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Abstract. In this paper we study the propagation of weakly nonlinear surface waves
on a plasma-vacuum interface. In the plasma region we consider the equations of incom-
pressible magnetohydrodynamics, while in vacuum the magnetic and electric fields are
governed by the Maxwell equations. A surface wave propagates along the plasma-vacuum
interface when it is linearly weakly stable.

Following the approach of Ali and Hunter (2003), we measure the amplitude of the
surface wave by the normalized displacement of the interface in a reference frame moving
with the linearized phase velocity of the wave, and obtain that it satisfies an asymptotic
nonlocal, Hamiltonian evolution equation. We show the local-in-time existence of smooth
solutions to the Cauchy problem for the amplitude equation in noncanonical variables,
and we derive a blow up criterion.

1. Introduction. Plasma-vacuum interface problems appear in the mathematical
modeling of plasma confinement by magnetic fields in thermonuclear energy production
(as in Tokamaks; see, e.g., [9]). In this model, the plasma is confined inside a perfectly
conducting rigid wall and isolated from it by a region containing very low density plasma,
which may qualify as a vacuum, due to the effect of strong magnetic fields. In astro-
physics, the plasma-vacuum interface problem can be used for modeling the motion of a
star or the solar corona when magnetic fields are taken into account.

This subject is very popular since the 1950’s-70’s, but most theoretical studies are
devoted to finding stability criteria of equilibrium states. Typical work in this direction
is the famous paper of Bernstein et al. [7], where the plasma-vacuum interface problem
is considered in its classical statement modeling the plasma confined inside a perfectly
conducting rigid wall and isolated from it by a vacuum region.
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Assume that the plasma-vacuum interface is described by I'(t) = {F(¢,x) = 0}, and
that QF(t) = {F(t,x) = 0} are the space-time domains occupied by the plasma and the
vacuum respectively. Since F' is an unknown, this is a free-boundary problem.

In [7] (see also [9]) the plasma is described by the equations of ideal compressible
magneto-hydrodynamics (MHD)E whereas in the vacuum region one considers the so-
called pre-Mazwell dynamics

VxH=0  divH =0, (1.1)

1
VxE=—-0H, divE=0, (1.2)
C

describing the vacuum magnetic field H € R? and electric field E € R3; ¢ is the speed of
light. That is, in the Maxwell equations one neglects the displacement current (1/¢) 6, E.
From ([2)) the electric field E is a secondary variable that may be computed from the
magnetic field H.

The dependent variables in the plasma region Q% (¢) and in the vacuum region ()
(i.e. the solution H of (1)) are linked at the free interface by the boundary conditions

=0 =0 B-N=0 (1.32)
H-N=0 (1.3b)

on I'(t), where B € R3 denotes the magnetic field in the plasma region, [q] denotes the
jump of the total pressure across the interface, and N = VF. The first condition in
([3a) (where % denotes the material derivative) means that the interface moves with
the velocity of plasma particles at the boundary.

An important feature of the plasma-vacuum interface problem is that the uniform
Kreiss-Lopatinskii condition [16] is never satisfied. The Kreiss-Lopatinskii condition
may be violated, because there are modes that grow arbitrarily fast, and the interface is
violently unstable as in the Kelvin-Helmholtz instability of a vortex sheet. Alternatively
the Kreiss-Lopatinskii condition may be satisfied in weak form, and the interface is weakly
but not strongly stable. In that case surface waves propagate along the discontinuity
front.

Another important difficulty of the plasma-vacuum problem is that we cannot test the
Kreiss-Lopatinski condition analytically, as for other free-boundary problems in MHD,
so a complete description of the parameter set of violent instability / weak stability is
not known. Moreover, since the number of dimensionless parameters for the constant
coefficients linearized problem is big, a complete numerical test of the Kreiss-Lopatinski
condition seems unrealizable in practice. Thus it becomes important to investigate in a
different way which stability conditions may ensure the weak stability of the problem.

Until recently, there were no well-posedness results for full (nonstationary) plasma-
vacuum models. A basic a priori energy estimate for solutions of the linearized plasma-
vacuum problem was first derived in [23], under the stability condition stating that the

n this introduction we don’t write explicitly the compressible MHD equations that are not really
needed, as in the sequel we are going to consider the incompressible MHD equations.
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PLASMA-VACUUM INTERFACE 713

magnetic fields, respectively B and H, on either side of the interface are not collinear,
ie.

BxH#0 on I'(t). (1.4)
The existence of solutions to the linearized problem was then proved in [20]. In [I9]
similar results are obtained for the plasma-vacuum problem in incompressible MHD.

In [20,23], for technical simplicity the moving interface I'(t) was assumed to have the
form of a graph F(t,x) = x9 — (t, x1,23); i.e. both the plasma and vacuum domains
are unbounded. However, as was noted in the subsequent paper [2I], such form of the
domains is not suitable for the original nonlinear free boundary problem because in
that case the vacuum region Q7 (¢) is a simply connected domain. Indeed, in a simply
connected domain the homogeneous elliptic problem (1)), (L.3D) has only the trivial
solution H = 0, and the whole problem is reduced to solving the MHD equations with
a vanishing total pressure ¢ on I'(¢). The technically difficult case of multiply connected
vacuum regions was postponed to a future work.

Instead of this, in [2I] the plasma-vacuum system is assumed to be not isolated from
the outside world due to a given surface current on the fixed boundary of the vacuum
region that forces oscillations. In laboratory plasmas this external excitation may be
caused by a system of coils. This model can also be exploited for the analysis of waves in
astrophysical plasmas, e.g., by mimicking the effects of excitation of MHD waves by an
external plasma by means of a localized set of “coils” when the response of the internal
plasma is the main issue (see a more complete discussion in [9]).

Under the above-mentioned stability condition (I4)), in [2I] the authors prove the
local-in-time existence of a smooth solution in suitable anisotropic Sobolev spaces to
the nonlinear plasma-vacuum interface problem, with the proof based on the results of
[21] for the linearized problem, and a suitable Nash-Moser-type iteration. The stability
condition B x H # 0 on I'(t) is assumed at time ¢ = 0 for the initial data, and it is shown
to persist for small positive time.

As in the classical formulation of the plasma-vacuum problem with the pre-Maxwell
dynamics, the displacement current is neglected and (L2) is considered a posteriori to
recover the electric field from the magnetic field; the influence of the electric field is
somehow hidden in the model. In order to investigate the influence of the vacuum
electric field on the well-posedness of the problem, in [8/[I7], instead of the pre-Maxwell
dynamics, in the vacuum region the authors don’t neglect the displacement current and
consider the complete system of Mazwell equations for the electric and the magnetic
fields.

Indeed, for the relativistic plasma-vacuum problem, Trakhinin [24] has shown the pos-
sible ill-posedness in the presence of a sufficiently strong vacuum electric field. Since rel-
ativistic effects play a rather passive role in the analysis of [24], it is natural to expect the
same for the nonrelativistic problem. In [8,T7] the authors show that a sufficiently weak
vacuum electric field, under the same stability condition (L), precludes ill-posedness
and gives the well-posedness of the linearized problem.

In this paper we are interested in investigating the well-posedness of the problem
when (L4) is violated, i.e. when the magnetic fields on either side of the interface are
collinear. For the sake of simplicity we consider the plasma-vacuum interface problem in
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two dimensions, with the coupling of the incompressible MHD equations in the plasma
region and the Maxwell equations in the vacuum region. The solution is close to a
stationary basic state with parallel magnetic fields at the flat interface.

To study the time evolution of the plasma-vacuum interface we follow the approach
of [1] and we show that, in a unidirectional surface wave, the normalized displacement
x9 = @(t,x1) of a weakly stable surface wave along the interface, in a reference frame
moving with the linearized phase velocity of the wave, satisfies the quadratically nonlin-
ear, nonlocal asymptotic equation

Pt + %H[(Iﬂ]rz + Ppza =0, ® = Hly] . (1.5)
Here H denotes the Hilbert transform defined by

“+oo
L ="

and such that
H[eikm] = —3 sgn(k) eikx s .F[H[SOH = —i Sgn(k) ‘F[SOL

for F denoting the Fourier transformation. Equation (LE) coincides with the amplitude
equation for nonlinear Rayleigh waves [I0] and current-vortex sheets in incompressible
MHD [112]. Tt is interesting that exactly the same equation appears for the incompressible
plasma-vacuum interface problem, where in the vacuum part the electric and magnetic
fields are ruled by the Maxwell equations. Equation (LH]) also admits the other spatial
form

¢ + [H, ®]®,, + H[®2] =0, (1.6)

where [H, ®] is the commutator of H with multiplication by ®; see [13]. This form of
(L6) shows that there is a cancellation of the second order spatial derivatives appearing
in ().

By adapting the proof of [I2] we show the local-in-time existence of smooth solutions
to the Cauchy problem for amplitude equation in noncanonical variables, and we derive
a blow-up criterion. Numerical computations [IL[I0] show that solutions of (LH) form
singularities in which the derivative ¢, blows up, but ¢ appears to remain continuous.
As far as we know, the global existence of appropriate weak solutions is an open question.

The paper is organized as follows. In Section 2] we formulate the plasma-vacuum prob-
lem for incompressible MHD equations in the plasma region, Maxwell equations in the
vacuum region and suitable jump conditions on the free interface. In Section [ we intro-
duce the asymptotic expansion for small-amplitude, long-time weakly nonlinear surface
waves. In Section @ we solve the equations for the first order term of the asymptotic
expansion. This first order solution depends on an arbitrary wave profile function. In
Section [l we solve the second order perturbation equations. When the second order
solution of the interior equations is substituted in the second order jump conditions, one
gets a linear system whose resolution is obtained under solvability conditions leading to
the amplitude equation (LI)). The arbitrary wave profile function of Section Ml is then
determined as the solution of this amplitude equation. The results of Sections BHAl are
summarized in Theorem [l In Section [6l we prove the local in time existence of a smooth
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PLASMA-VACUUM INTERFACE 715

solution of an initial value problem for a noncanonical form of (L3 (see Theorem [6.1])
and derive a blow-up criterion; see Lemma

2. The plasma-vacuum interface problem. We consider the equations of incom-
pressible magneto-hydrodynamics (MHD), i.e. the equations governing the motion of
a perfectly conducting inviscid incompressible plasma. In the case of a homogeneous
plasma (the density p = const > 0), the equations in a dimensionless form read:

ov+V-(vev—-BeB)+Vg=0,
0B—-Vx(vxB)=0, (2.1)
divv=0, divB =0,

where v denotes the plasma velocity, B is the magnetic field (in Alfvén velocity units),

q = p+ |B|?/2 is the total pressure, p being the pressure.
For smooth solutions, system (Z1]) can be written in equivalent form as a symmetric

system:
v+ (v-V)v—-(B-V)B+Vg=0,
B+ (v-V)IB-(B-V)v=0, (2.2)
divv =0.
In addition the magnetic field must satisfy the constraint
divB =0,

which is preserved by the evolution in time if it is satisfied by the initial data.

Let Q% (¢) and Q7 (¢) be space-time domains occupied by the plasma and the vacuum
respectively, separated by an interface T'(¢). That is, in the domain Q% (¢) we consider
system (Z2)) governing the motion of the plasma, and in the domain Q~(¢) we have the
Maxwell system

(2.3)
VvO,E-Vx H=0,

describing the vacuum magnetic and electric fields H, E € R3. Here, the equations are

{yatH+Vx E=0,

written in nondimensional form through a suitable scaling (see Mandrik—Trakhinin [I7]),
and v = %, where v is the velocity of a uniform flow and c¢ is the speed of light in a
vacuum. If we choose ¥ to be the speed of sound in a vacuum, we have that v is a small,

even though fixed parameter. System (23] is supplemented by the divergence constraints
divH=divE =0

on the initial data. The plasma variables are connected with the vacuum magnetic and
electric fields on the interface I'(¢) through the relations [7,,9]

c=v-N, [¢=0, B-N=H-N=0, NxE=v(v-N)H onI(t), (2.4)

where o denotes the velocity of propagation of the interface I'(t), N is a normal vector
and [q] = q|r — %|H|‘2F + %|E|‘2F is the jump of the total pressure across the interface.
We consider the case of two space dimensions and write

vV = (Ul,UQ)T, B = (Bl,BQ)T.
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In the (three-dimensional) Maxwell equations (2.3)) we assume that
H = (Hy, Hy,0)"

and that there is no dependence of H on the third space variable z3. It follows from
23) that E takes the form

E=(0,0,E)7,
and the Maxwell equations reduce to
vO,Hy + 02 FE =0,

vOiHy —01E =0, (2.5)
vOyE — O1Hy + 02H1 =0,

under the constraint

O1Hy +05Hy =0
on the initial data. From now on we write

H = (Hy,Hy)",

hoping that this small abuse of notation will create no confusion for the reader.
Let us assume that the moving interface I'(¢) takes the form

L(t) = {(z1,22) €R?, 5 = ((21,1)},

where ¢ € [0,T]. Then we have Q*(t) = {z2 = ((x1,t)}. With our parametrization of
I'(t), the boundary conditions (24]) at the interface reduce to

#C=v-N, q=3i(H}+H;-E?),
(2.6)
B-N=0, H-N=0, E-vd(H, =0 on I(t),

where N = (—01¢, 1).
A stationary solution of ([22), (ZH]), ([2:6]) with interface located at {zo = 0} is given
by the constant states

vi=(,07",  B’=(B,0)",
1
H® = (H7,0)",  E"=0, ¢ =g(H)"

We will consider the propagation of surface waves that are localized near the interface.
The corresponding solutions must satisfy the decay conditions

lim (V,B,q) = UO = (U?7073?707q0)7

To—+00

lim (H,E)=V°=(H?0,0).

To—>—00
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PLASMA-VACUUM INTERFACE 717

3. The asymptotic expansion. As in [I] we suppose that the perturbed interface
has a slope of the order e, where ¢ is a small parameter. With respect to dimensionless
variables in which the wavelength of the perturbation and the velocity of the surface wave
are of the order one, the time scale for quadratically nonlinear effects to significantly alter
the wave profile is of the order e~1. We therefore introduce a “slow” time variable 7 = et.
We also introduce a spatial variable § = 27 — At in a reference frame moving with the
surface wave. Here, ) is the linearized phase velocity of the wave, which we will determine
as part of the solution.

We write the perturbed location of the interface as

To = 5(,0(9, 5 5),
and define a new independent variable,
=22 — 5@(9a7; 6)7

so that the perturbed interface is located at n = 0. We look for an asymptotic expansion
of the solution U = (v, B, q)T, V = (H, E)T and ¢ as € — 0 of the form

UO,n,7:6) =U° +eUD(0,9,7) + U (0,m,7) + O(®),  1>0,

V(@,n,1e) =VO+eVD(O,n,7)+2VE(0,n,7) + O(e?), n <0, (3.1)

0(0,7;¢) = (0, 7) + 9 (0,7) + O(e?).

We expand the partial derivatives with respect to the original time and space variables
as

O = —A\0g + (07 + Appdy)) — 20,0y,

ax1 = 89 - 8‘)098777

Oz, = Oy.
We substitute these expansions in (2Z2)), (23], Taylor expand the result with respect to
¢ and equate coefficients of ! and €2 to zero. In the interior the asymptotic solution
satisfies at the first order:

0
(A — 099 4 BY9y B — (;) ¢V =0,

n
3.2
(/\ - 1}(1))893(1) + Bgag’l}(l) =0, ( )
8911%1) + &,vél) =0, for n > 0,
v HY —0,EW =0,
VA HSY + 8,EMW =0, (3.3)

VA EW + 89H2(1) - 877H£1) =0, for n < 0.
We expand the jump conditions in (28], with ¢ = ep, and equate coefficients of e* and
€2 to zero. We find that the solutions satisfy at the first order the jump conditions
(A — D)) + vél) =0,
BloppM — BV =0,  HYpeM — HY =0 (3.4)
109p 2 ) 1009 2 ) :
¢V = H?Hl(l) , EW 4 v H?9y0M =0, for n = 0.
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At the second order we obtain

0,
(A —v9)9pv® + B9y B2 — < 9) q® =pi,

m
3.5
(A= 19)9B@ 4 BY9yv® = py, (3:5)
—891152) — 8,,1152) =p3, for n > 0,
VA HP — 5, E@ =p) |
VA HSY + 9 E@ = ply | (3.6)
VA B + 39H2(2) - (’9nH1(2) =, for n <0,
and the jump conditions
(A= v))0pp® + 0 =1,
B?&@QD(Q) - B£2) =T2, H?@@QD(Q) - H2(2) =Ts, (37)
¢ - H?H?) =7y, E® 4 V)\Hfaggp@) =ry, for n =0,

where we have denoted
p1 = (0, + )\goél)ﬁn)v(l) + (v§1)ag + vél)&] — v?cpél)&])v(l)

(1) (1) 0 Wavra [ ©50,qM
—(BMay + BLo, — BYoMa,) BO — 5 ,
p2 = (0- + A‘P((al)an)B(l) + (”%1)89 + vél)ﬁn - U?‘Pél)an)B(l)

~(B{"8 + B0, — BYo5V0,)00) | py =~V a,0iY
Py = (0, + ApSV o) HSY + oMo, EW |
=v(0; + /\@él)an)E(l) + ‘Pél)anHél) )

ry = (0 + 0V p)M) | ry = —BM g |

. 1
rs = —H{" ooV, ra= 5 (IHOP - (EO))

Ty = —V)\Hfl)agcp(l) + VHloaTcp(l) .
In the rest of the paper we solve equations (B.2)—(31).

4. The first order equations. Introducing the Fourier transforms

N 1 +oo )
UM (kyn,7) = 5 / UW(@,n,7)e " a0,
iy

— 00

. 1 oo .
V(l)(k777)7-) = 5= V(l) (eaan)e_Zkadea
2 J_ o
A(1) L[ —iko
¥ (ka T) = % ¥ (07 7-)6 dea
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and Fourier transforming (3.:2)—(3.4) with respect to 8, we find the equations

. ik
(A= oD)iko™ + ik B BW) — <; ) g =0,

R K 4.1
(A —0)ikBM + kB =0, (4.1)
ikol" + 0,0 =0, for n > 0,
vAikH" —0,E® =0,
vXikHSY 4+ ikEW =0, (4.2)
vAikED + kA — 9, A =0, for n < 0,
(A —0)ikp™ +a8Y =0,
ikBYW — B =0,  ikHYPW — M =0, (4.3)
W =HAD,  EW 4 uaikH)W =0, for n = 0.
Let us first consider problem (1), which we write in the fornf?]
ik AU®M + Bo, UM =0, (4.4)
where the real symmetric matrices A, B are defined by
A—10 0 BY 0 -1 0 0 00 0
0 A—20 0 B 0 0 0 00 -1
A=| BY 0 A—0 0 o, B=]0 0 00 0
0 BY? 0 A= 0 0 0 00 0
-1 0 0 0 0 0 -1 0 0 0

As in [I] we compute an eigenvector R from (i.4 — B)R = 0. After a convenient choice
of normalization, this eigenvector is given explicitly by

R=0\-10i(A=29),-BY, —iBy )T, where d = (A — )2 — (BY)% (4.5)
The general solution of (4] is
U (k,n,7) = a(k, 7)e ™R + b(k, 7)e" R,

where a(k,7) and b(k, ) are arbitrary complex-valued functions, and the bar denotes a
complex conjugate. The condition (Z7) at infinity implies

lim UM (k =0: 4.
im0 (k9 7) = 0 (4.6)
then we find
N k —knR, if k>0,
0O (h, g, 7) = e 1 (47)
b(k,7)e* R, if £ <0.

Let us consider now problem (&2]) for n < 0. Here we must work differently than
before. From the second equation in (@2, ﬁz(l) = —EM /), and substituting in the
other equations of ([@2]) we get

2EW + k2(12\2 - 1)EW = 0. (4.8)

2The choice of the symmetric form of equations (22)), rather than the conservative form (ZI) as in
[1l, reflects a different definition of the matrices A, B and partly simplifies the following resolution.
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In order to have

lim VO (k,n,7)=0 (4.9)
n——o0
(obtained from (27))), we need to prescribe in (L8]
VA < 1. (4.10)
The general solution of (8] is
ED (k,n,7) = alk, 7)e” ™ 4 5k, 7)e 7D, (411)

where a(k,7) and B(k, 7) are arbitrary complex-valued functions and
o(A) =1 -v2x2,
From ([{2), @II) the general solutions for the other unknowns are
1:11(1)(1@‘,77, T) = @ {a(k, 7)e? Nkn _ B(k‘,T)e_"()‘)k”} ,

Fr(1) ' /} a(Nk —a(N\)k (4.12)
Hy (k,n,7) = =% {alk,T)e NEn 4 Bk, 7)e=™) .
Finally, imposing the condition (£9) at infinity to (£I1)), (£I2]) we find that
—io(\)/vA
alk,m)e”Mrn | _1/un |, ifk>0,
1
VO (k,n, 1) = (4.13)
io(N\)/vA
Bk, m)e W _1/ux |, ifk<0.
1

Next, we use the solutions [{1), (£I3) in the jump conditions [@3)). First we consider
the case k > 0. Under the assumption A —v{ # 0 or By # 0, the resulting equations may
be written as a linear system for the unknowns (a, o, kp():

1 0 1 a
0 1 ivAHY e =0. (4.14)
d ioc(\)H?/vA 0 ko)

This system has a nontrivial solution if
d=(A=10)? = (B))? = (H{)*o (). (4.15)
We discuss the possible real roots A of (L1 that also satisfy ([@I0).

LEMMA 4.1. (1) If |BY] > |v9] 4+ 1/v, equation ([#IH) does not have any real root.

(2) If |BY| = |v9] + 1/v, for all |[H?| > 0 and v # O there exists one real root
A= —sgn(v?)/v. If v) = 0, then A = +£1/v. Thus in any case |A\| = 1/v.

(3) If 09 = 1/v < |BY| < |v?| +1/v, for all |[HY| > 0 there exist one or two real roots
A of [@I3) such that |A| < 1/v.

(4) If |BY| < [v9| — 1/v, there exists H* > 0 such that, for all |H?| > H*, there exist
two real roots A of ([@I5) such that |\| < 1/v (coincident roots if |HY| = H*); if
|HY| < H* ([&I5) does not have any real root.
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Observe that for all such [A\| < 1/v, from ([IH) there holds A # v? and A # v) & BY,
ie. d#0.

Proof. The roots of ({15 are given by the points of intersection in the plane A,y of
the parabola y = (A — v9)? — (BY)? with the half-ellipse v2)\? + y?/(H{)* = 1,y > 0.
Considering all possible cases gives the proof of the lemma. |

We choose A to be one of the values found in Lemma [l such that |A| < 1/v, that is,
satisfying ([AI0). The solution of (A1) is then

a=—kpM,  a=—-vAHYkD  ifk>0. (4.16)
For k < 0 we proceed in a similar way, solving an algebraic system for the unknowns
(b, B, kpM):
-1 0 1 b
0 1 iV/\H10 I} =0. (4.17)
d —ic(N)HY/uX 0 koM

This system has a nontrivial solution under the same condition (£I5). The solution of
(I7) is then
b= koW, B =—-vAHYikp®M)  ifk<O. (4.18)

Summarizing these results, we have shown that when A satisfies (£13]), the solutions of

EI)-@3), @), @9) are given by

. —|k|eM™ (k, 7)e *R, if k>0,
OO (o, 7) = 4 Rl (R m)e ] ' (4.19)
—|k|eM (k, T)eF R, if k<0,
X —o(A)|k|
VO (k,n, 1) = HYQW (k, 7)ec NIk ik . (4.20)
—ivk

These solutions depend on the unknown function ¢ (k,7), which describes the profile
of the surface wave. By imposing solvability conditions on the equations for the second
order corrections to this first order solution [@I9), [20), we will derive an evolution
equation for the function ¢ (k, 7).

5. The second order equations. Introducing the Fourier transforms

. 1 [T .
0@ bnr) =5 [ VO 6.0 M,
™ — 00
. 1 [T :
VO ) = 5 [ VO s
™ — 00
A (2) R Y Bl —iko
¥ (kaT) - 2_ 12 (977-)6 g
™ — 00
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and Fourier transforming (B.3)—(3.7) with respect to 8, we find the equations

. ik
(A —vD)ikt@ +ikBYB®) — (; ) ¢® = py,

n
) 5.1
(A —v9)ikB® 4+ ikBYo®?) = py (5-1)
—ikt\® — 0,887 = ps forn >0,
vikH® — 0, E® = p |
vNikHSD +ikE® = p, (5.2)
vNKE® 1+ ikHP — 0,H® = pl, for n <0,
(A —10)ikp® + 682 =7y |
kB — BY =7y, ikHY® — HY =7y, (53)

@» —HYAE® =¢y,  E® 4 i kHYP® =iy forn=0.
5.1. The second order equations in the plasma region. Let us first consider problem
(BID), which we write in the form

ik AU® + Bo,UR =p. (5.4)
From (Z7), the solution of (B4]) must satisfy the decay condition
ngrfoo U (k,n,7)=0. (5.5)
In order to solve (&4), (55, as in [I] we introduce a left eigenvector L such that
L-(tiA-B)=0,
normalized by
L-BR=L -BR=1. (5.6)
It follows from the equations satisfied by L, R that
L-BR=L-BR=0. (5.7)
We compute L and obtain .
~TEan
We also introduce a linear subspace consisting of the vectors S such that
L-BS=L-BS=0. (5.8)

This subspace is complementary to the subspace spanned by {R,R}. We look for a
solution of (&) in the form

U (k,n,7) =S(k,n,7) + alk,n, 7R+ b(k,n, "R, (5.9)

where S satisfies (5.8). We will solve for the vector-valued function S and the scalar
functions a, b. Substituting (5.9) in (54) gives

ik AS + B9,S + (9,a + ka)BR + (9,b — kb)BR = p. (5.10)
Left multiplying (5.I0) by L and L and using (5.7)), (5.8), we find the equations
Opa+ka=L-p, Opb—kb=L-p,
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whose solutions are given by

n /
a(ka 7777—) = e—kﬁ (CLO(va) + / L ﬁ(ka 77/) 7—)61”] dn/) ) (511)
0
n— ’
bk, 7, 7) = <bo(k,7) + [Tt e dn’) , (5.12)
0

where ag(k, 7),bo(k, ) are arbitrary functions of integration, which will be chosen later.
Next, we solve (B.I0) for S. From (B.)), vectors S of the above linear subspace have
the form
S = (51,0, 53,54,0)7,
with arbitrary components S1,S3,54. We introduce vectors L;, with j = 1,3,4, such
that

L;-BR=L;-BR=0, iL;-AS=S;. (5.13)
They are given explicitly by
1 1
Ly = 5 (~iA - 19),0,iB%,0,0)" ,  Lg= 5 (iBY.0,—i(x - 9),0,0)7

; T
L,=10,0,0,——,0 .
4 ( sy Uy Yy N\ — ,U(1)7 )
Left multiplying (5.10) by L; and using (&.I3)) give
1

Sj:ELj-p, for j =1,3,4.
Thus the solution for S is given byﬁ
T
1 1 1
= 2Ly -%.0. ZLa - 5. =L4-5.0) . 5.14
S <l€L1 p707kL3 p7kL4 D, ) ( )

We compute the Fourier transform of the right-hand sides of (51). For p; = (p11, p12)
we have

ﬁll(kv , T) = _()‘ - U(l))‘k|ei‘k|n¢5-1)(ka T)

—+oo
—id [ k= (k= o] - e IR0 - g0 e at

Pra(k,n, 7) = i(A — o)) ke MG (K, 7)

+oo
n d/ (k= 0)e)0] (e—<|k—e|+\e|>n _ e—wm) S0 (k= e (0) de

—00
+oo
- d/ e — 0] 26— R=EHDR S (1 — 05D (1) de
disregarding in the integrals the dependence on 7, for the sake of simplicity. For py =
(P21, p22) and p3 we obtain

a1 (k,n, 7) = BY|kle” FngD (k, 7)

3The simpler form of S in (5I4)), with respect to (6.16) in [I], seems due to the choice of the symmetric
form of equations ([22)) instead of the conservative form (ZI).
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paz(k,n,7) = iBYke "M (&, 7)

+oo

Pylkon7) = —i(A — o) / (k— 0) 20 (1 — 0™ (6) dr.

It follows that

(A —v9)* + (B}
2d(\ —v9)

2
L. plk ) = i I (k= ke e (k, 7)

1 [T i ) A
+§/ C{lk — €|k — €] = [€]) + |k — €] — (k — 0)]e|} e~ F=HHIEDnGD (1 — )M (0)de

*3 / k= 01000+ 0 ek - 00O de, (5.15)

— 00

- ] )\—’UO 2+ BO 2 B )
Lk, 7) = i O 7 G pyeting 1 )

2d(A — o))
1 [t (ke R R
by = k= = )+ k= € = (k= )} e F DT e )5 ()
1 e Lin ~(1 1
g [ =0l 10e M- 00O dt, (5.10)
and

) ) )\—UO 2_|_ BO 2 _ A
Ly (k. 7) = i 0D B mwing, 7)

~(A =) [T k= O£ ([ — €] = [e])em (=EEDneM (k — 0)pM (¢) e,

X 2iBY(\ — v Zlklm
Ly - (k1. 7) = ~ DA =) o ing) 1, ) (5.17)

+BY [Tk — 0] £ (|k — €] — |¢])e= F=tH1EmeM) (1 — £)pM (£) e,

R BY —lkln
L4 : p(k77777—) = A —1’UO ke |k\nw$1) (kaT) .
1

The expressions obtained in (BI8)-(E1T) are to be inserted in (511), (512), (BI4) to
give a, b, S.

In order to verify the decay condition (55) for U2 (k,n, ), given by (5.9), we first no-
tice that S(k,n,7) depends on n only through the exponentials of —|k|n and

—(|k = £] + |£])n (see (&I and (EIT)), so that
lim S(k,n,7)=0.

n—+o00
Thus U@ (k, 7, 7) satisfies (5.5) if and only if
lim a(k,n,7)=0, (5.18)

n—+00

lim b(k,n,7)=0. (5.19)
n—+00
From (GI1), (12), (GI5), (5I0), condition (5.I8) is automatically satisfied if k& > 0,

and (5.19) is automatically satisfied if £ < 0. It follows that ao remains undetermined
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for k > 0, and by remains undetermined for k¥ < 0. Instead, (E18), (519) may be used
to determine ag if k < 0, and by if k > 0, as functions of »(*) through (E.I5), (5.16):

Foo R ’ 3 )\—’U BO
%%ﬂ:—A Lkl ) anf =i M&_J))¢>
1

_1/+ooe|k_££—(k—£)£|+k—€|(|k—€| )
2] [k — €]+ [k] + [¢]

(k,7)

D (k- 0)pM () de

LT =00+ :
S > (k — )™M (0) ae, fk<0, (520
Ay e R R RO (520)

too R ! 3 A—0 B N
otk =~ | Lm%ﬁﬁk“wd—ﬂ(ZdiU%” Ok, 7)
0 - Y1

P e - 0l ~ k- Ak~ - 10)
‘E/m PRy Dk - 0gb O

LT E&=0l0 =0 :
= W (k — 0)p™M (0) ae, fk>0. (521
vy | e 0ewar, (5.21)

5.2. The second order equations in a vacuum. Let us consider problem (5.2)) for n < 0.
From the second equation in (&.2]), ikﬁém = (py — ikE®) /v, and substituting in the
other equations of (B.2]) we get

RE® + k(12N —1)E® = —P, (5.22)
where
P = vikpy — tkph + Oyp} - (5.23)
We solve (5:22) with the decay condition
lim E®(k,n,7)=0 (5.24)

7n——00

(obtained from (27))), and (@I0). The general solution of (.22 is

EN (k,n,7) = o/ (k, 7)e” MM 4 B (k, 7)e 7 Vkn

1

0
— —o(N)IklIn—C|
WSS /_Ooe P(k,¢,7)d¢, (5.25)

where o/(k,7) and f8'(k,7) are arbitrary complex-valued functions. From (5.2)), (523)
the general solutions for the other unknowns are

(1) _oN sk TN .
Hy (kyn,m) = e (k,7)e B (k,7)e
1 0
—_—— —o(Nk|In—C] =)k
T SNk {/_we I P(k, ¢, 7)d¢ — e P(k,o,T)}

1

— 2
+ V)\ikpl(k’ 7777—) ’ (5 6)
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(1) _ 1 ok _ L —o(\kn
(k. 7) =~ (h, T)em R — o (k, 7)e

1

T 2wAklo(N) ——ph(k,n, 7). (5.27)

0
1
—eWIklIn—¢l p
| e (k) G+

Imposing the decay condition

lim V(Q)(k,n, 7)=0

n——00

o (B28)-(527)) yields that the solutions of (B.2]) are given by

U'();\)
V(Q)(k:,n, T) = (k 7)e’ a(A)kn _1,1_/\
1

{fi)oo e o WIKlln=Clg. P(k, ¢, 7) dC — e=oMNIkal P(k, 0, T)}

vik
+ ﬁ 1[0 oSl Pl ¢, ) de
Kl (V) O emo =< p(k, ¢, r) dC
—
0
_q(>)\\)
V@ (k) = B (k, )e ok [ L
1
1 0 c=aWIklIn—¢lg. P(k dC — ez ILP(k
o, P(k,(,7)d¢ —e” (k,0,7)
. e~ 7
BB o [ €7 O AP, ¢, 7)€
g
f,Ooo e~ NIkIn=A Pk, ¢, 1) d¢
ﬁﬁll
| oAbt | ifk<0. (529
0

Notice that we need to determine the arbitrary functions o' (k,7) if k¥ > 0, and 5’ (k,7)
if k <O0.
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Substituting ([@.20)) in the right-hand sides of (5.2)) gives

Bk, 7) = —vo (N HY|kleeW I 60 () )
+oo
+ivA(?A2 - 1)HY / (k — ) 2NN (1 — 1) oM () de,

D (k,n, 7) = ivHOke? W1k M) (k7). (5.30)

Py (k,m,7) = =i XHPke? VI 6 (1 )
“+o0
2 — l)o()\)Hf/ (k — £) £]£)e” V130 (1 — 0)p) (1) d,

— 00

and from here we also obtain

P(k,¢,7) = 20 N2 H)k?e? WIFIC o1 (), )
+oo
+ AN = 1o (N HY / (k2 — 02) €] e” DD (K — 0) M (0) de,  (5.31)

— 00

APk, ¢,7) = 20° N20(A\) HY k2 k| e VIEIC (D () 1)
“+oo
—ivA(2N? — 1)%{?/ (k2 — 02) BN (] — 0ypM (0) de.  (5.32)

— 00

Then we substitute (£30)—((32) in (B28), (G:29).

5.3. The second order jump conditions. The first-order solution depends on the un-
known function aﬁ(l)(k:,T), which describes the profile of the surface wave, while the
second order solution depends, in addition, on unknown functions ag(k, 7),bo(k, ) and
o (k,7),B8'(k,7). In this section we study the second order jump conditions. We show
that they reduce to a singular linear system of algebraic equations for (ag, by, o, 3, ng(z)),
where ¢)(k,7) is the Fourier transform of the second-order displacement of the inter-
face. Imposing solvability conditions on this system gives the evolution equation for the
function @) (k,7) that we seek.

Let us consider the jump conditions (B.3]), where we substitute the second order cor-
rections obtained in the previous sections.

Let us first assume k > 0, recalling that in this case we need to determine ag(k,7),

o/ (k,7) and ¢@ (k,7) (for k > 0). From 3), GI), GID), G14), GEID), G28), and
BE30)-([E32), evaluated at 7 = 0, we obtain the linear system

1 0 1 4
1 0 1 ag ’Iﬁé
0 1/vA iHY o | =17, (5.33)
d ic(\)HY/vA 0 kgp® i
0 1 ivAHY 75
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where we have set

A~

7‘1: 721+b07

_
i(A— oY)
1 BY

Al ~ 1 ~(1) b
T2 ’L'B? (T2+/\_U?@T>+ (U

HY 1 0
Ao,y L) NIk p(L d
T3 r3 + 2\ Pr 2]/)\“{}|U(>\) [ooe ( 7Ca7-) Ca

R . o) k .
7y = Py — bod — (H?)z% mwi”
N /0 " MY, Pk, ¢, 7) dC — P(k,0,7)
2ivra(N) Kk L o ¢S T T

LHDPOAN - 1) / = 0 20k — g0 (0 ae,

k —o
v 1 " eI
T5:7’5—m/_006 P(k,QT)dCa

with by given by (BZI). First of all we see that the first two lines of the matrix in the
left-hand side of (B33) are equal, and we can verify that 7} = #,. Moreover, the last row
of the matrix in (5.33) equals the third one multiplied by v\, and actually one verifies
that 75 = vA74. Thus (5:33) may be reduced to

1 0 1 ao f;
0 /v iHY o | =17 (5.34)
d ic(NHY/ux 0 k@) 7

The determinant of the matrix of this system is zero because of ([@IH), i.e. the equation
defining A. It is easily seen that the rank of this matrix is 2. Then, the linear system
(B34) is solvable if and only if the rank of the augmented matrix is also equal to 2, and
this is true if the following condition holds:

drly + iHY#) — i HYdr, = 0. (5.35)

Developing the terms in (.35]) we get the solvability condition

A= 2\ A(1) [T A(1) (1)
2 + ¢y (k) + i Ay (k, O (k= L,7)p (6,7)dl =0, k>0,
d a(A)? —
(5.36)
where we have denoted
_ k= Ak — € —[e) + (k= O)]¢] — |k — £]¢ n (k= O)¢[(e] -0
|k — €] + [k + ¢ k| + |€]

(k=) + a()\){ — kJ¢| + %((k 00— |k — em)} . (5.37)

A+(kj’€)

Thus, when k > 0, the system (5.34) is solvable if and only if ¢(!) satisfies equation
(B36]), and then the rank of the augmented matrix of the system is equal to 2. Given the
solution ™) of (5:36) we compute UM, V) from @IJ), @E20). Thus the leading-order
term of the asymptotic expansion is uniquely determined. From system (5.34]) we may
obtain ag, @’ in terms of an arbitrary second order wave profile $(?), and in turn 0(2), V@
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from (59), G10), G14), EI0), (528), and (530)-(G.32). The wave profile ¢(*) should

be determined by considering higher order terms of the asymptotic expansion; see [18§].
The case k < 0 is similar. Now we need to determine by (k, 1), 8'(k,7) and ¢ (k, )

(for k < 0). From (53), G9), G12), GI14), GI7) and (529)-(E32), evaluated at n = 0,

we obtain the linear system

-1 0 1 77
-1 0 1 bo 4
0 /v z'H{J B = f’3 , (5.38)
d —ic(\)HY /v 0 kg P
0 1 iz/)\H? f’g
where we have set

1

N/ A~

1_2(/\—11?)“ agp ,

R 1 N B (1

/2/: B? <T2+)\_ ?907-)>_a0

N _ _ 0 20()‘) ﬁA(l)

Ty =T4 (l()d (Hl) )\Z |k| T

HY 1
2w/\a()\) klk] | J_oo

+M/+w( — 020 (k- 0PN (0) e,

NI P(k, ¢, 7) dC — P(F, 0, T)}

— 00

with ag given by (5.20)). By similar arguments as before we show that the linear system
(E38) is solvable if and only if

drly, — i HY? — i HYdpY =
Expanding the terms we get the solvability condition

A—f 2\
9 51
( T+ U()‘)2> @7 (K, 7)

+o00
+¢/ A (k0D (k -, 7)pM (0, 7)db =0, k<0, (5.39)

where we have denoted
otk =tk =0~ |¢]) — (k — f)|f|+|k—f\5+(k—f)lfl(|€\+5)
[k — €] + [k +[{] k| + |¢]

~ (k= 0l + o ()] ~ kel - 1((k + 00— k-l } . (5.40)

A_(k,0) =

Given the solution $(!) of (5.39) we compute UM, V1) from @I9), (@20). From system
(B38) we may get by, 3 in terms of an arbltrary second order wave profile ¢, and

in turn U@, VA from (9), (12), (14), GI0) and (G29)-G32). Also for k < 0

the wave profile $®) should be determined by considering higher order terms of the
asymptotic expansion; see [I§].
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5.4. The kernel. The equations (5.30), (5.39) can be written in more compact form as
A=Y 2\
2 pM (k
( y +U(/\)2) @7 (k,7)

+oo
+i/ Ao(k, )W (k- 6, 7)eM(,7)de =0, Yk#0, (5.41)

—0o0

with
Ao(k,0) = Ao1(k, £) + Aoa(k, 0),

(k= O]~ k= 0¢ (k= 0lLle , o)) (k00— el ).

Ao (k, 0) = sgn(k){e

[k — 2] + k[ + [¢| k| + |€] 2

[k —l(k - -1e) | (k=0
Aga (k. €) = ¢ — (k= 0)t] = (V|| .
A A Ty T TR e A

The kernel Ag; (k,£) can also be written as
Aoy (K, €) = sgn(k) Aoy (k — £, ),
where
kle| —[k[e kel n a(A)
||+ [k + 0|+ 16 |k+L]+ ]|/ 2
On the other hand, the kernel Ag2(k,¢) can also be written as
Aoz (k, €) = sgn(k) Aga(k — £, ),

/~\01(ka£) =t

((k+2/z)1z— |M\).

where
i [kle(lk] — 1¢1) ke?
Roa(k, 0) = sgn(k + ¢ { +
oo, ) = senlc O B W ] T R
Moreover, the kernel Ag; (k,0) + Aog(k7£) can be equivalently replaced in the integral
equation (A1) by the symmetrized kernel

— kil = (N +0)[e]}

- 1 /- - - -

Ak, 0) = 3 (Am(k, 0) + Roy (€, k) + Ao (K, £) + Apa(¢, k)) , (5.42)
because the antisymmetric part of Ag; + Agy gives a vanishing integral. Thus we can
write (541 as

A=Y 2\
2 M (k
(25 + o) #6m

+oo
+ i sgn(k) / Ak—0,0M(k—0,7)eM (0, 7)dl =0, Vk#0, (5.43)

—0o0

where the kernel A in (543) is explicitly given by

. Le(k=0(kle—ke) kel k|l .
Ak, l) == — — M+ +kl—\kl
0 = U r e ol Ao ()
1 (Ik| = [£])([k|] ¢ — K| £]) k¢?
— k+7¢
+ granli+ 0 el + T e aT1
K2/

T r e R = oG+ (k] + \e|)}. (5.44)
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First of all we verify that the kernel A satisfies the following properties:

Ak, ) = A(L, k) (symmetry),
]\(k7 f) = A(_ku _6) (reality), (545)
A(ak,af) = o®A(k, €) Ya>0 (homogeneity).
Considering some particular cases we can considerably simplify A as follows:
~ -1 M)kl ifk>0,0>0
Aoy = { AT =0 e =0, (5.46)
(I+aoN)e(k+2) iftk+¢>0,0<0,

where the values of A in other regions of the (k,£)-plane follow from (545, (5.46). A
can be written in a different way as

~ 2|k + ¢ k| |£]
Ak, 0) = —(1+o(\ .
k8 =~ o) e + 4
After an appropriate rescaling in time, we write (5.43]), (5.40) as
—+oo
¢M (k,7) + i sgn(k) / Ak— 6,08 (k—t,7) M (6, 7)dl=0,  Vk#0,
(5.47)
with the new kernel A defined by
2|k + £] | k| |£]
Ak, €) = : 5.48
(k. ) |k + £ + k| + €| (5.48)

Equations (47), (548) are well-known as they coincide with the amplitude equation
for nonlinear Rayleigh waves [10] and describe the propagation of surface waves on a
tangential discontinuity (current-vortex sheet) in incompressible MHD [I]. The spacial

form of (BA7), (548) is (see [210])
o + JH[®%go + il =0, @ =H[pM)],

where H denotes the Hilbert transform. After renaming of variables it becomes (L),
(L.8).

A is perhaps the simplest kernel arising for surface waves. It satisfies the properties
Ak, €) = A(¢, k) (symmetry), (5.49a

A(k, ) = A(—k, —0) (reality), (5.49b

Aok, al) = oAk, 0) Ya>0 (homogeneity), (5.49¢

Ak+14,—0) = Ak, 0) Yk, £ e R (Hamiltonian). (5.49d

)
)
)
)

The value 2 of the scaling exponent in ([5.49d) is consistent with the dimensional analysis
in [2] for surface waves. It is shown by Ali et al. [2] that (5.49d) is a sufficient condition
for (5.43), in addition to (5.49a)), (B.49L), to admit a Hamiltonian structure; see also

[IOL[IT]. Other results on equations of the form (5.47) are in the papers [4H6]13]14][18].

The results of Sections BHEl are summarized in the following theorem.

THEOREM 5.1. Assume that v9, BY, HY are as in (3) or (4) of Lemma ELT] and let A be
a real root of ([IH). Then the solutions U = (v,B,q)T, V = (H, E)T, ¢ of 22), &3),
[26) admit the asymptotic expansion ([B.I)), where the first order terms of the expansion
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are defined in (£I9), (£20), and the second order terms are found from (E9), (BIII),
GI12), EI4), BI7) and (5:28)—(E32). The location of the plasma-vacuum interface is

given by

2y =W (21 — M, et) + O(e2),
as € — 0, with t = O(¢~!) and X the linearized phase velocity of the surface wave. The
Fourier transform of the leading order perturbation ap(l)(H,T) satisfies the amplitude

equations (5.47), (&48).

We wish to stress that for the existence of surface waves propagating on the plasma-
vacuum interface, it is necessary to have a real root A of ([@I5)) satisfying ([@I0). This is
obtained if the basic state v{, B, HY is as in (3) or (4) of Lemma H1l

6. Noncanonical variables and well-posedness. As in [12] we introduce the non-
canonical dependent variable (6, 7) defined by

$(0,7) = 1062 M (0, 7), Pk, T) = [K[V2RW (K, 7).
Then rewriting equation (5.47) in terms of ¥ gives

~ +oo ~ ~
b (ky 7) —H’k/ Sth— 0,00k — £,7) D6, de =0,  VE£0, (6.1)
with kernel S given by
Ak, 0)
k)= —————. 2
We extend the definition of S by setting
S(k,0) =0 if k¢6=0. (6.3)

S obviously satisfies
S(k,0) =S¢, k) ( )
S(k,6) = S(=k, ) ( )
S(ak,al) = a'2S(k, ) Ya>0 (homogeneity), (6.4c)
( )

S(k+¢,—£)= S(k,?) Vk,l € R Hamiltonian). (6.4d

symmetry), (6.4a
reality), (

The corresponding spatial form of ([6.)) is
3#/’ + aGa(¢a 1/}) =0 ’ (65)

where the bilinear form a is defined by

— Foo . .
a(y, ) (k, 1) = / Sk —£,0)Y(k—£0,7) (L, T)de. (6.6)

(60) has the form of a nonlocal Burgers equation, like (2.8) in [12] or (1.1) in [3].

We consider the initial value problem for the noncanonical equations (G.3]), (6.6),
supplemented by an initial condition

$(6,0) = ¢o(0). (6.7)
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The well-posedness of ([GI)—-([6.7) easily follows by adapting the proof of Hunter [12]
(given for the periodic setting) to our case.

THEOREM 6.1. For any ¢y € H*(R), s > 2, the initial value problem (E5)—(67) has a
unique local solution

¢ € C(I; H*(R)) N C'(I; H*~'(R))
defined on the time interval I = (=7, 7), where

1
Te = 1-2/s 2/s  °
K |[9oll 2oy 1ol3r )

(6.8)

for a suitable constant K.

The well-posedness result of Theorem [G.1] may be easily recast as a similar result for

G.A47), (B.43).

For the proof we need to introduce the homogeneous space H *(R),
. +m ~
HS(R):{w:R—ﬂR : / |k;|25|1p(k;)|2dk<—|—oo}.

As inner product and norm in H?®, we use@

+o0 R R +o00 . 1/2
ety = [ IR0 d ||w||s=(/ |k|28|w<k>2dk) |

In particular we have

too 1/2
ll ey = Ibllo = ( / w<k>|2dk) .

As a norm of H*(R) we take

1/2

+o0 .
oo = ([ 0+ 1) W ar

— 00

Proof of Theorem 6.1l We prove an a priori estimate for the solution. The first part
of the proof is as in [I2], but we repeat it for the convenience of the reader. Assuming
that we have a sufficiently smooth solution %, from (G.5]), (6.6) we compute for s > 0,

d [T P
o |-k i

”i// kIKI**S(k = £,0) (k= £,7) (6, 7) d(—k,7)dedk = 0. (6.9)
R2

41f ¢ is real, then (k) = ¢(—k).
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By change of variables and the cyclic symmetry of S(k, ¢) we prove
% //R KIRZ S (k — £, 0) bk — £,7) (0, 7) b(—k, 7) de dk
=2 //R (k= Ok —02S(k — £,0) Yk — €, 7) (0, 7) (—k, 7) de dk
=2 //R P2 S(k — 0,0) Gk — €, 7) D0, 7) h(—k, ) de dk

= %// (k|K|% = (k — O)[k — €]** — €]¢]%) S(k — £, ) (k — £,7) (L, 7) b(—k, T)dldk.
R2
(6.10)
From the definition (548)), ([6.2]) it follows that

|S(k — £,0)] < min{|k|*/2, |k — £'/2,]¢)"/}. (6.11)
Assuming s > 0, we may apply the estimate (5.2) in [12]:

|K[K? = (k = O)[k = £ = £0]>*| < Cs (|K|°[k = £°|€] + [K|°[k = £][€]° + [E|lk — €]°[¢]°) .
(6.12)
From ([G9)—-(6.12), applying the appropriate bound on each term, we get
+o0 . R
[T wdd- i

§205K/Ikﬂk—fﬂﬂwﬂi%—%nﬁﬁwmwﬂ—hfﬂﬂdk-(GB)
R2

Using the Cauchy-Schwarz and Young’s inequalities gives

21 < 20111l 2 ey 1 (FI 121 * (1172 D L2y < 2CSII2 11120 £ ry -
(6.14)

Applying estimate (A1) for p=s —3/2 > 1/2,q = —3/2, yields
P2 1y < Cllolle™ > 0112/, (6.15)
and substituting in (IM) gives

2l <20C |0l |l 2. (6.16)

If s = 0, the last equality in (IE:IIII) shows that such double integral equals zero. It follows

fr()m (m) tha‘
l l 0 )

which gives |[¢()]lo = ||7,/10||0. Combining with (6I6) and simplifying the equation give

——WMH(M < CCullolle ™ 1135 (6.18)

Using Gronwall’s inequality, we deduce from (GI8]) the bound

[ 7)]

2004 1-2 2 e/
mms%mm(uJ7wwm$Wﬂ“ﬂr , (6.19)
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for |7| < 7. where 7, is given by (6.8). Given the a priori estimate (GI9]), the proof
proceeds by standard arguments; see [1522]. a
From the proof of Theorem we can also obtain the following blow-up criterion.

LEMMA 6.2. Under the assumptions of Theorem [6.] if v € C(0,T; H*(R)) with 0 <
T < +00 is a solution of (G.5]) such that

/OT (72 dr < +o0 (6.20)
for some s’ > 2, then v is continuable to a solution ¢ € C(0,7’; H*(R)) with 77 > T.
Proof. Applying estimate (AT for p = s’ —3/2 > 1/2,q = —3/2, yields
1P/l 1y < Cllolla™ I/,
and substituting in (614 gives
d
Pl

Combining with ([GI7) we readily obtain

< 2001 llg > 111/ 1112

1—-2/s’ 2/s’
< COllolle™ > 10I12/° 10112+ ) - (6.21)

Applying the Gronwall inequality with ([620]) gives the thesis. a

The thesis of Lemma can also be obtained by directly assuming [¢>/2¢) €
LY((0,T) x R), instead of ([6.20), as immediately follows from the Gronwall inequal-
ity applied to (6I4]). This second blow-up criterion is the analogue of that in [3] for a
homogeneous kernel of order 1/2.

d
pe

Appendix A.

LEMMA A.l. For all p,g € R, ¢ < 1/2 < p, there exists a positive constant C,, , such
that for all functions 1 € HPT3/2(R) N H9+3/2(R) the following holds:

‘||£‘3/2@Z’HL1(R) < Cp,q

Proof. For L > 0, we compute

el = |

le|<L

p—1/2 1/2—gq
K[ | (A1)

0] 9]6[3/2+a ) (6)) de + / 0Pl 1) e

o]>L

1/2 1/2
< ( / 102 dz> ( / |z|3“%<e>|2dz>
le|<L <L
1/2 1/2
4 ( / 102 dﬁ) ( / |£3+2p|¢3<£>|2d£>
[£|>L [¢|>L

< CoL' 2 llgrs/a + CoL 272|132,
where we have used the assumption ¢ < 1/2 < p. Choosing L such that

CoLY* [l gr3/2 = Cp L2293/
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gives (AT). O
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