 11U w2, (o) + 1 fllws 00 < K,
where K > 0 is a constant. Moreover, without loss of generality we assume
that || flz (a0 < 1. This implies

HdT >1/2, 0,0 < —1/2,
with
P (t,%) = £+ UH(Lx), TH(Ex) = x(F0) (¢, %).
Observe that (20) yields
IW w2 (02 < C(K),

where W := (U+, U=, V, .0+, V,,0~), Vi = (8, V),and C = C(K) > 0
is a constant depending on K.

Later on, for the perturbation of the magnetic field we shall deduce
equations associated to the nonlinear constraints (14) and (15). However,
to do this it is not enough that these constraints are satisfied by the basic
state (16). We need actually that the equation for H* itself contained in
(11) is fulfilled for (16) (cf. (197) in Appendix A):

_ 1 ~ . &
AR + (Gt VBE - (0%, v)v* + B divat} =0, (21)
1
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where
0t = (0F, 05 010%, 050, %),  0F = 0f — 05 0.0 — 05 950,
B (B TE0dt, AEods), [t — Bt — AEopit — fEosit,
and Wt = 4t — (&@i, 0,0). Assume that (16) satisfies (21). Then, it follows

from the proof of Proposition 1 (see Appendix A) that constraints (14) and
(15) are satisfied for the basic state (16) if they are true for it at ¢ = 0:

divh®|,—g =0, H|s—1—0 =0, (22)

where ﬁﬁf = fIli - ﬁziﬁgf - ﬁ;agf.

2.2. The linearized equations

The linearized equations for (11), (12) read:

L/(U%,0%)(sU*, 60™) = j

?L(Usiawsi)'E:O =f* in Qr,

B0, 07, f)6U0U",6) i= S B(US U L)oo =8 on 007

de
where UT = U+ +e0U*, f. = f—l—eéf, and
Wf(t,x) = x(Ez1) f(t,X), fﬁf(t,x) = £z + Wei(t,x),

SWE(t, x) = x(F21)df(t, x).

Here, as usual, we introduce the source terms f*(¢,x) and g(¢,x’) to make
the interior equations and the boundary conditions inhomogeneous. To sim-
plify the notations we will below drop 4.

We easily compute the exact form of the linearized operators:

L'(U*, o) (U, ut)

= L(U*,0F)U* + (U, 0H)U* — {L(U*,0*)wt) 9, UF,
Onf + 03 0o f + 03 05 f — v

B (U, U™, /YU, U, f) = | Of + 05 02f +0505f — vy |

+

" —q

where ¢& = p* + (ﬁi,Hi), U§ = of — ’Uétagf - ’U3i(93f, and the matrix
C(U*,¥*) is determined as follows:
C(UE,0%)Y = (Y, V,40(U*))9,U* + (Y, V, A, (U*,0+))9, U*
+(Y, V, A2(U%))3, 0% + (Y, V, 45(0+)) 95U,
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N i DA(Y)
(Y, V,AT*%)) ;:Zyz( - L_ﬁi), Y = (y1,...,us).

i=1
The differential operator L/(U%, &) is a first order operator in ¥*. This
fact can give some trouble in obtaining a priori estimates for the linearized
problem. Following [1], we overcome this difficulty by introducing the “good
unknown”:

. + ~ . - ~
IJ+ = IjJr — 3w$+ 81U+, U =U - 5%5* 81U’. (23)
1 1

In terms of unknown (23) the linearized interior equations take the form

+

L(U* U5 U* + (U, 0*)U* — H{L(U*, uh)) =+ (24)

810+
In principle, the zero-order terms in (24) do not give any trouble in the
application of the energy method for deducing a priori estimates. But, to
prove the existence of solutions to the linearized problem it is better to have
standard linear symmetric hyperbolic systems for U™t and U~. Therefore,
as in [1,8,11], we drop the zero-order term in ¥+ in (24) and consider the
effective linear operators

L, (U, 0$)U* = L(U*,0)U* 4 (U, w*) U
= Ao(U*)9,U* + A, (U, 0*)0, U+ (25)
+A,(UH)0, U+ + A3(UF)95U* 4 (U, 0$)U=
In the subsequent nonlinear analysis the dropped term in (23) will be con-
sidered as an error term at each Nash-Moser iteration step.

Concerning the boundary differential operator B’, in terms of unknown
(23) it reads:

B,(U, /)(U. f) =BT, f)(UF, U™, /)
Ouf +0F Oof + 0505 f — i — f O107;
= | Of +0,02f +0305f —on — fOoy |,
G =4+ f(01q" —a7)
where U = (6*,6’), U= (U, U7), and oF = o — VEOyf — @gtagf. As
in [1,8,11] we keep the zero-order terms in f in (26). Note that the main
difficulties in deducing a priori estimates for the linearized problem by the

energy method are connected with these terms (see [43] and Section 3).
Introducing the notation

P L. (U+, o) U+
L.(U,®)U := G(A . ). , (27)
L (U, 0)U"
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with @ = (U+,¥~), we write down the linear problem for (U, f):

L (U, @) U=f in 2, (28)

Ble(ﬁaf)(Uaf) =g on a‘QTa (29)

(U,f)=0 fort <0, (30)

where f = (F+,£7) = (f{, ..., f&, fi -, fs ) and g = (97", g7, g2) vanish

in the past. Here, unlike [43], we consider the case of zero initial data,
that is usual assumption, and postpone the case of nonzero initial data to
the nonlinear analysis (construction of a so-called approximate solution, see
Section 4).

In Appendix A we prove the following proposition that will play an
important role in the proof of well-posedness of problem (28)—(30).

Proposition 2. Let for the basic state (16) all the assumptions above (in
particular, (21), (22)) are fulfilled. Then solutions of problem (28)—(30)
satisfy

divhT =r*, divh™ =r" in Q2p, (31)

{ﬁ;agf + Hi 0sf — HYf — foLHY = g, (5

Hy 0yf + Hy 0sf — Hy — foLHy = g5, on 002,
Here
Wt = (HE, HF0,0%, HF0,8%), HE = Hf — HE 0,0 — HF 0,0+

(HE|oy=0 = HF|z=0), and the functions v+ = r*(t,x), g5 = g5 (t,x),
that vanish in the past, are determined by the source terms and the basic
state as solutions to the linear inhomogeneous equations®

1
Ot ot (W5 Vat) datdivat} = FF inQr, (33)
1

0195 + 05 0205 + 05 Dsgi + (020F + 0505 ) gr = G on 00Qp,  (34)

where a* = ri/alﬁfi, Ft = (div ff)/é)l@i,
5 = (fE fEF), [ =fF - [E00* — fFou0™,

G+ ={0a(H5 g1) + 05 (Hi 7) = £}, o

5 Tt follows from (18) that the interior equations (33) do not need boundary
conditions because Wi |4, =0 = 0.
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2.8. Reduction to homogeneous boundary conditions

In [43], the basic a priori estimate for problem (28), (29) was obtained
for the case of nonzero initial data but the zero source terms f and g.
This was done thanks to the fact the boundary conditions for an equivalent
formulation of problem (28), (29) (it will be presented below) are dissipative.
There is no problem at all to generalize the estimate from [43] to nonzero
source terms. But we will lose derivatives from the source term g because
the boundary conditions are not strictly dissipative. Since we anyway lose
derivatives from g, we can use the classical argument (see, e.g., [31]) to deal
with inhomogeneous boundary conditions. It suggests to subtract from the
solution a more regular function satisfying the boundary conditions, and
reduce the problem to one with homogeneous boundary conditions. As is
known, if we work in usual Sobolev spaces such a way leads to the loss of
“1/2 derivative” from g.

However, because of the presence of constraints (14) and (15), that play
an important role in the energy method in [43], to prove the well-posedness
of the original linear problem (28)—(30) we have to modify a little bit the
above mentioned classical argument. Let there exists a solution (U, f) €
HE(2r) x H?(0f27) to problem (28)—(30), with a given s € N. Consider
now a vector-function

U= (5" " 0, 575,97, H,57) € HIP(2r)

that vanishes in the past and on the boundary 027 satisfies not only con-
ditions (29) (with f = 0) but also (32), (34) (with f = 0), where ¢+, o5,
and Hﬁf are defined similarly to ¢*, 1')1{?, and H§ Then, we define ¢+, o,
and HF in the interior domain 27 by using a lifting operator

Ry: HTN(00r) — HIT?(02r) (35)
from the boundary to the interior:

qi = RT(qi|11:0)v fﬁ - RT('Dl:\It‘ml:O)v I_]ni = RT(H§|m1:O)~
Such a lifting operator exists thanks to the trace theorem [28] for the spaces
H™,
Let also o5 and H £ are such that

n

OF = 0f — 05000t — 07050, HF = Hf — Hy 0,0 — HF 950F.

Since we still have a freedom in the choice of “characteristic unknowns”
H2jE and H ;E, we can define them in such a way that they satisfy equations

(33) for a* = divfli/alﬁfi, where h* = (f]ﬁf[%@lii,f[?,ial@i). The

rest components of U, i.e., 172i73 and S* can be taken, for example, as zeros.
ruU=u!+ I~J, then U? satisfies

L (U, &)U =F in 2, (36)

B,(U, f)(U% f) =0 on a0, (37)
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where o

F=(Ft,.. . Ef Fr,. . . Fg)=f-L(U,¥)U.
Moreover, in view of equations (33) for a* = div Bi/a@i, conditions (32)
for U (with f = 0), and (34), it follows from (36), (37) that equations (33)
and (34) are satisfied for a® = div h*/9,* and gF = (Hy 0o f + Hy Osf —
th\li —f 8.1H§)|11:0 with the zero right-hand sides (fi =gt = 0), where
h'* and Hﬁli are defined for U? similarly to h* and H;I—L Since U? vanishes
in the past, the conditions

divh*™ =0, (HyOof + Hf0sf — HY — fOLHY)|m=0 =0 (38)

hold for ¢t < 0. Then, by standard method of characteristic curves we get
that equations (38) are satisfied for all ¢ € (—o0,T].
Since [01 ()]s, < []s+2,«,7 We get the estimate

[LL(T, &)Uy < C[Ulsszr. (39)

Here and later on C' is a constant that can change from line to line, and
sometimes we show the dependence of C' from another constants. In parti-
cular, in this section we focus on the proof of well-posedness based on the a
priori estimate in H} obtained in [43], and for the case s = 1 the constant
C = C(K) in (39) depends on the constant K from (20). For the general
case s > 1, if we use rough estimates, the constant C in (39) depends on
the W22 norm of the basic state. However, to get a so-called tame a priori
estimate in Section 3 we will need more delicate estimates than (39). Such
estimates will be deduced by using Moser-type inequalities in H?, and the
assumption for the basic state will be much weaker than W32, We postpone
this analysis to Section 3.
Then, taking into account (39), we have

[Fls«r <C {[f]s,*,T + gl zs+1 000 + ||(9;793_)||Hs+1(am)} .
Using (34), we easily estimate:
1093, 95 Ml =+1000) < CIGH,GT) |l r=+1(004)

<C {[f]s+2,*,T + ‘|(g;rag;)||H5+2(BQT)} .
Then, we finally get the estimate

[Flser < C{[flss2,07 + lIgllzo+2000) ) - (40)

Dropping for convenience the indices * in (36)—(38), we have the problem
L(U,@)U=F in r, (41)

B.(U, f)(U,f) =0 on 80y, (42)

(U,f)=0 fort<O0, (43)
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where the source term F defined above obeys estimate (40) and is such that
solutions to (41)—(43) satisfy the constraints

divht =0, divh™ =0 in 27, (44)

{ Hiopf + Hf 0 — HY — f OB =0, 45)

Hy 0yf + Hy 0sf — Hy — fO1Hg =0, on 882p.
We thus have proved the following result.

Lemma 1. Let problem (41)-(43) is well-posed and its unique solution (U, f)
belongs to H: (7)) x H*(007) for F € H:(Qr), where s € N is a given
number. Then problem (28)-(30) is well-posed in the same function space
H3(Q7) x H3(0027) for (f,g) € H:2(02p) x H¥2(007).

Remark 2. As was already noted above, in this section we concentrate on
the case s = 1. For this case the assumption (20) is enough for the assertion
of Lemma 1. For s large enough for which we prove the tame estimate in
Section 3 we will assume that (U, V. f) € HST2(2r) x H*T2(3027) (see
estimate (106) that is a “tame counterpart” of (40)).

2.4. Secondary generalized Friedrichs symmetrizer for the MHD system

From now on we focus on the proof of the well-posedness of problem
(41)—(43). Recall that solutions to this problem satisfy (44) and (45). In
[43], the basic a priori estimate in H! for problem (41), (42) (with F =0
and nonzero initial data) was constructed thanks to a new symmetric form
of the MHD system. This symmetric form is the result of the application of
a secondary generalized Friedrichs symmetrizer S = (S,R) to system (4):

3
S(U)Ay(U)9,U + > 8(U)4,(U)9;U + R(U) divH
= 3 (46)
= By(U)a,U + Y B;(U)9;U =0.

j=1

We call this symmetrizer “secondary” because system (4) was already sym-
metric and the matrices B, in (46) are again symmetric, and we call it
“generalized” because the symmetrizer S is not just a matrix, but it also
contains the vector R which appearance is due to taking into account the
divergent constraint (2).
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The concrete form of S and R found in [43] is as follows:

VLA |
pcs  pct pe 0
Mip 1 0 0 —px 0 0 0 0
MI,p 0 1 0 0 —pA 0 0 0
S=|XMzp 0 0 1 0 0 —pA0 |, R=-x| |,
0 -Ax 0 0 1 0 00 H1
0 0 —-X 0 0 1 00 H2
0 0O 0 =X 0 0 10 03
O 0 0 0 0 0 01

where A = A(U) is an arbitrary function. For the concrete form of the
matrices B; in (46) we refer to [43] and write down here only the matrix
BQZ

1 XH; AHy M\Hj

— —— —— —— 0 0 0 0
pc2 2 2 2

AH

AH,

— 0 0 0 0 —pA 0 O

By =S84y = ¢

AH;3

2 0 0 p 0 0 —pA0
0 —pA O 0 1 0 00
0 0O —pA 0 0 1 00
0 0 0 —pX O 0 1 0
0 0 0 0 0 0 0 1

Clearly, systems (4) and (46) coincide for A = 0.

Remark 3. The new symmetric form (46) for the MHD equations was
guessed in [43] by considering the magnetoacoustics system and using for it a
“compressible” counterpart of the so-called cross-helicity integral
d/dt ([zs (v, H) dx) = 0 taking place for incompressible MHD. This gives a
new conserved integral for the linearized constant coefficient MHD equations
and, respectively, a concrete form of the matrix By, etc.

The symmetric system (46) is hyperbolic if By > 0 (this also guaran-
tees that det S # 0). The last condition is satisfied if inequalities (5) hold
together with the additional requirement [43]

1

2
pA° < .
L+ (ci/¢)

(47)
As was shown in [43], condition (47) guarantees the equivalence of systems
(4) and (46) on smooth solutions provided that A(U) is a smooth function
of U. The analogous assertion can also be proved for current-vortex sheet
solutions, but we need it only for the linearized equations.



The Existence of Current-Vortex Sheets 19

Applying the symmetrizer S(U) to system (41), i.e., multiplying (41) on
the left by the matrix S(U) and adding to the result the vector

. y + N
le/l\l (U+)
oD+
divh™ ¢ o)
81@7
we get
By(U)oU + B1(U,¥)0,U + B2 (U)d,U (48)
+B5(0)8;U + C(U, W)U = F(U),
where C(U, W) = S(U)C(U,¥), F(U) = S(U)F,
S(U) = diag (S(UT),S(U7)), Ba(U) = diag (Ba(Ut), Bo(U7)),
C(U,®) = diag (C(U*,0"),c(U~,07)),
B1(U, W) = diag (B, (U, ¥), By(U~,¥7)),
3
~ 1
+ +\ + + + + +
Bi(U*0%) = 5o (Bi(U*) = Bo(UF)ow* — 3 B(U*)9w*).

k=2

We now prove the equivalence of problems (41)—(43) and (48), (42), (43)
in the following sense.

Lemma 2. Let assumptions (17), (18), (20)-(22), and condition (47) are
fulfilled for the basic state (16). Assume also that problems (41)-(43) and
(48), (42), (43) have sufficiently smooth solutions. Then, solutions to these
problems coincide.

Proof. If inequalities (17) and condition (47) written for Ut and U~ are

~

satisfied, then system (48) is hyperbolic, i.e., Bo(U) > 0. In particular, it
means that the matrix S (ﬁ) is nonsingular. Clearly, we have only to prove
that from system (48) we can obtain system (41).

Let us multiply (48) on the left by the matrix S*I(ﬁ). Taking into
account that S—1(U*)R(U*) = R(U*), we write down the equation for
H* contained in the resulting system. The left-hand side of this equation
differs from that of (200) (see the proof of Proposition 2 in Appendix A)
only by the appearance of the additional term —)\(ﬁi)ﬁidiv h* in the
expression in braces, whereas its right-hand side is (Fit, Fi, F2).

Reasoning then as in Appendix A, we can obtain linear homogeneous
equations for r* = divh¥ (the left-hand sides of these equations coincide
with those of (33) for )\(ﬁi) = 0). By standard method of characteristic
curves we get (44). Hence, system (48) multiplied on the left by the matrix

Sil(ﬂ) coincides with (41). O
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2.5. Well-posedness of the linearized problem
Let us introduce the new unknown V = (V* V™), where
VE = (¢F,0F of oF, HE HE HE 57F).

We have U = JV, with J = diag (J*, J),

S
|

)
|

)

0 0 -
OWE J W+
0

3
i
.l
N

JE =

cooco0c o0 O
cooco ook~ O
cooco or
co oo R
cCoor o0 o I

>
cor g o oo

H_

>
o oo oo

H_
—o 0o o0 o O

HE = (H*,75), k = 1,2, 7F = (%9*,1,0), and 75 = (39F,0,1).
Then, systems (41) and (48) are equivalently rewritten as

Ao (U, )8,V + Z AU, )0,V + A (U, &)V = F(U, &)  (49)
k=1
and
A ~ 3 A~ ~ A~ —~ ~ A~ o~
Bo(U,2)0,V + Y Bi(U,#)0,V + B4(U, ¥)V = F(U, ) (50)
k=1

respectively, where A, = JTA,J, B, =J'B,J (a=0,23),
Ay=JTAJ, Bi=J"BJ, F=JF, F=JF,
Ay = JHC + AgdyJ + A101 T + As02J + A305T},
By = JT{C+ BydyJ + B1d1J + B2dsJ + B3daJ },

The matrices Aq = Ao (U U) and A1 Al(U @) are defined similarly to the
matrices B, = Bo(U) and By = B, (U @) in (48).
The boundary matrix A; in system (49) has the form

1 1
Ar=A+Ag), A= diag (alq%+ i &12), A)lenzo =0, (51)
where &;; is the symmetric matrix which (¢j)th and (j¢)th elements equal to
1 and others are zero. The explicit form of A(q) is of no interest, and it is only
important that, in view of constraints (15) and (18) for the basic state (16),
A(0)lz;=0 = 0. Therefore, the boundary matrix .A; on the boundary z; = 0,
Aqlz,—0 = diag (€12, —&€12), is of constant rank 4 and has two positive and
two negative eigenvalues.
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That is, (49) is a symmetric hyperbolic system with characteristic bound-
ary of constant multiplicity (in the sense of RAUCH [30]). Moreover, we have
the correct number of boundary conditions in (42), that is two plus one, be-
cause the first or the second boundary condition in (42) is needed to find
f. Tt is also noteworthy that because of (44) not only ¢* and o but also
H and H; are “noncharacteristic” unknowns. For the “noncharacteristic”
part of the vector V,

V= (V:7V;)7 Vf :(quvaHni)J (52)
we expect to have a better control on the normal (x-) derivatives.

Concerning the boundary matrix B; in system (50), we will only need
its explicit form on the boundary:

Bila,—0 = diag (B(U*|4,—0), ~B(U ™ |2,20)), B(U) = &1z — A(U)&s.

Let us now define the function A = A(U). Unlike [43], we shall assume that

the stability condition for variable coefficients is satisfied only on the bound-

ary at each point of the nonplanar current-vortex sheet. This is possible

thanks to the use of a kind of cut-off function for A(U). Roughly speaking,

the hyperbolicity condition (47) can be imposed only on the boundary.
That is, our choice of A differs a little bit from that in [43]:

AU = n(z) A5 (¢, %) (53)

where n(x1) € C*°(R.) is such a rapidly decreasing function that n(0) =1
and n(z1) = 0 for 1 > ¢, with a sufficiently small constant ; the functions
AT and A\ are chosen exactly as in [43], i.e., at each point (¢,x') € dQ2r
we set A\(¢,x') = 0 if the jump [V'](t,x’) = 0, and, otherwise, we choose
AT (t,x’) and A\~ (¢,x’) such that

[V —AH'] =0 (54)

(it is possible thanks to the second inequality in assumption (19)). Here
VE = (i5,05), HE = (HF, HY), '] = (¥'F =¥ 7)|y=0, [N = AT = A,
etc.

One can show that for the choice taken in (53), (54) condition (47)
guaranteeing (together with (17)) the hyperbolicity of the symmetric system
(48) (or (50) is satisfied on the boundary 02 for the basic state (16) if and
only if the stability condition in (19) holds at each point (¢,x’) € 92r.
By continuity of state (16) the stability condition in (19) is still satisfied
in a small neighborhood 0 < z; < e. Hence, thanks to the properties of
n(x1) and the fact that (47) holds for A = 0, condition (47) is fulfilled for
state (16) in the whole domain 27 if and only if the first inequality in (19)
holds, i.e., the stability condition (9) holds at each point of the straightened
unperturbed current-vortex sheet.

From now on we suppose that the function A(U) is given (53), (54).
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Lemma 3. Let assumptions (17)-(22) are fulfilled for the basic state (16).
If we set formally that (010%)]s,—0 = (81ﬁ§)|zlzo =0 (i.e., we omit the
zero-order terms in f in (42) and (45)), then the boundary conditions (42)
for the symmetric hyperbolic system (50) are mazimally dissipative.

Proof. Recall that assumptions (17) and (19) imply that Bo(ﬁ) > 0 and,
hence, By(U,®) > 0, i.e., the symmetric system (50) is hyperbolic. It follows
from the explicit form of the boundary matrix B; (U, ®) at z; = 0 that

(B1V, V) |z,—0 = 2[¢(dn — AHx)].
By virtue of (42), (45) and the artificial assumption about f)ﬁ and ﬁ%,
[((ix — AHN)] = ¢T (%' — AH'], Vo f).

Then, thanks to (54)
(B1V,V)]z,=0 =0,

i.e., the boundary conditions are dissipative and even conservative. More-
over, since the number of boundary conditions in (42) is correct, the pro-
perty of maximality is fulfilled. O

Remark 4. Because of the presence of zero-order terms in f in the bound-
ary conditions, it is impossible to get the classical Lo estimate (with no loss
of derivatives from F) for solutions of problem (41)—(43). The basic a priori
estimate in H! was proved in [43] by using the result of Lemma 3 and some
standard manipulations with lower-order terms appearing in the boundary
integral (by passing to the volume integral and integration by parts).

We are now in a position to prove the well-posedness of problem (41)—
(43).

Lemma 4. Let assumptions (17)-(22) are fulfilled for the basic state (16).
Let also there exists a constant K1 > 0 that \|81ﬁ||W§O(QT) < K,.% Then for
all F € HY(27) that vanish in the past problem (41)-(43) has a solution
(U, f) € HN2p) x HY (0027). Moreover, this solution obeys the a priori
estimate _

IO@ e + 170l s) < Ce© [Fy.o (55)

for allt € [0, T]. Here C = C(K, K1) > 0 is a constant independent of the
data F'.

Proof. The a priori estimate in H! was proved in [43] for the nonzero
initial data but for F = 0. Because of the result of Lemma 3 it is clear
that we can easily get the same estimate with no loss of derivatives from
the nonzero F. That is, we get the a priori estimate (55). To prove the
existence of solutions to problem (41)—(43) we use the idea of the works [29,

5 This additional assumption is automatically fulfilled under the conditions im-
posed on the basic state in the tame estimate in Section 3.
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34] where the existence of solutions of symmetric hyperbolic systems with
characteristic boundary of constant multiplicity was established by making
use of approximations via noncharacteristic regularization. In fact, problem
(41), (42) differs from that studied in [29,34] only by the the presence of the
unknown function f in the boundary conditions. Note also that, in view of
(43), we do not need to care for compatibility conditions for our problem.

As follows from Lemma 2, instead of (41) we can consider system (48)
that is equivalently rewritten as (50). Following [29,34], we now consider
the so-called noncharacteristic regularization of system (50):

3
BodV + > BioyV + BV — eV =F in O, (56)
k=1

where € is a small positive constant, the unknown is again denoted by V,
and for short we do not indicate the dependence of B, and F on the basic
state. For problem (56), (42) the boundary x; = 0 is noncharacteristic, and
the number of boundary conditions in (42) is still correct, i.e., the property
of maximality takes place. From the problem (56), (42), (43) we can still
deduce constraints (44) and (45).

Actually, the boundary conditions (42) with the omitted zero-order terms
in f are not just maximally dissipative for system (56). They are even strict-
ly dissipative. Using this fact, we can easily treat the zero-order terms in f
and get even a Ly a priori estimate for (56), (42), (43). This estimate will be
however not uniform in . Therefore, we prefer to use the same arguments
as in [43] and get an a priori estimate for a prolonged system. Clearly, this
estimate is (see also [45])

NGO« +elOO e 23 ) + £l Ulay=oll 1 002,)

(57)
1 F ) e w2y + el flla200,) < CeCt [Fl1 s

In estimate (57) we control the trace of solution in the high norm and,
therefore, do not “lose derivatives from the front” f. This estimate is inter-
nally the same as was deduced in [25] for uniformly stable shock waves (see
also [45]). Taking into account the recent result in [26], we can still apply
Kreiss’ theory for the MHD system, that is a symmetric hyperbolic system
with variable multiplicities. Therefore, since estimate (57) is with no loss of
derivatives, it is equivalent to the fact that problem (56), (42) with frozen
coeflicients satisfies the uniform Kreiss-Lopatinski condition.

Moreover, the boundary conditions (42) have almost the same form as
the linearized boundary conditions for uniformly stable shock waves. The
only difference that the boundary conditions (42) contain zero-order terms
in f. It is however not so important because we have only to modify a little
bit the definition of a dual problem for (56), (42). In this connection, we
refer to [8] where the presence of the mentioned zero-order terms was taken
into account under the definition of the dual problem. With the reference to
[25], we can now conclude that the uniformly stable problem (56), (42), (43)
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is well-posed in H'(027)x H2(0827) (actually, even in H*(Q27)x H¥1(002r)
with s > 1). Alternatively, for this problem, having estimate (57), we could
also straightforwardly use the classical argument of LAX & PHILLIPS [21].

Now we pass to the limit for ¢ — 0. By passing to the limit in (56)
we can easily show the existence of (V, f) € H}(Q2r) x H*(0827) that is
a solution to problem (50), (42), (43). Then, the corresponding (U, f) €
HL(2r) x HY(0027) is a solution to (41)-(43). O

Taking into account Lemma 1 and estimate (40), from Lemma 4 we
conclude the following theorem.

Theorem 2. Let all the assumptions of Lemma 4 are fulfilled for the basic
state (16). Then for all (f,g) € H3(2r) x H?(002r) that vanish in the past
problem (28)-(30) has a unique solution (U, ) € HX(2r)x H (d027). This
solution obeys the a priori estimate

(U1, + | Fller 00 < C{Elswr + I8llH300m } (58)
where C = C(K,K1,T) > 0 is a constant independent of the data (f,g).

Remark 5. Strictly speaking, the uniqueness of the solution to problem
(28)—(30) follows from estimate (58), provided that our solution belongs to
H2(027) x H?(0£2r). We do not present here a formal proof of the existence
of solutions having an arbitrary degree of smoothness, and we shall suppose
that the existence result of Theorem 2 is also valid for the function spaces
HE(2r) x H?(0f27), with s > 2. In this case exact assumptions about the
regularity of the basic state will be made in Section 3, where we prove a
tame a priori estimate in H2(£27) x H*(9f2r) with s large enough (see also
Remark 2 above).

3. Tame estimate for the linearized problem

We now want to derive a tame a priori estimate in H? for problem (41)—
(43), with s large enough. This tame estimate being, roughly speaking,
linear in how norms (that are multiplied by low norms) will be with no loss
of derivatives from the source term F and with a fixed loss of derivatives
with respect to the coefficients, i.e., with respect to the basic state (16).
Then, using a “tame counterpart” of estimate (40) (see (106)) we shall get
a tame estimate for our main linear problem (28)—(30) with the loss of two
derivatives from (f,g) (in the sense of H?(2r) x H*(9f2r) norms).

The main idea for deriving the tame estimate for (41)—(43) is the use of
the new symmetric form (46) of the MHD system (i.e., the use of a dissi-
pative O-symmetrizer [45], see Lemma 3), and the main tool is the applica-
tion of Moser-type inequalities following from a corresponding Gagliardo-
Nirenberg inequality for the anisotropic weighted Sobolev space H?. These
inequalities and necessary (for our goals) embedding theorems for H? are
given in Appendix B. Since the Moser-type inequalities for H? are different
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for even and odd s (see Appendix B), we first prove the tame estimate for
even s and then briefly discuss how to extend it (with minor modifications)
to the case when s is odd.

Later on, if even not exactly said, we suppose that all the assumptions
(17)—(22) are fulfilled for the basic state (16).

3.1. Estimate of the normal derivative of the “noncharacteristic” unknown

Let s is a positive even number. We first obtain an estimate of 9;V,
in H:~!, where V,, is the “noncharacteristic’ unknown (52). Taking into
account equations (44) and decomposition (51) for the boundary matrix Ay
of system (49), we have

{K} 2
—0y(Hy 10T — 03(HS 0,0T)
{K}910 ’
—0y(Hy 018~ — O5(Hy 0,87)

NV, = (59)

where {KC}; ; € R? is the vector composed from the ith and the jth compo-
nents of the vector

3
KCi= A(F - A0,V - ;AkﬁkV — AV = AgarV),  (60)

with A = diag ((181)E1a, (0187 )E12) (recall that &+ = +£1 + 9, F).
Using inequalities (204) and (205), we estimate the following terms con-
taining in the right-hand side in (60):

["Zf]ifl,*,t S ["Z‘]TF]E,*,T

— (61)
< C(K) {[FR o+ IFI 0,y L+ (W) }

AAVE L < CE) IV + 101 o (14 [Wr) - (62

Recall that W = (IAL Vt’x@) and C(K) is a positive constant depending on
the constant K from (20). Likewise, we estimate:

[AA;0; V] s < CLAA VI L,

2 1112 W2 : (63)
< CU) {IVE .+ 10130 (1 + W 1)} =023

Here and below 9y := d; and we shall use the notations D? = 838f, with a
multi-index § = (a, k) = (ao,. .., as, k) for which

(B) := |a| + 2k.
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Using again (204), (205), and the important fact that A)|z, =0 = 0, we
now estimate the last term in the right-hand side in (60):

A0 V]2 ., < C(Z1+ 5y), (64)

where

Zi= > [DP(AAG)AVIE g
1<(B) <2

=Y A4 D VI3, g,
(BY<s—1

21 < CU) {[0 Vg e + 10y 00y (1 + W r) b (65)
Ty < Xh+ XY, (66)

Xy = Z ||U«ZA(0)Dﬁ01V||2L2(Qt)
(B)<s—1

x1 . 2
= o1 (AA (¢, €, x"))de DO,V
<ﬁ§_1H/o 1 (A (€, X)) dé D70, ‘Lzm,?) (67)

ScHal(AA(O))HQLw(QT) Z H$1D531V||2L2(Q§)
(B)<s—1

< C(K)[VIZ

s,%,1°

Sy= Y (1 =nAAGDOV|3, o) < CE)VE.,,  (68)
(By<s—1

where 25 := 2r N {x1 < ¢} and the function n = n(z1) is the same as in
(53) (in particular, (1 —n)|s,=0 = 0).
Combining (61)—(68), from (59) and (60) we get the following result.
Proposition 3. The estimate
Va2, < CURIM), (69)
with
M) = {IVE .o+ 108 o) (1 W5 1)
HIF2 o+ B2 oy (1+ W2 0) ],
holds for problem (41)-(43) for allt <T if s > 2 is even.
Later on we will also need the following “layerwise” estimate of 0; V.
Proposition 4. The estimate
o1 Va2 < CE) (IVOIE. + M(1) (70)

holds for problem (41)-(43) for allt < T, provided that s > 2 is even.
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Proof. We again estimate separately all the terms in the right-hand side
of (60). For example, using the elementary inequality

Iz, < Cluli.. (71)

s—1,%x —

we get

IAF) O, < CLATTFI; , 1
and then refer to (61). We first estimate .ZA(O)(%V as follows:
I(AA V) (#)llls—1, < C(Z1 + o+ ),

where

=3 ||(JZA(O)DﬁﬁlV)(t)HiQ(Ri)v

(By<s—1
o ﬁ/ ~ /6/, 2
Yy = > 105 (AA@) D7 V)L, @)
18'|4+(8") <s—1
16'1=1
Ty =Y D (AA)nV)(@)ll7-s.x
(B)=2

Then, by applying the same arguments as in (66)—(68), one gets
Ly < CEIVE

2
S,%°
The second sum is easily estimated as

Iy < CE)[VOi-s. < CEDIVI .

Using first (71) and then inequalities (204), (205), we estimate X3 from
above by C(K)M(t). The estimation of the rest terms in the right-hand
side of (60) is even simpler, and we get (70). O

3.2. Estimate of weighted derivatives

We now get an estimate of weighted derivatives, i.e., the terms in the
form DAV = 920FV, with a; # 0 and (8) = |a|+2k < s. To estimate such
terms we do not need boundary conditions. Observe that in the differential
operator 0 we can replace (001)* by 0®*97" because the corresponding
norms are equivalent [29]. That is, we can suppose that 0% = o1 0f,, where
Oy = 0,001 057 05"

Proposition 5. The following estimate holds for problem (41)-(43) for all
t<T:
S IOV, s < COOM), (72)
(B)<s, a17#0

where s > 2 is even and M(t) is given in Proposition 3.
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Proof. By applying to system (49) the operator D”, using standard argu-
ments of the energy method, and taking into account the identity

oot = 01 (a™O) — no'o™ IO

and the fact that D?V|,,—o = 0 (with a; # 0), one gets

/ (AoDPV,DPV)dx = / ((divA DV +2R), D°V) dxdr,
R3 2

where
3
divA =" 0;4; (0:=0,), R=D’F+Ro+Ri,
j=0 5
Ro = a10’ A1o™ 107,08V, Ry =—) [D? Aj]9;V — DP(A,V),

Jj=0

and we use the notation of commutator: [a, b]c := a(bc)—b(ac). Since Ay > 0,
we come to the inequality

1DV, ) < CE) (IVE e + IR s ) - (73)
Using (204), (205), we easily estimate:
IDP(AV)Z, (009

. _ (74)
< CU) {IVE L+ 013 _ () (14 W 5 0) |

ID°F 120 < OO {[FE L+ IFI oy (1+ (WE L)} (79)

In view of decomposition (51), reasoning as in (66)—(68) and utilizing esti-
mate (69), one has

IRoll3, ) < COD{ 101 Va2 s + 10 702,08V 1, o)

(76)
FIVE o+ 1013 o) L+ W) } < CUOME).
The commutators can be preliminary estimated as follows:
2 o ’
D% A0V oy < S 102 (A)DT VI3 0,
la’|+(8") <5
lo/|=1 (77)

+C > DAV 5.
(B")=2
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Applying then (204), (205), for tangential derivatives, i.e., for the cases
7=0,2,3 we have

1%, 4103V [ < COD IV s + 101 () (1+ W) }

Concerning the rest commutator (the case j = 1), to estimate the first
sum in (77) we use decomposition (51), reason as in (66)—(68) and (76),
and apply estimate (69). The second sum in (77) is easily estimated, as for
the cases j = 0,2,3, by making use inequalities (204), (205) (recall also
that [01(-)]s—2.4t < []s,%,¢). That is, in view of (74), we finally obtain the
estimate

IR, ) < CLEIME). (78)

At last, by summing up estimates (75), (76), (78) and recalling inequality
(73), one gets estimate (72). O

3.8. Estimate of nonweighted normal derivatives

Let us estimate nonweighted normal derivatives of V|, i.e., the terms in
the form DV, with oy = 0 and k& > 1. Since for this case D? = 9% or

tan
(02, == 07°05%05%) and |B] = || + k < s — k < s, we again do not need
boundary conditions for estimating such terms.

Proposition 6. The estimate

> IIDBV(t)Hi(Rg) < C(K)M(t) (79)
(B)<s
a1=0, k>1

holds for problem (41)—(43) for allt < T, with even s > 2 and M(t) given
i Proposition 3.

Proof. Using the same arguments as in the proof of Proposition 5, we
obtain the inequality

1DV, ms) < O (IVE, e+ I1RIZ, 0 + T (1))

AlD'@V,DﬂV z1=0 dX/dl
1
082

/ [DPg DPv,] dx'dr
082

and the vector R is the same as in (73), with Ro = 0 (ay = 0). Likewise,
as above we can get the estimate

IRIL, () < CUE)MIH)

that yields
1DV @), rs) < CE)M(E) + T (1) (80)
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To estimate the boundary integral we use (59), (60):

j(t) < || tana{c 1K||L2 (082¢)*

Since ﬁévzﬂxlzo =0(j=0,3), | Als,=0] = 1, and A)|e;=0 = 0 we further
estimate as follows:

Tt < C{El(t) + 5(t) + (1)

(s1)
H10 D AV, 002 + 1050 0F " F 0020 |
where
El(t) Z ||"4 tanak 18 V||L2(89t)7
j=0,2,3
Z Z D% A; D70,V |17, 00,
§=0,2,3 (B')>1

(B)+H(B")<s—2
Ys(t) = Z 105 (Y A0) 01 V|7, (062,

k’+k”§k
k/,k‘”zl

The sums Yy and X3 are estimated by using the trace property and the
calculus inequalities (204), (205):

D) <C Y (DT A0V, + (D7 40,V )

1=0,2,3
= (82)

< OU) IV o + 101y 0y (1 + W) }

Z3(t) < C([01 A0 VIs_ay + [01(01A0) 1 V)24 )
(83)
< ) {IVE o+ 100y (o) (L W 1) }

To estimate the sum X; we pass to the volume integral and then inte-
grate by parts:

> | A;00,05 10,V 2dxdr

§=0,2,37 %

=-2 ) {A2a§;na ~19,V,DP9;V)

j=0,2,3
+ (A0, TV, 81 (A)) 08,0810, V) Ydxdr = 31 (t) + Jolt),

where
)=2 > { (A20g,0f 103V, DPV)

j=0,2,3
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+ ({A;0;(A)) + 0;(A;) A}, 0010, V, D V)

— (A;00,07 10, V, 01(A;) 05,

tan

Oy 19, V) fdxdr,

Jo(t) = -2 / (A302, 0719, V, DPV) dx.
Ry
Since |a| + 2 4 2(k — 1) < s we easily obtain the estimate

i(t) < C(K)V]: (84)

s,x,t)

and by using the Young inequality, one gets
1
To(t) < CU) (D VO ) + < IVOIEL). (89)

where € is a positive constant. In view of (71), it follows from (84), (85) that
1
510 < C) (IDVOR ey + 1 VE) . (50)

The last two terms in the expression in braces in (81) are easily esti-
mated from above by C(K)M(t) by using the trace property and (204),
(205). Combining then (80)—(83) and (86) and choosing the constant € small
enough, we get estimate (79). O

Remark 6. In fact, as in [29,34], our preparatory estimates (69), (72), and
(79) are with no loss of derivatives from the coefficients of the matrices A;
and C. In these estimates the loss of two derivatives from the basic state (in
the sense of Hf(f27) x H*(0f2r) norms) is caused only by the fact that the
matrix C (or A4) depends on the first-order derivatives of W. Recall that
the loss of one derivative in sense of usual Sobolev norms gives the loss of
two derivatives in H? norms because [01(-)]s,«, 7 < []st2,4,7-

3.4. Estimate of nonweighted tangential derivatives

We now proceed to the case of nonweighted tangential derivatives (o) =
0 and k = 0), i.e., we estimate the terms 0%, V, with |a| < s. This is the
most important case because we shall use the boundary conditions. This
gives the loss of two additional derivatives in comparison with estimates
(69), (72), and (79). That is, in the final tame estimate we will have the
“s+4,%,T7 loss of derivatives from the coefficients. This loss is caused by
the presence of zero-order terms in f in the boundary conditions and the
fact that when these terms are omitted the boundary conditions (43) are
dissipative but not strictly dissipative for system (50) (see Lemma 3).
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Proposition 7. The following estimate holds for problem (41)-(43) for all
t <T and even s > 2:

> 108V OI, @) < CE{ VI, + 1131 00,

lal<s

JFHU”%/VOIC(QT) (IT+WEs.r) + ||f|‘%vgo(anT) 1+ Vs r) &)

HF2 L+ 1P o) (1+ (W) }

+ ) (VIR . + IO 1))

where € is an arbitrary positive constant (it will be chosen later on), CN'(K)

is_a positive constant depending on K and independent on e, and W :=
(U,¥).

Proof. First of all, in view of the elementary inequality

Z H tan ()HL (]R3 < C[ ]s*t) (88)

lal<s—1

we only need to estimate the higher-order tangential derivatives (with |a| =
s). Taking into account Lemma 2 we can use system (48) or equivalently
(50) for obtaining estimate (87). Applying to system (50) the same “energy”
arguments as in the proofs of Propositions 5 and 6, we come to the inequality

105 VO, s ) < CU)M(D) + T (1)) (89)

for a multi-index a = (ap, ae, a3) with |a| = s, where

Jt) =

/ (B2 V, 0% V), o dxdr |
082

By virtue of (42), (45) and the choice of A in (54), the quadratic form in
the boundary integral is explicitly written as follows:

(B0 V. 05 V)lr=o = | (Ot = AN FI)05snd] = [0082,d]
[81?:1nw atan(ﬂ = [aﬁtaianq] + atanw|r1 0 [atanq] + ata1r1q.|7«1 =0 [631n ]

= [aatoz;nq] atanw|x1 oatan([alq]f) - 60‘11@‘;51 oatan([alvN - )\61HN] f)

where

ot = > O NUR)LHE, wF = - NUHHE,
lo[+]a’ |=5
la'|>1

" The constant C'(K) in (87) depends linearly on 1/¢, but this is of now impor-
tance for the subsequent application of (87).
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wh o= (0~ NHS) om0, (010 = (0167 |esmo — (0167 )ermo,  ote.

That is, the boundary integral is estimated by lower-order terms®:

4
T <Y D T, (90)

T im1
with
Jli(t) = / (aiat(’;nq'i)‘xl:o dx'dr]|,
082
) =| [ (0w o5, (1010%))],,_yax'dr].
80,

jsi(t) =

)

[ O o 50n55) ],y i

dx'dr
X1 =0

Ti(t) =

| (00 o, (O )
082

Since |a] = s > 2, we have 9%, = 0,0, where £ = 2 or £ = 3 if
ap # s and £ = 0 otherwise, and v = (79,72,73) is a multi-index with
|v| = s —1 > 1. Consider the case ag = s, i.e., 02, = 0,0, Passing to the
volume integral, integrating by parts, and using inequalities (69), (70) and
(71), we estimate J;" (t) as follows (we omit detailed calculations):

~71+(t) =

/ (000100 mq" — 010 05 q ) dxdr — / at0,07,,q" dx
2

3
R+

< C([0 R+ 1000 P + 1000 1By + 19107 12, )

1 ~
+-lat @O, @) + 6|||31q+(t)|\|§71,*) < CEIM(t) +eCE)VOIIL.. -

Here and below € is an arbitrary positive constant, C (K) is independent of
¢, and C(K) may depend linearly on 1/e. Similarly, we estimate J, (t), i.e.,
one has

T () + 7 (1) < CE)M(t) +CE) VO, (91)

where clearly C(K) = 0 for the case ag # s.
The boundary integrals J;°(t), Ji- (), and J;5(t) are estimated in the
same way. Consider, for example, J5"(¢):

T (t) < To(t) + 2(t),

where

Jo(t) =

/ (f 024" On0n i),y dx'dr| |
082

8 The higher-order boundary terms vanish thanks to the fact that the boundary
conditions are dissipative (in the sense of Lemma 3).
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[ (ot ot o007

Then, we again pass to the volume integral and integrate by parts:

() = ax'dr|.
|/ [+]a’’|=s
/|21

11:0

Jo(t) =

/Q ((813@3&nAi)f31 Gt — (0200 o) foc Lt
7(8181;0;11 An ) affal m(j )dXdT

_(£_2)(£_3)/R (81 tanAn)falaanq dX

+

where £ and «y are the same as above. Here we do not pass from f to ¥ while
passing to the volume integral because we can then estimate f in the W1
norm. We see that the biggest loss of derivatives from the coefficients in the
estimate of Jy(t) will be caused by the term 9702, 0 and is “s + 4,%,T".
Omitting detailed calculations, we get the estimate

To(t) < CUE) (MO + 1l 000 (L+ W r) ) +CUEIVAIE.

To estimate the sum X(t) we use the fact that |o/| > 1. It allows to
write down 0% f = tan((‘? f), with /| < s—1and j =0o0rj=2or
j = 3. Then we use the important fact that the boundary conditions (42),
(45) can be resolved for V; . f.2 Indeed, thanks to the second inequality in
(19) conditions (45) are resolved for O f and 05 f, and then from the first
or the second boundary condition in (42) we find 0;f. We write the result
in the compact form

1 o~ .
vt,x’f = E G(Uv f)Vn‘gm:O’ (92)

where & = #(U|z,—0) = (H+H H+H )|I1 o >¢e>0forall (t,x") € 00p
and the matrix G depends smoothly on U\zl -0, (91U|351 0, and V; X/f
That is, from (92) we express 0; f through the trace of the “noncharac-

teristic” unknown V, and then substitute the result Bf.fm f= tan( ..) into
the sum X(¢). Then, X(¢) is the sum of the terms like

(atanq+ 8‘2/&11( )a‘:);nalv )|$1—07 (atanqJr a‘;yan(bLDJr)a?analv )‘$1 =0,

ete., with |7/| + |a”| = s — 1 (recall that |a| = s), where b is a coefficient
of the matrix G. We use then the same arguments as in the estimation of
JE(t) and Jo(t). Omitting the details, we just calculate the biggest loss
of derivatives from the coefficients in the estimate of X'(t). While passing

to the volume integral this loss will be caused by the term 92, d20;. For

9 Using the terminology of paradifferential calculus, we can say that the symbol
associated to the front is elliptic [7,25].
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|a”| = s—1 it gives the “s+3,%,T” loss of derivatives from the coefficients.
As a result, we estimate ¥(¢) and, consequently, J5" () from above by the
right-hand side in (87). Similarly, we handle J5 (t), jQi, and jf. At last,
with the reference to (88)—(91), we obtain the desired inequality (87). D

3.5. Estimate of the front

To close the estimate obtained by combining inequalities (72), (79), and
(87) we need also to estimate the front perturbation f in H*~!(R?). But, in
view of (92), by using the trace theorem [28] (or, alternatively, by passing
to the volume integral and applying (69)) we are able to estimate V; x f in
H*=1(042;) as well.

Proposition 8. The following estimates hold for problem (41)-(43) for all
t <T and even s > 2:

F O oy < COIVE e+ 1302 9
(93)

HIOE gy (14 TWE ) + 171 oy (14 W20 ) |

IV e 1B 9y < CUO{ VI 1
(94)

HIOE (1 + W20 0) ).

Proof. By using standard “energy” arguments for the first boundary con-
dition in (42), one gets

£ -2y < 16 lor=ollre—1 o) HIF 1000+ D 1Galli, 00,

lal<s—1

where

3
Ga tan fal Z tan7 ] 8 f + (1/2)8 ﬁ+at0;nf)

Jj=2

Applying the Moser-type calculus inequalities in the usual Sobolev space
H*~Y(042;) (counterparts of (204) and (205)) for G, and using the trace
theorem in H? (cf. (35)), we obtain estimate (93). From (92) we derive esti-
mate (94) by applying the trace theorem in H? and the calculus inequalities
(204) and (205). O
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3.6. Tame estimates for problems (41)-(43) and (28)-(30)
Propositions 5-8 yield the following result.
Proposition 9. Problem (41)-(43) obeys the a priori estimate
(O vz 1 1 By < CUR)TCETAT) (95)
for even s > 2, with
N(T) = [FI2 .7 + (103 (m) + £ 000

HIFN (o) (L 02 sz + 1 13ress00,)

Proof. Summing up inequalities (72), (79), (87), and (93) and choosing the
constant ¢ in (87) small enough, we obtain

I(t) < O(K) (N(T) + /0 tI(T)dT), (96)
where

Z(t) = IV« + IFOlFr 2y (Z(0) =0, cf. (43)).

Since only the biggest loss of derivatives from the coefficients will play the
role for obtaining the final tame estimate, we have roughened inequality
(96) by choosing the biggest loss. Applying Gronwall’s lemma to (96), one
gets

I(t) < O(K) eCETN(T).

Taking into account (43) and integrating the last inequality over the interval
[0, T], we come to the estimate

[VIZ oz + 111 0r) < CUE)TFTN(T). (97)

Recall that U = JV. Consider the decomposition J(\/ﬂ\’) =1+ JO(W).
Since Jp(0) = 0 we can use the calculus inequality (206). Applying (204)
and (206), we obtain

O r =[V+DVE.r <CE)(VE.r + 11017 onWh.r)
(98)
< CE)V . + TCE)|UIL (o W r-

Here we also used Sobolev’s embedding in one space dimension:

W21 < T”W”%,OO([O,T],H;(Ri)) <STCIWI 1 r
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(since Vi< = 0 we can suppose that the norm [‘/i’]g*T appearing in (98)

is the norm in the space £2.(H?) but not in the space H?(£27)). Inequalities
(97) and (98) imply

(O 1+ 111 007 < CH)TCTITN(T). (99)
Similarly to (98) we also get the inequality
V2.7 < CUEUL 1+ TCE)UIZ (o) W11 (100)
Clearly, (94), (100), and (99) yield the desired estimate (95). O

With estimate (95) we are now in a position to prove the tame estimate
for problem (41)—(43).

Theorem 3.AL6}5 T > 0 and s is an even number, s > 6. Assume that the
basic state (U, f) € HY4(Qr) x HST4(00r) satisfies assumptions (17)-
(22) and

[Ulio0,«,7 + | fl 0 00,:) < K, (101)

where K > 0 is a constant. Assume also that F € H:(027) vanishes in the
past. Then there exists a positive constant Ko, that does not depend on s and
T, and there exists a constant C(Ky) > 0 such that, if K < Ky, then there
exists a unique solution (U, f) € H2(027) x H3(8827) to problem (41)-(43)
that obeys the following a priori tame estimate for T small enough:

(Ulope.1 + Il 2000) < CEQ){ [Flaer+
(102)

HFloeir (Olssaeir + 1 flirss000) |

Proof. Taking into account Lemma 4 and Remark 5, we have the well-
posedness of problem (41)—(43) in HZ({2r) x H*(0f2r). Applying Sobolev’s
embedding (207) (the second inequality in (207)), from (95) with s > 6 we
get

[Olowr + 11120020 < CORTY2eCEOTL[R], ot
(103)
([Ule,s,r + I fll s @0022) + Flo 1) ([Ulstar + 1| o4 000)) },

where we have absorbed some norms [Ulg .7 and ||f]| HS(002r) in the left-
hand side by choosing T small enough. Considering (103) for s = 6 and
using (101), we obtain for 7" small enough that

[Uls,«.r + || fllze0027) < C(Ko)[Flo 7 - (104)

It is natural to assume that 7" < 1 and, hence, we can suppose that the
constant C(Kp) does not depend on T'. Inequalities (103) and (104) imply
(102). O
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Corollary 1. Let all the assumptions of Theorem 8 are satisfied. Let also
the data (£,g) € H:T2(027) x H*T2(00r) vanish in the past. Then there
exists a unique solution (U, f) € HS(Q27) x H3(8827) to problem (28)-(30)
that obeys the a priori tame estimate

(Ol + £l ir: (0020 < C(Ko){[f]erz,*,T + gl zs+200:)
(105)

+([fls,er + Il srs00r) ((Olss s + 1 Fls00m)) }
for T small enough.

Proof. Utilizing the Moser-type inequalities (204) and (205), we easily de-
rive the refined variant of the estimate (39)

(0, 8) 0,1 < CK) { Ol + 10l o) (1 + Wsrzar) }
from which, by applying the second inequality in (207), we get the estimate
(T, 8) 0,0 < CK) {[Ulssz,eir + [Olo,or[Wlssz,er -
By using this estimate, one gets (cf. (40))
[Flor < COO{ [Elovz,er + gl nes2a0r)
- (106)
+(IEls.e.1 + gl ars @) (Wlesz,er |-

Assumption (101) and inequality (106) yield

[Fls,«, 7 < C(Ko)([fls,«,r + gl s (002)) - (107)
At last, using (106) and (107), from (102) we get estimate (105). O

Consider now the case when s is an odd number. We can repeat all the
previous arguments of this section using inequalities (208) and (209) instead
of inequalities (204)—(207). Then, for odd s in the counterpart of the a priori
estimate (95) we will have WLt and W2%" norms (see Appendix B)
instead of Lo, and WL norms respectively. We finally obtain the following
tame estimate for odd s.

Corollary 2. Let s is an odd number, s > 7. Assume also that

[ﬁ]ll,*,T + HfHHll(i)QT) <K

and all the remaining assumptions of Theorem 3 and Corollary 1 are ful-
filled. Then the a priori tame estimate

[Ular + I a1+0020) < COK) [Elos20r + llgll 20020 1o
108

+([Elo-.x + 8l 000) (Olssae + 14 00:) |

hold for problem (28)-(30) for T small enough.
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Let us just collect the results of Corollaries 1 and 2 and formulate the
main theorem for problem (28)—(30).

Theorem 4. Let T' > 0 and s € N, with s > 6. Assume that the basic state
(U, f) € H: 4 (Q2p) x H¥4(08027) satisfies assumptions (17)-(22) and

[Oli1,er + |l a1 oor < K, (109)

where K > 0 is a constant. Let also the data (£,g) € HT2(02p)x HST2(08027)
vanish in the past. Then there exists a positive constant Kq, that does not
depend on s and T, and there exists a constant C(Ky) > 0 such that, if

K < Koy, then there exists a unique solution (U, f) € H2(2r) x H*(d2r)
to problem (28)—(30) that obeys the a priori tame estimate

[Olar + Il a1+0020) < COK) [Els20r + llgll re+2(0020)
~ ) (110)
+([Elsowr + gl oo 00r) (Olssanr + 1 flmersoon) }

for a sufficiently short time T, where so = 8 if s is even and so =9 if s is
odd.

4. Compatibility conditions and approximate solution

4.1. The compatibility conditions for the initial data (13)
Suppose the initial data (13),
(U0i7 fO) = (p(T7 U1i70a 1}2%07 ’U?,i,()a Hli,(]a H;E,Oa Hgt,Oa S()i7 fO)a

satisfy constraints (15) and condition (10) at z; = 0 for all x’ € R?. Thanks
to assumption (10) we can resolve (15) for dof and 93 f:

82f - //LQ(U)|J;1=07 a?)f = /~‘L3(U)|7;1=0) (111)
where U := (UT,U"),

_ HHy —Hy Hy
- HyH; — Hy Hf’

H{H; — H Hf
HiHy — Hy Hi

M2 (U) H3 (U) =

Then, from the first boundary condition in (12) we find

Ocf =n(U)lz,=0, (112)

with
n(U) = vf —v3 p2(U) — v p3(U).

Thanks to the hyperbolicity condition (5) system (11) reads

3
00 = ~(Ao(U) (AU, )0, U + " 4,(0)3 ), (13)
=2
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where ¥ := (¥+,¥™), and the block-diagonal matrices Ag, A;, and A, were
defined in Section 2. The traces

Uj = (p],vf;. - Hy;.87) = 0 Ul and  f; = 8] fli=o,

with j > 1, are recursively defined by the formal application of the differen-
tial operator @ ' to (112) and (113) and evaluating &/ U and &/ f at t = 0.
Moreover, Ll'/i HNUE|—g = x(£x1) ;.

In partlcular, f1 = n(Ug)|z,=0, where Ug := (Ug, Uy ). Then we define
U, by evaluating (113) at ¢t = 0 and taking into account that 9;W*|;—g =
x(£z1)f1 and 0;¥*|i—o = x(£21)9;fo. We define the zero-order compati-
bility conditions as follows

[v9,0]02.fo + [v3,0]03f0 = 0,  [po + (|Ho[?/2)] =0 (114)

(recall that by brackets we denote the jumps, e.g., [v2,0] = (v3o—05,0) |z, —0)-
From (111) and (112) evaluated at t = 0 and (114) we get

h= (Ul 0 ”2%082]00 - vzzst,oa3f0)|11:0~ (115)
Using (115), from (113) we obtain

3
(Hi Z 10 Hi) +asz(Hi) )|

1=2

xr1=0

(see the proof of Proposition 1 in Appendix A), where (Hﬁ)j = a{(Hﬁ)\tzo,
in particular,

3
(Hy), = Hf, - Z 3¢f0+Hfoaifl)|m:o’

Jj=2

In view of (15) evaluated at t = 0, (Hﬁ)0 |z;=0 = 0 that yields (Hl\jf)1 lgy=0 =
0. Knowing U; and f; we can then find Us,, f5, etc. Moreover, at each jth
step we can prove that

(Hﬁ)le'l:O :07 (116)

provided that U; and f; satisfy the compatibility conditions (they will be
defined below).

The following lemma is the analogue of Lemma 4.2.1 in [25] and Lemma
2 in [8].

Lemma 5. Let u € N, > 3, Uy € H*(RY), and fo € H>H1(R?).

2(p— J)+1(R3 )

Then, the procedure described above determines U; € Hy and

f; € H*W=3+D)(R?) for j =1,...,u. Moreover,

n
> (1Ujllagumiy1e + 15l mr20i-s40 @2)) < C Mo, (117)
j=1
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where
Mo = [|Uo|l2ps1,« + I foll 2e+1®2), (118)

the constant C' > 0 depends only on p and the norms ||Uo||W2.,mn(R3) and
o T

[ follwz 2)

The proof is absolutely analogous to that in [25,8]. We only need to use
the calculus inequality (see, e.g., [29,34])

[wv]ls < Clluls«

I

for v € H{(R3) and v € H[(R?}), with r = max{s,5}, instead of the
analogous calculus inequality in the usual Sobolev space H®. Moreover, it
needs to remember that each differentiation with respect to x; “takes two
derivatives” in the anisotropic weighted Sobolev space H?.

Definition 1. Let u € N, p > 3. The initial data (U, fo) € H2*T'(R%) x
H?#H1(R?) are said to be compatible up to order p when (Uj, f;) satisfy
(114) for j = 0 and

3

ZZ% 0:fi =0, [pj] +Z L((H,H; )] =0 (119)

1=2 [=0
forj=1,...,pu.

Remark 7. As for the case of a perfectly conducting wall boundary con-
dition [33,46], in our case the compatibility conditions associated with the
condition that the magnetic field is parallel to the boundary follow from
the remaining compatibility conditions. That is, the compatibility condi-
tions (116) associated with (15) are automatically satisfied by the condition
(H )y lzi=0 = 0 and (119).

4.2. Construction of the approzimate solution to problem (11)-(13)

To use the tame estimate (110) for the proof of convergence of the
Nash-Moser iteration we need to reduce our nonlinear problem (11)—(13)
n [0,7T] x ]Ri to that on 2y which solutions vanish in the past. This is
achieved by the classical argument suggesting to absorb the initial data in-
to the interior equations by constructing a so-called approximate solution.
In our case the only nonstandard point is that this approximate solution
should satisfy not only the system resulting from taking jth time derivatives
of (11) and evaluating at ¢ = 0 but also the equations for H contained in
(11) (see (197)) for all times ¢. Moreover, as in [8], the boundary conditions
should also be satisfied by the approximate solution for all times. Below we
will use the notation

L(U,¥) = (L(U+’W)> .

L(U~,7")
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Lemma 6. Suppose the initial data (138) are compatible up to order p and
satisfy the assumptions of Theorem 1 (i.e., (5), (9), (10), (14), and (15)).
Then there exists a vector-function (U®, f*) € HETH () x HF(892r),
that is further called the approximate solution to problem (11)-(13), such
that

DIL(U 8oy =0 for j=0,....u—1, (120)
and it satisfies equations (197) and the boundary conditions (12) and (15),

where W is associated to f* like ¥ is associated to f. Moreover, the ap-
prozimate solution obeys the estimate

(U g 1,01 + 1 f et 000) < C1(Mo) (121)

and satisfies the hyperbolicity condition (5) and the divergent constraints
(14) on 27 as well as the stability condition (9) and restriction (10) on
007, where Cy = C1(Mp) > 0 is a constant depending on My (see (118)).

Proof. We use the notations U* = (U*",U%"), v* = (v*F,v*7), etc.
Consider functions v* H® S € HT (R x R3) and f* € H*T(R?) such
that

o (v* H", §%) im0 = (v;, H;, 8;) € HX* M (RY) for j=0,...,p,

flimo = fo € H*H(R?), 9] fjlimo € H*PITI(R?) forj=1,...,p1,

where U; and f; are given by Lemma 5 (v; = (U1+,j7 ... ,v:,:j), S; = (Sj7 S;),
etc.). Thanks to the compatibility conditions (114), that imply (115), and

the definition U; and f;, we can choose v, H?, and f“ that satisfy
Of" = (1 — 05T f — 0§55 f) e =0, (122)

Lg(v*, H* ¥*) =0, (123)
where (123) is the compact form of equations (197) written for (v, H?, f¢).
From (122) and (123) we get that (v® H®, f*) satisfies (198) and (199)
(see the proof of Proposition 1 in Appendix A). Since (v* H®, f%)|;=0 =
(vo, Ho, fo), it follows from the assumptions made for the initial data that
(v*, H, f) satisfies the divergent constraints (14) and the boundary con-
ditions (15).

Then we define p® € HXT' (R x R3) such that

0 p*li=o =p; € Hf(“_j)+1(Ri) for j=0,...,pu.
Thanks to the compatibility conditions we can choose p* that
[p" + (IH*|/2)] =0

([p*] = p(\lxt:O — pl\la;::m etc.). By using a cut-off C§° function we can sup-
pose that (U%, f*) vanishes outside of the interval [-T,T], i.e., (U?, f%) €
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HEIN(0Qr) x HPY(0027). Applying Sobolev’s embeddings (in particular,
inequalities (209)), we rewrite estimate (117) as

(HUjH2(u—j)+1,* + ||fjHH2(u—J'+1)(]R2)) < C(MO)v (124)
1

o
j=
where C'= C(My) > 0 is a constant depending on My. The estimate (121)
follows from (124) and the continuity of the lifting operators from the hy-
perplane t = 0 to R x R3.

Conditions (120) hold thanks to the properties of (Uj, f;) given by Lem-
ma 5. At last, since (U?, f*) satisfies the hyperbolicity condition (5) and
the stability conditions (9), (10) at t = 0, in the above procedure we can
choose (U?%, %) that it satisfies (9), (10) (at z; = 0), and (5) for all times
te[-T,7). O

Without loss of generality we can suppose that

0oll2p+ 1,5 + [ foll zrantr 2y < 1, (125)

Also, without loss of generality, we assume that

| foll rontr ey < 1/2.

Then for a sufficiently short time interval [0, 7] the smooth solution which
existence we are going to prove satisfies || f||z__(0,7xr2) < 1 that implies

NPT >1/2, 910 < —1/2 (126)

(recall that ||x||L.. ) < 1/2, see Section 1). Let 4 is an integer number that
will appear in the regularity assumption for the initial data in the existence
theorem for problem (11)—(13). Running ahead, we take p = m + 9, with
m > 12 (see Theorem 1). In the end of Section 5 we will see that this choice
is suitable. Taking into account (125), we rewrite (121) as

(U mt10,0,1 + 1f* | msr000.) < Cs, (127)

where C, = C1(1).
Let us introduce

0 for t > 0, (128)

po { “L(U%,®%)  for t > 0,

Since (U%, f*) € H™HO(0p) x H™T0(90r), exploiting (120), one gets
Fe € H™8(02r) and

[Fmis,s < 00(T), (129)

where the constant §y(T") — 0 as T — 0. To prove estimate (129) we use the

Moser-type and embedding inequalities from Appendix B, estimate (127),
and the fact that F* vanishes in the past.



44 YURI TRAKHININ

Then, given the approximate solution defined in Lemma 6, (U, f) =
(U?, f*)+(U, f) is a solution of the original problem (11)—(13) on [0, T] xR3.

if (U, f) satisfies the following problem on 2 (tildes are dropped):

LU, ¥)=F* in O, (130)
B(U,f)=0 on df2p, (131)
(U,f)=0 fort<0, (132)

where
L(U,¥) =L(U*+U,¥" +¥) - L(U*, @),

B(U, f) =B(U*+ U, f*+ f) — B(U?, f*).

From now on we concentrate on the proof of the existence of solutions to
problem (130)—(132).

(133)

5. Nash-Moser iteration

5.1. Iteration scheme for solving problem (130)-(132)

We solve problem (130)—(132) by a suitable Nash-Moser-type iteration
scheme. The general description of the Nash-Moser method can be find, for
example, in [14] (see also references therein). The main idea is to solve the
equation F(u) = 0 by the iteration scheme

}—I(SOnun)(unJrl —u,) = —F(u,),

where F’ is the linearization of F and Sy, is a sequence of smoothing
operators, with Sy, — I as n — oco. This scheme is the classical Newton’s
scheme if Sy, = 1.

Errors of a classical Nash-Moser iteration are the “quadratic” error of
Newton’s scheme and the “substitution” error caused by the application
of smoothing operators. As in [8], in our case the Nash-Moser procedure
is not completely standard and we have the additional error caused by
the introduction of an intermediate state u,,; /2 satisfying some nonlinear
constraints and the error caused by dropping the zero-order term in ¥# in
the linearized interior equations written in terms of the “good unknown”
(see (24) and (25)). In our case the intermediate (or modified) state should
satisfy the same constraints/assumptions that were required to be fulfilled
for the basic state (16), i.e., the mentioned nonlinear constraints are (17)—
(19), (21), and (22).

Here we closely follow the plan and notations of [8]. The main differences
from [8] are that we work in the anisotropic weighted Sobolev spaces H?
and instead of the assumption that the initial data are close to the piecewise
constant solution, that allows to construct small approximate solutions, we
make the assumption on the smallness of the time interval. Moreover, we
have additional constraints associated to (14) and (15). We first list the
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important properties of smoothing operators. The following proposition is
the analogue of the corresponding ones from [1,8,14].

Proposition 10. There exists such a family {Sp}e>1 of smoothing opera-
tors in HE(f27) acting on the class of functions vanishing in the past that

[Soulg,er < COP~ o r, @3>0, (134)
[Sou —ulgar < COPulp.r, 0<B<a, (135)
d

(2550t gz < CO° Moy, @820, (136)

where C' > 0 is a constant, and (B—a) 4 := max(0, 5—a). Moreover, there is
another family of smoothing operators (still denoted Sy) acting on functions
defined on the boundary Q7 and meeting properties (134)-(136), with the

norms || - || ge a0

Now, following [8] (with necessary modifications), we describe the iter-
ation scheme for problem (130)—(132). We choose

Up=0, fo=0

and assume that (Uy, fi) are already given for k = 0,...,n. Moreover, let
(Ug, fx) vanish in the past, i.e., they satisfy (132). Below we again use the
notations like U, = (UJ,Uy), ¥ = (¥, ¥, ), etc., and in spite of the
fact that these notations are somewhere inapplicable, for short we usually
drop the + superscripts. We define

Un+1 :Un+5Un7 fn+1:fn+6fn7

where the differences §U,, and ¢ f,, solve the linear problem

]L,e(Ua + Un+1/27 v + q;n+1/2)6Un = fn in QTv

B{,LJrl/Q((SUnv 6fn) = 8n on 0f27, (137)
(6U,.,0f,) =0 for t < 0.
Here
. oy,
5Un = (5Un 81 (Ua + Un+1/2) (138)

(e + Vyt1/2)
is the “good unknown” (cf. (23)),

B/n+1/2 =B, ((U* + Upy1/2)|r=0, " + frt1/2)s

the operators L[, and B, are defined in (25)—(27), and (U, 41,2, fnt1/2) is
a smooth modified state such that (U® + U, 412, f* + fny1/2) satisfies
constraints (17)—(19), (21), and (22) (¥,41/2 is associated to f, 412 like ¥
is associated to f). The right-hand sides f,, and g,, are defined through the
accumulated errors at the step n.
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Let us now specify the errors of the iteration scheme. They are defined
from the following chains of decompositions:
E(Un+1a !Iln+1) - E(Unv g’n)
=L'(U*+U,,9*+w,)(6U,,¥,) + e,
=L'(U*+ Sy, U, ¥+ Sy, ¥,,)(6U,,0¥,) + e, +e,
=L'(U"+ U, &"+¥,.1,5)(0U,,0%,) +e, +e, +e
= L/G(Ua + Un+1/2a U + Wn_,_l/g)(;ﬁn + e; + ex + e/,i' + ]D)n+1/25Wn
and
B(Un+1 |I1:0a fn+1) - B(Un|$1:07 fn)
= B/((Ua + Un)|m1:0, fa + fn)(5Un|:¢1:07 5fn) + é/n
= B/((Ua + SOnUn)|:c1:0a fa + SOn fn)((SUan:Ov 5fn) + éln + é;:,
= IBgiz—',-l/Q((S[Jna 5fn) + é;L + é;ﬁ + éxlv
where Sy, are smoothing operators enjoying the properties of Proposition
10, with the sequence (6,,) defined by

0p>1, 6,=+0g+n,

and we use the notations

D /8
SG,LWn — ( X(-Tl)SQn,fn > , Dn+1/26wn — < 7i+1/2 n ) 7

X(fxl)sﬂnfn n+1/25%j
with
1
D = @ @ .
nH/2 T 5 (e + Woi1ya) (LU + Unaa 07 4 o)}

The errors €], and €], are the usual quadratic errors of Newton’s method,

and e/, &/ and e/, & are the first and the second substitution errors
respectively.
Let
e, =€, +e)+e +D,1/0¥,, &,:=¢ +e, +8& (139)

then the accumulated errors at the step n > 1 are
n—1 " n—1
E,=) e, E,=) &, (140)
k=0 k=0

with Eg := 0 and EO := 0. The right-hand sides f,, and g, are recursively
computed from the equations
Z fi. + So, E,, = Sy, F°, Z gk + S@nﬁn =0, (141)
k=0 k=0
where fy := Sp,F* and go := 0.
Since Spy, — I as N — oo, one can show (see [8]) that we formally
obtain the solution to problem (130)—(132) from L(Uy,¥x) — F® and
B(Un|z,=0, fn) — 0, provided that (ey,€éx) — 0.
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5.2. Inductive hypothesis

Given a small number § > 0, the integer o := m + 1, and an integer &,
our inductive hypothesis reads:
a) Vk=0,...,n—1, Vsel[6,a]NN,

[0U]s e + 10 fell e 007y < 665 ' A,

b) Vk=0,....,n—1, Vse[6,a—2]NN,

H,_
( 2 [L(Uy, ¥g) — Fr < 2605771,

¢) Vk=0,...,n—1, Vse[l,a]NN,
1B(Ukle,=0s fu)llae(0020) < 592—04—1’

where Ay = 01 — 6x. Note that the sequence (4A,,) is decreasing and tends
to zero, and

1 1
VneN, <Ay =02 +1-0,<——.
30n 29n

Recall that (U, fr) for & = 0,...,n are also assumed to satisfy (132).
Running a few steps forward, we observe that we will need to use inequalities
(127) and (129) with m = & — 6. That is, we now choose & = m + 6.

Our goal is to prove that (H,_1) implies (H,) for a suitable choice of
parameters g > 1 and § > 0, and for a sufficiently short time 7' > 0. After

that we shall prove (Hp). From now on we assume that (H,_1) holds. As
in [8], we have the following consequences.

Lemma 7. If 6y is big enough, then for every k = 0,...,n and for every
integer s € [6,4] we have

(Uklsr + [ fill s 00r) < 59,(68_(*)*, a# s, (142)
(Ukla,s.r + | fell e (0020) < 0log Oy, (143)
(I - Sek)Uk’]S»’hT + (1 - S@k)kaHS(a_QT) < C§Qz_a. (144)
For every k= 0,...,n and for every integer s € [6, & + 6] we have
(56, Ukls,«, 0 + 156, frll = (00r) < 059,(63_&”, a#s, (145)
[So, Ukl + 150, full o (9007) < Cdlog b (146)

Observe that (144)—(146) follow from (142), (143), and Proposition 10.
Moreover, (144) and (145) hold actually for every integer s > 6 but below
we will need them only for s € [6,a] and s € [6, & + 6] respectively.
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5.3. Estimate of the quadratic errors

Recall that the quadratic errors read
e, = L(Upy1,%ks1) — L(Uy, ¥y) — L/ (Uy, W) (60U, 6W4),

&), = (B(Uky1, fr1) — B(Uy, fr) — B (Uk, f) (0Uk, 6 fr)) |21 =0,

where £ and B are given in (133). We define the second derivatives of the
operators . and B:
d

L"(0,&)((U', &), (U", ¥")) := 22 (U ) (U, 7)o,

d
B//((le f/)v (WN’ fﬂ)) = %B/(Waa fe)(W/7 f/)|€=0a

where U, = U +eU”, W, = ﬁ|x1:0 +eW’”, f. = f—i—sf”7 and ¥’ and @”
are associated to f’ and f” respectively like ¥ is associated to f. Moreover,
we easily find the explicit form of B”, that do not depend on the state

(T, f):
U;+82f// + Ué+83f// + v’2'+02f’ + vé’*@;»,f’
B (W', f'), (W", f") = | vy Oaf" + vy Osf" 4+ vy~ Oaf + vy Osf
[(H', H")]

Then, the quadratic errors can be rewritten as

1
e;c = / (1 — T)L//(Ua + Ui + T(SU}C,WG + ¥,
0
+70@})((0Uy, 0@y,), (0Uy, 0®y,)) dr,

(147)

- 1
e;c = 5 B//((éUk‘zlzm 6fk:)7 (6Uk:|a:1:07 6fk)) (148>

To estimate the quadratic errors by utilizing representations (147) and
(148) we need estimates for L” and B”. They can easily be obtained from
the explicit forms of L” and B” by applying the Moser-type and embed-
ding inequalities from Appendix B (as well as such inequalities for classical
Sobolev spaces) . Omitting detailed calculations, we get the following result.

Proposition 11. Let T' > 0 and s € N, with s > 6. Assume that (ﬁ,f) €
Hf+2(QT) X H5+2(6.QT) and

[ﬁ]7,*,T + Hf||H7(aQT) <K.

Then there exists a positive constant I?O, that does not depend on_s and
T, and there exists a constant C(Ko) > 0 such that, if K < Ky and
(U, £, (U", f") € H:2(Qr) x H¥2(0027), then
T T / "
LT, %)(U", %), (U, )],

< CE){ (D, )0 £ (U7 7))
U 1) 2007 £+ GO P 2 (T 1))
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where (U, f)), := [Uler + ||fHH@(aQT)-
If (W' f)), (W, ") € H:(002r) x H* Y (0827), then

1B (W', f'), (W, f'D e 000) < C(ffo){||W’||Hs(aQT)Hf”lle(arzT)
HIW lzz00m | f a1 @00 + W lze 00 | f | a3 000
HIW N zz@00) | f e+ @000) + Wl 2s (000 Wl 22 (002)

HIW | z2000) W | 55 (0027) }

Without loss of generality we assume that the constant Ky = 2C,, where
C. is the constant from (127). Using (147), (148), and Proposition 11, we
have the following result.

Lemma 8. Let o > 8. There exist § > 0 sufficiently small, and 0y > 1
sufficiently large, such that for all k = 0,...n — 1, and for all integer s €
[6, — 2], we have the estimates

€} ]onr < C2017 1A (149)
&4l rr+ 920y < C8%07 7 Ay, (150)
where L1(s) = max{(s +2 — o)y + 10 — 2, s + 6 — 2}

Proof. Taking into account (127) (recall that m = & — 6), (H,—1), and
(142), we estimate the “coefficient” of L” in (147) as follows:

51[1p] ((U*+Up 4+ 10U, f*+ fr + 70 fr))
T7€(0,1

< Cu 4660 4605724, < C. + C5 < 2C,
for 0 sufficiently small. Hence, we may apply Proposition 11:
ehluer < O(P0272 A2 (C. + (U f)) s + (00 850)),0)
+320;7 T2 A2
for s € [6,a — 2]. If s + 2 # «, it follows from (142) that
[ef]s,e.m < CO2AZ {72 HIE TR g2 d < Cy2gin A,
(here we have utilized the inequality 0y Ar <1/2). If s+ 2 = o and o > 8,
(e} )57 < C52AZ{(C. + Slog O + 605 " AR)0;>~ + 605}
< CRA < Co20 T A

By using (148), the trace theorem [28] (cf. (35)), and Proposition 11, we
estimate the quadratic error on the boundary as

[€)s.x1 < C{[6U] 117110 fill s (9020) + [0UR6 w20 fill 11541 (0021
HEUR6, o7 [0Uks 107} < OO0 AR0P Ay, < €326, A,
that completes the proof. O
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5.4. Estimate of the first substitution errors
The first substitution errors can be rewritten as follows:
el =L (U, ¥) (60U, 6¥) — L'(S0, Uk, So, W) (60U, 0¥y)
_ /01 L” (U + Sp, Uy, + 7(I — g Uy, ° + S, ¥, (151)
+ 7(I — Sp, )®%) (60U, 0%4), (I — Sp,)Us, (I — Sp,)¥y))dr,
&/ = (B'(Uy, f)(6Uy, 0 fx) — B'(Ss, Uk, So, f1) (6 Uk, 6 f)) [ =0

= B//((dUk‘xlz(Jv(sfk)v ((Uk - SOkUk”zl:O, fk - Sekfk))

Lemma 9. Let o > 8. There exist 6 > 0 sufficiently small, and 6y > 1
sufficiently large, such that for all k = 0,...n — 1, and for all integer s €
[6,0 — 2], one has

(152)

[€]]snr < C5202) 71 AL (153)
&%l s (927) < Cs20L°)71 Ay (154)
where La(s) = max{(s +2 — o)y + 14 — 2, s + 9 — 2}
Proof. It follows from (127), (H,—1), (144), and (145) that
Sup ((U* + Sp, Ug + 7(I — So,) Uy, f* + So, fix + (I — So.) 1))+

<20,

for ¢ sufficiently small, i.e., we may apply Proposition 11 for estimating
L” in (151). Using again (127), (H,_1), (144), and (145), we obtain for
s+2#aand s+ 2 < a that

e < O 8202 AL(C 00 45077 + 52077520 )
< camk{e,?””““‘a” n 9;‘;+8—2a} < 05201271 A,

Similarly, but exploiting (146) instead of (145), for the case s +2 = « we
get

€/]sr < c{a?a?”mk(c* + log Oy, + ) + 52eg—mk}

< Cdzﬂk {9;3—2(1 + ag—a} < 052052(a—2)—1Ak
for ao > 8.
In view of (152), the trace theorem, and Proposition 11, one has

61s.er < OOV 102111 = S0 fell o 020
+[0Ukle,,7[1(1 = So,.) ficll zrs+1(0027) + [(I = S0, ) Ukl st1,,7 10 ficll o (0021
+[(I = So,)Ukle,«,7l10 ficll mrs+1(0027) + [0Uk]s+1,,7[(I — So,)Ukle 7
+[0Ukl6,4,7[(I — SOk)Uk]s+1,*,T}~
Using then (H,_1) and (144), we obtain (154). O
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5.5. Construction and estimate of the modified state

As in [8], at this stage we need to construct a smooth modified state
(Un1/2; fnt1/2) satisfying certain nonlinear constraints. In our case these
constraints are (17)—(19), (21), and (22). More precisely, the state (U* 4+
U, 1172, [+ frt1/2) should meet the same requirements as the basic state
(ﬁ, f) in Section 2. Since the approximate solution satisfies constraints (14)
and (15) as well as the strict inequalities (17) and (19) (see Lemma 6) and
since we shall require that the smooth modified state vanishes in the past,
the state (U*+U,, 112, f*+ fny1/2) Will satisfy (14) and (15) for ¢t = 0 (that
is (22)) and (17) and (19) for a sufficiently short time T" > 0. Moreover, it
follows from (21) and (22) that this state obeys constraints (14) and (15)
for all t € [0,T]. Therefore, while constructing the modified state we may
focus only on constraints (18) and (21), i.e., (7) and (197).

Proposition 12. Let a > 10. The exist some functions U, 1,2 and f,11/2,
that vanish in the past, and such that (U® + U, 41/, f* + fni1/2) satisfies
(5), (12), (197), (14), (15), and (at 1 = 0) inequalities (9) and (10) for a
sufficiently short time T. Moreover, these functions satisfy

Jnt1/2 = So,, fn, Wfﬂ/g = X(iml)fnﬂ/% (155)
Uji,n-‘rl/Q =50,V J=2,3, (156)
S7j1E+1/2 = 50,5, , (157)
and
[Uss1/2 — S0, Unlser < CO05T27%  for s € [6,a + 4). (158)

for sufficiently small § > 0 and T > 0, and a sufficiently large 6y > 1.

Proof. Let f, 1,2, the entropies Sf 120 and the tangential components of

f+1/2 are defined by (155)—(157). Taking into account the
discussion above, it is enough to construct such functions p
and HX | that

n+1/2
B((Ua+Un+1/2)|m1207fa+fn+1/2) = 0) (159)

]LH(Va +Vn+1/2,Ha +Hn+1/2,!7“ +Wn+1/2) = 07 (160)
where (160) is the compact form of (197) (see also (123)),

the velocities v

+ v:l:
n+1/2’ “1,n+1/2’

Vit1/2 = (wrjﬂ/sz;H/z)v Vnt1/2 = (V:+1/27V7:+1/2)7 etc.
Since (U?, f*) satisfies (123),
]LH (vaﬂ: _|_ V7ﬂ1:+1/2’ Haﬂ: _|_ Hﬂ: !pa:‘: _|_ !pzl: )

n+1/2) n+1/2
1
_ + at + + _
= ‘9tHn+1/2 + TTo0= 81¥7ni+1/2 (W™ 4+ Woi1/20 V)Hn+1/2 +...=0,
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+

where wo* and WZ[+1/2 are defined similarly to w* in (197). Analogously,

we can explicitly write down (159) taking into account that (U%, f¢) satisfies
(12).
Let us now define vlin 410 @8 follows:

vin+1/2 = Senvit,n + RTgia (161)

where

g:l: = 6tfn+1/2 - (Sanli,nNIl:O
3
at + + a
+ D (0 + 0711 2) 0 a2 + 0540200 0%) ] o
j=2

and R is the lifting operator, cf. (35). With (155) and (156) we have
thus defined v, 11/ and ¥, 1 /5. Then, we can define H,, |/, as a function
that vanishes in the past and solves equation (160). Note that, in view of
(161), the fist two boundary conditions in (159) are fulfilled. Hence, (w?* +
wli,n+1/2)|x1:0 =0, i.e., (160) considered as the equation for H,, /5 does

not need boundary conditions at x; = 0. At last, we define pTiL 412 by

1 1
+ — + + 2 + +
Ppyiy2 = S0, Pn F 9 Rren — 9 ‘Hn+l/2‘ - <Hn+1/27Ha ) (162)
1
+§ 5o, |H$|2 + So,, (va Hai)a

where i
€n = (56"]9:1r — So, b, + 3 So, [H}|* + Sp, (H} HT)

1
—5 o, [H; | = Sy, (H H*))

x1=0-

It should be noted that (161) and (162) considered at x; = 0 yield (159).
We first get the estimate of vy ,,41/2 — Sp, v1,,. To that end we use the

following decompositions (we drop the + superscripts, cf. (161)):

g = SGnBU(UTL|$1=05 fn) - at(l - Sé)n)fn + (1 - SOW)atfn
3

Z((U;l + 80, 05,n)0j S0, fn — SQn((U? + vjn)0; fn)

=2
+(S‘9nvj,7l)ajfa - SQn ('Uj,najfn))’

] =0
and

Bv(Un‘m:Ov fn) = Bv(Un—l‘m:Ov fn—l) + 8t(5fn—1)

3
3 (0 +0jn-1)05(0fa1) + 605105 (f* + fn) = 6v1.01)]

=2

513110 ?

where B,, denotes the first (for G*) or the second (for G ) row of the bound-
ary operator B in (12).
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Exploiting point ¢) of (H,_1), one has
[RT(SGnBv(Un—1|x1=Oa fn—l))]S,*,T < C”Sé’nBv(Un—ﬂxl:Ov fn—l)”HS(aQT)
Cefl_a—i_l ||B’U(UTL71|I1:O7 fnfl)HH“(BQT) for s € [aa a+ 4]7
- C”Bv(Un—ﬂrl:O,fn—l)HHHl(é)QT) for s € [6,0[ - 1]
< Co0;7 for s € [6,a +4].
Using (134) and point a) of (H,_1), we get
[R7(S6, 0¢(0 frn1))]s,«, 7 < Cl|S6,,0¢ (6 fro1)l| 115 (921)
< CO5756 frorll 7 (0020) < CO0000-56, 1, < Co05~ 1
for s € [6,a + 4]. We also obtain
[Re (6, (v + vjin-1)la1=00;(0fn-1))], , 1
< COTON (v + vjm—1)la1=0 05 (0 fn—1)ll o (0521
< 062_6{||5fn71||H7(8QT)[Ua + U161
6 fro1ll s 000 + Un—1]7,*,T} < CO;%00,C. < Cofy

for j = 2,3 and s € [6,& + 4]. Estimating similarly the remaining terms
containing in Ry (Sg, B, (Uplz,—0, frn)), we finally derive the estimate

[RT(SGnBU(Un|w1=Oa fn))]s,*,T < 056270‘, ENS] [6, a+ 4}.

We now need to get estimates for the remaining terms containing in
RrG. For s € [a, & + 4] one has

[RT(_at(l - SGn)fn + (1 - Sen)atfn)]s,*’T
< C{110:(So,, fu)ll = o922y + 1196, (Oc fu) | 1= (0520) }
< C{IISo, fullae+1000) + 05~ full gotr (90r) } < COO5TI 2,

while for s € [6,& — 1] we obtain (recall that & = a + 5)

[RT(at(l - SGn)fn)]S’*vT < Cé‘g;—i—l—a’

[RT((l o SQ?L)atf")]s,*,T < Cefz_a”anHaJrl(aQT) < 0592"'1_@.

Here we have, in particular, used Lemma 7. We do not get estimates for all
the remaining terms containing in RrG and leave corresponding calculations
to the reader. Collecting these estimates and the estimates above, we finally
have

[Win+1/2 — S0, Vi) < COOSTI™, s €[6,a+4]. (163)

Observe that in the calculations above it was enough to assume that o > 8.
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Now we turn to the estimate of H,,;1/o — Sp, H,, that, in view of (160),
solves the equation

Lt(Vag1/2, Hoy1/a = So, Ho, W, 0) = B2 (164)
where Ly(v,H,¥) = Ly (v® +v,H* + H,¥“ 4+ ¥) and the right-hand side
is decomposed as follows:

Fp2 — R 5, Lu(W,, @), (165)
with W, := (v, H,,) and

f‘T}LIJrl/z = _‘cH(VnJrl/Q - Sgnvn, SQ7LHTL7 Sénwn)
+59" EH(W”’ q’”) —Lu (S9nwna San’n)'

We first consider the second term in the right-hand side in (165). We
decompose it as

SO,L»CH(Wna !pn) = SGW'CH(anla anl) + SGnanlv
where
Zn—l = ['H(Wn—l + 5WTL—17 !pn—l + 5wn—1) - L:H(Wn—la !pn—l)~

Thanks to the definition of the approximate solution given in Lemma 6 we
have Ff; = 0, where F{; is the right-hand side in (130) corresponding to the
equations for H. Using this fact and point b) of (H,_1), one gets

[So, La(Wn—1,%n_1)]sr < CO O [Lu(Woo1, Wp1)]g . < CO05
for s € [6,& + 4]. The typical term containing in Sy, Z,_1 is, for example,

5] (1}% + v n) )
——— H,,_ 166
O (1 + o (P + W) 1 (166)

that is estimated by using the properties of smoothing operators, the tame
estimate for a product (see Appendix B), etc.:

N (vf +v10) 5 1}
1T+0,(We +8,) " ewr
oH,,_
ey

)
1401 (P +W,) 6,1

[0, (- Moo < €O

< 0936{

a
_|_
’LM(QT)[Ul Ul,n]&*,T

e +v1,n||wwﬂ} <. <08

for s € [6,& + 4]. Treating analogously the remaining terms containing in
So, Zn—1, we come to the estimate

[So, Lt (Wo, W)]sr < CO03771 s € [6,6 +4]. (167)
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To obtain the estimate of Ff:""/2| that is the remaining term in the right-

hand side in (165) to be estimated, we treat the case s > « + 1 separately.
For s € [a 4+ 1, & + 4] we proceed as follows:

[f‘ﬁ—i_l/g]s,*,T S [EH(Vn-Q—l/Q - Sﬁnvna SQan; SG,I,!I,TL)]S,*,T
+[£H(Senwna Sﬁn!pn)]s,*,T + [San EH (Wn; !pn)]s,*,T~

The last term in the right-hand side of the above inequality has been already
estimated in (167) for the general case s € [6, & +4]. It is clear that we have
only to estimate the second term there because for the first one we can
get a better estimate by using (156) and (163). To obtain the estimate of
Lu(Se, W, So, ¥,,) we exploit the arguments similar to those used for the
term in (166). Omitting detailed calculations, for s € [a+ 1, & + 4] we thus
obtain _

[F2), 0 < o052 (168)

For the case s € [6, a] we use the decomposition

ﬁngl/? = _‘CH(VnJrl/Z - SO,LVTL - (I - SG,L)Vny S@an, SO,L!‘pn)
_£H(Vna (I - Sen)Hn, Sén,q;n) + (‘CH(W’VH Wn) - ﬁH(Wna Sann)

Omitting details, we get estimate (168) for the case s € [6, a] as well. Thus,
we have derived the estimate

Bt 2], o < 0805270 s € [6,a +4]. (169)

Equation (164), which right-hand side we have just estimated, is actually
written as

3

oY + Y D;(b)3;Y +Q(b)Y = Fit/?, (170)

j=1

where Y = Hy, 1/ — So, H,, b = (V" +vyp1/2, %" + 59, %,), and D;
and @) are matrices. Moreover, the matrices D; are diagonal and, what is
important, the matrix Dj|;, =0 = 0. That is, system (170) does not need
boundary conditions at 1 = 0. Then, with the help of the arguments like
those used in Section 3 for deriving the tame estimates (102) and (110), we
obtain the tame a priori estimate

[Y]oeir < CRo) {[F™ o + FE ) ez blosaer ) (171)

for the solution Y of (170) that vanishes in the past, where s; = 6 if s is even
and s; = 7 if s is odd. Estimate (171) holds for the coefficients satisfying
the assumption

V" + Vigis2losr + 1f* + So, fullmo0or) < K, (172)

provided that K < f(o. The constant I?o = 2C,, that does not depend on s
and T, can be taken the same as in Proposition 11 for ¢ sufficiently small.
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Taking into account (156) and (163) and using, in particular, (145), we
check that assumption (172) holds for s € [6, @+4], « > 10, and § sufficiently
small:

[V + Visr1yolowt + 1+ So, full Ho(00r) < [Vas1/2 — S0, Valos
+[S0, (Vi1 4+ 0vi_1)|ow1 + |50, (fu1 + 0 1)l mo002r) + [V o,e1
£ o o) < C(8010-0 4 6057)) 4 C, < C, + C§ < 2C,.
Using (169), one has

[FLY2), L r[blagonr < COO5H27(C, + COOST3 4 565),

where k = (s +2—a)y for s Za—2and k =1 for s = a — 2. One can
check that

s1+2—a+max{s+3—a,k} <s+2—a forse[6,a+4] and «>10.
That is,
Fi s e bl < OO0, (173)
Estimates (169), (171), and (173) yield
Hyi1/2 — So, Hulsr < C60527%, s €[6,a+4]. (174)
At last, using (174), from (162) we can derive the estimate
[Pst1/2 — So,Pnlser < COOST27% s €[6,a+4]. (175)

To avoid overloading the paper we omit the calculations and only note that
the process of deriving estimate (175) is much simpler than that of obtaining
estimates (163) and, especially, (174). In view of (156) and (157), estimates
(163), (174), and (175) imply (158). This completes the proof. O

5.6. Estimate of the second substitution errors
The second substitution errors
ey = L'(S0, Uk, S0, ¥1)(0Uk, %) — L (Upi1/2, Pry1/2) (60U, 0F},)
and

&' = (B'(80, Uk, S, f1)(0Uk, 6 fi:) = B' (Ups1/2, frg1/2) (OUk, 6.f1)) [y =0

can be written as

1
eg/ _ / L"(Ua + Uk+1/2 + T(SgkUk - Uk+1/2)7
O (176)

|1/ Sgkwk)(((SUk, (5q7k), (SgkUk — Uk+1/27 0))d7’,

& =B"((0Uk|z,=0,6f1), (S0 Uk — Ugy1/2)le1=0,0)).- (177)
Exploiting expressions (176) and (177), we get the following result.
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Lemma 10. Let a > 10. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that for allk =0,...n—1, and for all integer
s € [6,a — 2], one has

[} s < CO20L 71 A, (178)
€% | s (9021) < 0529,5(5)_1&@, (179)
where L(s) = max{(s+ 2 — a)4 + 18 — 2a, s + 11 — 2a}.
Proof. Using Lemma 7 and Proposition 12, we obtain the estimate

SI[BP] ((U" + Ugy1y2 + 7(S0, U — Ugpaya), [* + So, ey, p < 20
T€[0,1 T

for ¢ sufficiently small, i.e., we can apply Proposition 11. Similarly, one gets

((U® + Upsryo + 7(80, Uk — Upay2), [+ S0, fe)) gy
< C{C* +59;:+47a +69](cs+27a)++1} < 0597(15+27a)++2.

Applying Proposition 11, we get (178):

o Joseir < CLO0L 2725007 Ao07 " + 30317 Ay

+305 7 Ao | < Co200 7 A,

Using (155), (156), and the explicit form of B” (see Proposition 11), one has
0
& = 0
[((0Hg, So, Hy — Hypq/2)]

Applying then (H,_1) and (158), we easily get (179). O

5.7. Estimate of the last error term

It remains to estimate the last error term Dy, 1 /2%y, i.e., we should get

the estimate of
Wz

01(P* + W y1/2)

where Ry := 0 {L(Ua + Upyr/2, 9 +Wk+1/2)}, and the + superscripts
are dropped. Observe that

Dy y1/20% = Ry,

|81(@a + WTL+1/2)| = |1 + 81(Wa + wn+1/2)| Z 1/27

provided that T and ¢ are small enough, cf. (126).
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Lemma 11. Let a > 10. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that for allk =0,...n—1, and for all integer
s € [6,a — 2], one has

Dps1/2%h]ser < CO205 1A, (180)
where the function L(s) is defined in Lemma 10.

Proof. The proof follows from the arguments as in [1,8]. Using the Moser-
type and embedding inequalities from Appendix B, we obtain

[(Diry1/20%k]s,1 < C{H5fk||Hs(aQT)[R]6,*,T 1s1)
||5fk||H5(BQT) ([R]s,*,T + [R]G,*,THfa + fk+1/2||Hs(asz))}

(note that [01 (¥ + ¥pp12)]sx1 < CIf* + fut1/2llHs(00,))- To estimate
R we utilize the decomposition

L(Ua + Uk+1/27 v 4 Epk+1/2) = ,C(Uk, W}C) —F¢
FL(U® + Uppr/2, ¥ + Wpq1y2) — LU + Uy, ¥ + W)

1
= L(Ug,¥) — Fa+/ L/(Ua + U, + T(Uk+1/2 —Uy),
0

U+ W+ T(Phi1o — Wi)) (Upgryo — U, Whin o — Pr)dr.
Clearly,

[R]s,*,T < [E(Uk; ka) - Fa]s+2,*,T + Sl[lp ][]L/< . )( . -)]s+2,*,T (182>
7€[0,1

(for short we drop the arguments of I”). Point b) of (H,,—1) implies
[C(Uk, ka) o Fa]s+2,>~<,T < 259;+17a (183)

for s € [6,a& — 4]. We estimate I’ similarly to L” (see Proposition 11). We
have

sup,c(o,1] ((U* + Uk + 7(Ugp1y2 = Uk), f* + S + 7(frrr2 = i)z 1
<20,

for § small enough. Then, omitting detailed calculations, we get the estimate
IL( ) )sqzmr < O8O0 4 g2l t187ay
for s € [6,a — 4]. This estimate, (182), and (183) yield
[Re.q < CO(0F07 4 gloT2m o)1) (184)

for s € [6,& — 4].
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For s = & — 3 and s = @ — 2 we estimate as follows:
Rl < [L(U* + Upir/2, 7% + Yp1/2)]s 42,57
< C((U* + (Upgiy2 — S0, Ug) + =50, U, f* 4 So,, fr))
< C(Cu + 06,707 + 66,717 ) < Co0;70.

s+4,x,T

Here we assumed that s > o — 3. Thisis true for s =a@ -3 and s = & — 2
(recall that & = «a + 5). That is, we get estimate (184) for s € [6,& — 2].
Using then (181), we derive (180). O

Observe that estimate (180) is rather rough and we could, in principle,
specify the function L(s) more accurately, but we take L(s) as in Lemma
10 because finally we will need only the estimate of the sum of errors given
n (139).

5.8. Convergence of the iteration scheme

Lemmas 8-11 yield the estimate of e, and &, defined in (139) as the
sum of all the errors of the kth step.

Lemma 12. Let a > 10. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that for allk =0,...n—1, and for all integer
s € [6,a — 2], one has

ler]s, .1 + 1€k 1 (000 < C5°0), LA, (185)
where L(s) is defined in Lemma 10.

In one’s turn, Lemma 12 gives the estimate of the accumulated errors
E, and E,,.

Lemma 13. Let a > 13. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that

[Enlotsr + [Bullmets oo < C6%0,, (186)
where L(s) is defined in Lemma 10.

Proof. One can check that L(a + 3) < 1 if a > 13. It follows from (185)
that

- n—1

((Bn,En))oys < Z ((er, k) ars < D CO%A, < C6%,
= k=0

for« > 13 and «+ 3 € [6,& — 2|, i.e., @ > a+ 5. The minimal possible & is
a+ 5, i.e., our choice @ = a4 5 is suitable. O

We now get the estimates of the source terms f,, and g, defined in (141).
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Lemma 14. Let a > 13. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that for all integer s € [6, & + 2], one has

[fn]s,*,T S CAn{eysliaig ([Fa]aJrQ,*,T + 52) + 6295(8)71}, (187)

Ignll e @0r) < C82A, (0EH71 4 g572=3). (188)

Proof. It follows from (141) that

F,, = (So, — Se, ,)F* — (S, — 5, ,)En-1— Sp,€n_1.

n

Using (134), (136), (185), and (186), we obtain the estimates
[(Sﬂn - S@,,,_l)Fa]s,*,T < Cai:?_S[Fa]a+2,*,TAn—l,

[So,, — So, ) En—1]ser < CO Y Ep_1]atserln_1 < C8205-F 2 A1,

[50nen71]s,*,T < CV(5297€(8)_1An71 .

Taking into account the inequalities 6,,_; < 6,, < v/20,,_; and 6,,_ < 36,,,
the above estimates yield (187). Similarly, we get (188). O

We are now in a position to obtain the estimate of the solution to
problem (137) by exploiting the tame estimate (110). Then the estimate
of (U,, f,) follows from formula (138).

Lemma 15. Let a > 13. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that for all integer s € [6, @], one has

[0U 5,1 + 10 full s (0020) < 805 LA, (189)

Proof. Without loss of generality we can take the constant K appearing
in estimate (110) that Ky = 2C,, where C, is the constant from (127). In
order to apply Theorem 4, by using (145) and (158), one checks that

(U" + Upqapoiier + 1"+ So, fulla o0 < 20,

for o > 13 and d small enough. That is, assumption (109) is satisfied for
the coefficients of problem (137). By applying the tame estimate (110), for
T small enough one has

OUnlsveit + 10fall e 022) < C{ Ealsrz.eir + gl 2000

+([En]so, 7 + 180l o0 022)) (U + U1 o) spa,e,r (190)

£+ So, fullzss0an) }-
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Using (204) and (208), from formula (138) we have
[6UN}57*’T < [6ﬁn]s,*,T + C{”(anHHé(BQT)
16 full @0 | F* + So, fall e 000 }-
Then (190) implies
OUnlwr + 18 fallir-00r) < C{OnlElssz,eir + I8allms2o0r)

+([Ealso,7 + 18l o0 0020)) ((U* + Upgrjolsraer (191)

+If+ Senfn||Hs+4(aQT))}

for all integer s € [6,a]. Applying Lemma 14, (145), and Proposition 12,
from (191) we get the estimate

[0U s + 16 full o000 < C{0577" ([F a2 + 6?)
+0205CTITIVA, 4 05 A, {02073 ([F)yyn e + 02) (192)

4620500 O, 4 gl gatea),

Let first s is even, then sp = 8, L(sg)—1 = 18 —2«, and sp—3—a = 5—a.
We can check that the inequalities

Lis+2)<s—a, (s+4—a)y+b5+l—a<s—a-—1,
(s+4—a)y +18+0—-2a<s—a—1, (193)
s+11l+0-2a<s—a—1, s+24+¢—-3a<s—a—1.

hold with £ = 0 for « > 13 and s € [6,a]. If s is odd, then so = 9,
L(sp) —1 =19 —2a, and sy —3 — o = 6 — a. Then, it is easily verified that
inequalities (193) with ¢ = 1 are satisfied for a > 13 and s € [7,&]. Thus,
(192) and (129) yield

[6Un]s,*,T + H(anHH’(aQT) <(C ((50(T) + (52) 92_(1_1An < (592_0‘_1An
for 0 and T small enough. O

Inequality (189) is point @) of (H,). It remains to prove points b) and
c) of (Hy).

Lemma 16. Let a > 13. There exist § > 0, T > 0 sufficiently small, and
0o > 1 sufficiently large, such that for all integer s € [6, & — 2]

[L(U,,¥,) —F.r < 250571 (194)
Moreover, for all integer s € [7,a] one has

IB(Unlay=0, f)llir=(a0s) < 660571 (195)
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Proof. One can show that

L(U,,W,)—F"=(Sy, , —DF*+(I—Sy, )Ep_1+en 1. (196)

no1
For s € [a 4+ 1,& — 2], by using (134), we get
(I = S0, )Fs,er < 05 H(CIF o pr + [Fsr) < Coo(T)05 7,
while for s € [6, a + 1], applying (135), we have
(I =S, )Fser < COTZS Fag1r < Co(T)05
As follows from Lemma 13 and (135), for 6 <s<a+3 =& —2
[(I—Sp, )En_1]ss1 < Ces_a_3[En—1]a+3,*,T <Cs*oi ot

n—1

Applying (185), we obtain
[en—1ls.er < C8205C) T A,y < C82057572 A, < C6%057 0L,

From the above estimates and decomposition (196), by choosing T' > 0 and
d > 0 sufficiently small, we derive (194). Similarly, by using the decomposi-
tion

B<Un|m1:07fn) = (I - 59"71>En71 + énfly

we can prove estimate (195). O

As follows from Lemmas 15 and 16, we have proved that (H,_1) implies
(Hp-1), provided that a > 13, @ = «a + 5, the constant 6y > 1 is large
enough, and 7' > 0, § > 0 are small enough. Fixing now the constants «, d,
and 6y, we prove (Hyp).

Lemma 17. If the time T > 0 is sufficiently small, then (Hy) is true.

Proof. We recall that (Uy, fo) = 0. Then, by the definition of the approxi-
mate solution in Lemma 6 the state (U* 4 Uy, f*+ fo) = 0 satisfies already
(5), (12), (197), (14), (15), and (at 1 = 0) inequalities (9) and (10). That is,
it follows from the construction of Proposition 12 that (U, 1,2, fnt1/2) = 0.
Consequently, (§Ug,dfy) solves the linear problem (28)-(30) with the co-
efficients (IAJ,f) = (U?, f*) and the source terms f = Sg,F* and g = 0.
Thanks to (127) the assumption (109) is satisfied (recall that Ky = 2C,).
Applying (110), we obtain the estimate

[5G0]s,*,T + H(SfOHHS(aQT) < O[SQUFG]S'i‘Q,*aT'
With (130) and formula (138) this estimate yields
[0U0]s,«,1 + [0 foll s (9020) < ClS0,Fsq2,5,7
< OO~ 80(T) < 6657 A

for all integer s € [6,@], provided that T is sufficiently small. Likewise,
points b) and ¢) of (Hy) can be shown to be satisfied for a sufficiently short
time T">0. O
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The proof of Theorem 1. Let us consider initial data (U%,f@) €
HZ™ (R ) x H*™T19(R?) satisfying all the assumptions of Theorem 1. In
particular, they satisfy the compatibility conditions up to order u=m+9
(see Definition 1). Then, thanks to Lemmas 5 and 6 we can construct an
approximate solution (U%, f¢) € H™H10(0r) x H™H19(907) that satisfies
(127). As follows from Lemmas 15-17, (H,,) holds for all integer n > 0,
provided that a > 13, @ = a + 5, the constant 6y > 1 is large enough, and
the time 7" > 0 and the constant 6 > 0 are small enough. In particular, it
follows from (H,,) that

Z {[5Un}m,*,T + H(;fn”Hm([‘).QT)} < oo.

n=0

Hence, the sequence (U, f,) converges in H™(27) x H™(9f2r) to some
limit (U, f). Recall that m = o — 1 > 12. Passing to the limit in (194)
and (195) with s = m, we get (130)—(132). Consequently, U := U + U?,
f:=f+ f*is a solution of problem (11)—(13). This completes the proof of
Theorem 1.

Appendix A

The proof of Proposition 1. The equation for H* contained in (11)
reads

OH* + o {(w*, V)H" — (h*, V)v* + Hdivu*} =0, (197)

0,9+
where

ut = (v 0F0,0F vE 00T, oF =of —vFo Ut — v osut,

n
vr%|301:0 = Ulz\lt‘zlzm Wi = ui - (3t![/i,0,0).

Analogous equation contained in system (1) written in the straightened
variables differs from (197) by the additional term v*divh* in the ex-
pression in braces. After long, but straightforward calculations (applying,
in particular, div to a consequence of (197)) we get

1
O P+

dra* + {(Wi7 Va*) + aEdiv ui} =0 (198)

for a* = divh*/9,&*. Analogous equation following from system (1) does
not, contain the last term in the expression in braces.
In view of the boundary conditions (12),

wﬂml:o = (U§ — 0¢f)|z,=0 = 0.

Therefore, equation (198) does not need a boundary condition for a*. Then
by standard method of characteristic curves, we get (14) for all ¢ € [0, T7.
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Considering (197) on the boundary x; = 0, using the boundary condi-
tions (12), and omitting detailed calculations, we obtain

atH§ + vfagH&: + v?fagHﬁ + (021)2i + 831)3::) Hﬁ? =0 onx; =0. (199)

Using again the standard method of characteristic curves, we conclude that
(15) is fulfilled for all ¢ € [0, T if it is satisfied for ¢ = 0. This completes the
proof.

The proof of Proposition 2. We write down the equation for H*
contained in (28):

) 1 ) . N
9, + = {(wi, V)HE — (h*, V)vE + HEdiva®
1

(200)
+(uF, V)HE — (h*, V)vE + Hdiv ﬁi} = f2,

where
-+ c+ t+o FE -+tq FE -+ -+ ~+ o 7+ <+ 7+
at = (vp, 05 O PT, 0501 DT), Uy =07 — 03 00T — 05 050,

1');1:|$1:0 = i}§|m1:0ﬂ fgf = (f5i7f6i7f7i)

Recall that (21) and (22) imply

divh* =0, divh™ =0, (201)
‘Erlilr‘flzo = ﬁl\?'ocl:() =0. (202)

Using (21) and (201), after long calculations, which are omitted, from (200)
we obtain that 7+ = divh¥ satisfy equations (33) (where a* = r+/9,8%).
It is worth noting that to get (33) we need not only the divergent constraints
(201) but also the equations for H* themselves, i.e., equations (21). Simi-
larly, using the boundary conditions (29), system (21) at ;1 = 0, and the
constraints (202), from (200) being considered at 21 = 0 we get equations
(34). That is, the proof of Proposition 2 is complete.

Appendix B

Gagliardo-Nirenberg inequality for H?. First of all we note that
if s is even, the anisotropic weighted Sobolev spaces H? coincide with the
spaces E, introduced by ALINHAC [1]. Then, referring to [1], we have the
following variant of the Gagliardo-Nirenberg inequality for H3:

1 ol +2k

p ; (203)

« 1-1 1
102 0¥ Loy 2y < Cllully [l

where s > 0 is even, |a| 4+ 2k < s, and u is supposed to belong to H({27) N
Loo(027).
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Moser-type inequalities for H. The Gagliardo-Nirenberg inequality
(203) implies the following Moser-type calculus inequalities for H? with even
s> 0 (see [1]):

[wolser < C ([ulswrlvlriar + 1l @nPlssr), (204)

[F(u)]sr < C(M) (1 + [u]sx1) (205)

where the functions v and v are supposed to belong to H?(£27) N Lo (£27),
the function F' is a C* function of u, and M is such a positive constant
that

Ul o) < M.

As for the usual Sobolev spaces inequality (205) can be refined if we assume
that F(0) = 0:
[F(u)ls,,0 < C(M)[uls,,1- (206)

Embedding theorems for H?. With the reference to [1], for the do-
main 27 C R* we have the embeddings

~ 5
B.cWL  if s>g4or

In particular, Es C Lo and E5 C WL. For the exact definition of E, we
refer to [1], and for us it is only important that Ey = H? if s > 0 is even.
Then, we have the embeddings
H{(2r) C Leo(927) and  HY(02r) C Wo (2r).
That is, the following inequalities hold:
[ullrw(or) < Clulawr — Yue Hi(2r), (207)
lullwe (2r) < Clulesr  Yu€ HY(OQr).

The case of odd s. It follows from the definition of the space H; that
for odd positive s

[u]s«7 < C([U]sq,*,T + Z [3fu]sf1,*,T>~
|a]=1
Therefore, from inequalities (204), (205) we deduce their counterparts for
H? with odd positive s:
(el < C ([Wsser 0l oy + lullyason g ot )

[F(w)]s,»r < C(My) (14 [u]s«.1),

(208)

where M is such a positive constant that ||ully 1 g < M, and

[ullyyreon gy = ull o2 + Y 102Ul L ()

Jal=1
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Likewise, it follows from (207) that
||u||W01Q’ta“(QT) < O[U]s,*,T Yu € HE(QT),

(209)
||’U,||Wo2<;tan(QT) < C[u]z*’T Yu € HI(QT);

with
[ully 2o = lullwe @) + Y 105ullws (2n)-

lee|=1
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