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ABSTRACT. In this article we consider the Euler equations of an ideal incompressible
fluid in a 2D and 3D channel and we prove the existence and uniqueness of classical
solutions for all time for the 2D case and the local in time existence for the 3D case. For
the 2D case, the proof makes use of the Schauder fixed point, and specific properties of
the Green function in a channel are derived. For the 3D case, we use a priori estimates
on some appropriate Sobolev spaces and the existence of solution follows by the Galerkin
method.
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In this article we consider the Euler equations in a 2D and 3D channel with the non-
penetration boundary condition and we are interested in proving the existence and unique-

ness of the solutions.

The case of the 3D channel with nonhomogeneous boundary conditions will be consid-

ered in a companion paper [10].
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We mention here that the study of the Euler equations in various spaces with various
boundary conditions, is a problem of significant interest in mathematical physics. Let us
recall the pioneering work in this field of Kato [7], of Lichtenstein [8], of Wolibner [16],
and among more recent references the works of Beale, Kato and Majda [1], of Ebin and
Marsden [3], [4], of Temam [12], [11] and Vishik [14].

In this article we prove first the existence and uniqueness of classical solutions for
all time in a 2D channel corresponding to the nonpenetration condition in the direction
normal to the wall and space periodicity in the other direction. The proof extends that
of Kato [7] who considered the case of a bounded domain with regular boundary and
homogeneous boundary conditions. The form and the properties of the Green function for
a two dimensional channel with homogeneous Dirichlet boundary conditions are provided
in an Appendix.

We also prove the local existence of the solutions for the Euler equations in a 3D
channel. The idea is to obtain a priori estimates in certain Sobolev spaces and then, by
standard methods, we prove the existence and uniqueness of solution, locally in time.

2. EULER EQUATION IN A 2D CHANNEL

The Euler equation in a 2D channel o, = R x (0, L) considered here reads:

(2.1a) 6;—1;—i—(u-V)u—i—graudp:f,
(2.1b) div u =0,

where u = (uy,uz) is the two dimensional velocity of the fluid and p is the pressure. We
also consider Q = (0, L;) x (0, Lg), where L; is the period in the 0z; direction. For a
function given in €2, we denote by « its periodic extension to {2.,.

We supplement the system (2.1) with the initial condition:

(2.2) u(z,0) =up(z), Vel
The boundary conditions for this system are:
2.3) u-n=0only={xy=0, 25 = Ly},

and the functions are periodic in x;.

Remark 2.1. Because of the periodicity in the z; direction, it is convenient to introduce

the average of u; over €,
1

My, (1) = L /Qul(m,t) dQ,

U] = Uq — My, -

and we set

The average m,,, is determined explicitly in terms of the data. We write equation (2.1a)
for u; and integrate over Q. Integrating by parts and using (2.3), and the divergence-free
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condition, we obtain:

(2.4 S (t) = my (),

which leads to:
t
iy (8) =, [ g (5) .
0
By substitution to (2.1a), we find:
8111 _ 8711 8111 8’111 8p =
R T PR PR T

Since the quantity m,, is known, equation (2.5) has a behavior very similar to the
initial equation (2.1), so we can suppose from the beginning that we work with flows
having m,,, = 0.

(2.5)

The main result of the paper is the following:

Theorem 2.1. Let Ly, Ly, T be given positive and arbitrary, and let Q2 = (0, L) x (0, Ls).
Let ug be given such that its periodic extension Qg belongs to C1T*(Qu) and satisfies
div ig = 0 and Gig - n = 0 at x9 = 0 and x9 = Lo. Let £ be a given function on
Qr = Q x [0,T] such that its periodic extension £ on Quer = Quo x [0,T] belongs to
CH(Qur), with 0 < o < 1. Then there exists a unique solution (u,p) of problem
(2.1)-(2.83) such that:

u e C(Qr), Vp € C(Qr).

We recall here the definition of the Holder spaces and of their norms. The norm is
defined as:

(26) |f|a,QT = |f|0,QT + Ha?(f) + Hl?(f):

where | - 9., is the norm of C(Qr) and

HX(f)= sup  {|f(21,t) = f(xa, )| - [w1 — 22|},

T1,x2 € Q
te(0,T)

H{ (f) = sup {Uf(xtr) = fla,ta)] - [t — 2]}
e
tl,tze(O,T)

3. EXISTENCE AND UNIQUENESS OF THE SOLUTION FOR ALL TIME

In this section we prove Theorem 2.1 using an auxiliary independent result regarding
the properties of the Green function, proven in Section 3. The proof of existence of
solutions is based on Schauder’s fixed point theorem.
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We start by explaining the general plan of the proof, and give then the rigorous ar-
guments. We apply the curl operator to equation (2.1a) and we obtain the following
problems; for the vorticity the equation reads as:

(3.1a) g—j + (u- grad)w = curl f,

(3.1b) w is periodic in 1,

(3.1¢) w(z,0) = wo(z) = curl up;

and, for the velocity:

(3.2a) curl u = w,

(3.2b) div u =0,

(3.2¢) u is periodic in 1, u-n =0 at x5 = 0 and x5 = Lo,
(3.2d) My, = 0.

Note here that without the condition m,, = 0, the flow u would be determined up to
a constant.

3.1. The general approach and preliminary results. In this section we will show
that problem (3.1)—(3.2) is equivalent to (2.1)—(2.3) and we will find the solution u of
(3.1)-(3.2) as the fixed point of the mapping A defined below.

In order to define the mapping A, we start with a given function w® and determine a
function u' from (3.2); then, setting u = u' in (3.1), we find the vorticity w! from (3.1).
We thus define the function A by:

(3.3) A e%@Qr) — (@), AW) =w',

0<e<1

and, as mentioned before, we want to prove that A has a fixed point w which is the
solution of our problem (2.1).

Equation (3.1) is a first-order partial differential equation for w, which is equivalent to
solving the ordinary differential equation:

dx
(3.4) ar e
z(s) =y,

where 0 < s < ¢, = 2(t;y,s). The solutions of (3.4) are the streamlines (or the
trajectories) of the flow u.
Then the solution of (3.1) is determined from the formula:

(3.5) w(z(t;y,s),t) = wo(x(0;y,s)) + /0 curl f(z(t';y,s),t") dt’.
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For problem (3.2), we look for solutions of the form u = curl ¢ since div u = 0. We
thus need to determine ¢ as the solution of the equation —Ap = curl u = w, with ¢
periodic in z; and equal to zero on the boundary x5 = 0 and 25 = L, '. We find:

(3.6) u(z,t) = curl C,;/ G(z,y)w(y,t)dy,
Q

where G is the Green function of the Dirichlet problem for the channel. We recall here
some properties of the Green function we need to use and we give the proof in the Ap-
pendix (see Theorem 5.1):

(a) The Green function G is continuous on Q x €, except at z = .

(b) G has continuous first-order partial derivatives with respect to x, except at x =y,
in the neighborhood of which the following estimate holds:

(3.7) [DoG(x,y)| < Kl —y| ™.

(c) G is symmetrical in x and y.
We now study the behavior of the function u given by (3.6). The quasi-Lipschitz
condition satisfied by the velocity reads:

Lemma 3.1. Ifw € L*(Q), then the two following inequalities hold for every z, x’ in Q:

8a) lu(z)| < Kl|w|o,
(3.8b) lu(z) — u(2)| < Kllwllsox(|z — 2'),
where || - ||oo s the L>®(Q)-norm, K is a constant depending only on 2, not the same at

each occurrence, and the function x is:

{ r(1—1Inr), if r <1,

X =191 ifr> 1.

Proof. The proof for (3.8a) is easy since:
a(e)] = [ et 6o o) dy| < ol [ Jeurl Gl dy
Q Q
K
< |IWI|oo/ — dy < oo;
lz—yl
here we used the property (3.7) of the Green function G.

IConditions (3.2c) imply that ¢ = 0 at 25 = 0 and ¢ is constant at x5 = L. Condition (3.2d) implies
that this constant vanishes.
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In order to prove (3.8b), we set r = |z — 2'|. If r > 1, then:

(@) — u(@)] < @l / eurl LGz, y) — curl LG (2!, y)| dy
Q

1 1
< Kl f / o / oy} < Kol

If r < 1, we consider B = B(z, 2r) the ball centered at x of radius 2r and write:

/ lcurl ,G(x,y) — curl ,G(2',y)|dy = / |curl ,G(x,y) — curl ,G(2',y)|dy
0 QnB

(3.9)

(3.10)
+ / |curl ,G(x,y) — curl ,G(2',y)| dy.
O\B

For the first integral from (3.10), we use (3.7):

1 1
/ leurl .G (z,y) — curl ,G(2,y)|dy < K { + 13 } dy
QNB ang =yl |2/ —yl

dy + K

1

|z —y|<3r |LU, - y’

<K

dy

|e—y|<2r |LU - y|
S KQT‘.

In order to estimate the second integral from (3.10), we choose a particular point & =
Z(xz’) on the segment za’, such that:

/ lcurl ,G(x,y) — curl ,G(2',y)|dy = / |z — 2|V (ganycurl ;G(Z,y)|dy
O\B O\B
1

o5 [T —yl?
where V., is the derivative in the direction (z,2’). Since Z belongs to the segment za’
we see that for y outside the ball B, |z — y| > |z — y|/2 so the integral is bounded by:

<rK dy,

1
drK T dy <4ArK
O\B |z —y

where R is the diameter of the domain €.
Gathering the above relations we find (3.8b). O

dy < 8mrK log(R/2r),

2r<|z—y|<R |‘T - y|2

We need also to establish some regularity results for the function u given by (3.6). We
have:

Lemma 3.2. Let 0 < 3 < 1. Ifw € C?°Qyr), then u € C**%(Qrp) for any B < B. If
w € C*(Qr), then u € C*<(Qrp) for any ' < 8, € < e.

Proof. Since this result is a classical one, we do not give the proof here. For details, we
refer the interested reader to [7], [9] and the references herein. O
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We now need to study the existence of the fluid trajectories and their properties. Firstly,
we prove the following lemma:

Lemma 3.3. Let us consider the Cauchy problem in R™:

dx
(3.11) @ e,
x(0) = xo,

with b € C(R™ x [0,T]), uniformly bounded and satisfying the condition

where Ky is a positive constant independent of t and x is the function defined above.
Then problem (3.11) has a unique solution x = x(t).

Proof. The proof makes use of the usual Picard iterative method. We define:

t

(3.13) n(t) = a0 +/ b(n_i(s), 5) ds, 2o(t) = a0,
0

One can check that, for all r >0 and 0 < e < 1,

(3.14) X(r) < (=Ine)r +¢

we then compute:
2u(t) = Zaca(t |—|/ £ner(3),8) — b(Enos(s), 5) ds]
(3.15) < K, / 3120 (5) = Tn_s(5)]) ds

t
< K, / Leltn 1(s) — 2n_a(s)| ds + Koet,
0

where L, = —1Ine, for e < 1.
We iterate relation (3.15) and we obtain, for any 0 <t < 7T and n > 2 that:

Kkthk tn lKn 1Ln71
3.16 Tp(t) — Ty < CTe 0 < sup |z (t) — zol.
(B16)  Jralt) — aa(t) Z o sup o (1) = o

Since b is bounded, we have:
|x1(t) — o] < CT;

here C'is the bound of b, and in the sequel C' is a constant depending on the domain but
not on the initial data, which can vary at different occurrences. Choosing € = exp(—n)
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and a time T sufficiently small so that 1 — Ko7' > 1/2, (T < 1/2K,), we obtain (with
KO S C)
Tnnn—l

(3.17) [2n(t) — 2p—1(t)] < CT exp(—n/2) + C’"m.

Using the Stirling formula n™ < n!exp(Cn), we find:
(3.18) |2 (t) — 201 (8)] < CT exp(—n/2) + {CTe“}";

finally, choosing T small enough (more exactly such that CTe® < 1, and taking into
account the assumption above, we find T < min(1/2Ky,1/Ce%)) we see that |x,(t) —
Zn—1(t)| is bounded by the terms of a convergent geometrical series. This means that
{zn(t)}, for 0 < t < T, is a uniformly convergent Cauchy sequence. The limit z = x(¢) of
the sequence is a solution of equation (3.11). In the proof above the time 7" was imposed
small but it does not depend on the initial data x(, so the procedure can be iterated until
arriving at arbitrary large times.

The uniqueness of solutions is proven in a similar way. We consider two different
solutions z, y of equation (3.11) with the same initial data. We write the solutions z, y
in the integral form:

(3.19) y(t) = xo —|—/0 b(y(s),s)ds, x(t) = xg —|—/0 b(x(s),s)ds;

then the difference y(t) — x(t) satisfies:

ly(t) =z < [ |b(y(s),s) = bla(s), s)|ds < Ky tx(ly(S)—:v(S)Dds
(3.20) / /0

< K, L. / ly(s) — 2(s)| ds + Kote.
0
Applying the Gronwall lemma to the integral inequality (3.20), we find:

21 t < Kyt elolet,
(3:21) l8) (D) < ote + e

We take € = e~ and find:
1
(3.22) ly(t) — z(t)] < Kote™ + —e Kot
n

which implies that, for 7" chosen such that 1 — KoT' > 0, |x(t) — y(t)| is arbitrary small
so |z(t) — y(t)| = 0 on the interval (0,7"). Since T' chosen before does not depend on the
initial data, we can repeat the argument for arbitrary large times. This implies that the
solution is unique. O

Remark 3.1. Note that we can change ¢ to —t and solve problem (3.11) on the interval
[—T,0] if b is defined on the interval [-T,0]. In fact this means that we can also solve
problem (3.11) backward in time.
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With the above lemma, we can now prove that equation (3.4) is satisfied:

Lemma 3.4. The differential equation (3.4) has a unique global solution x(t;y, s), existing
for 0 <t <T, for any initial condition x(s) =y, where 0 < s < T and y € ().

Proof. The proof of this result is based on the previous lemma. Because of (3.8), the
property (3.12) is satisfied. The velocity u, given by (3.6), is a continuous function,
jointly in z and in ¢, by Lemma 3.2.

In order to conclude that equation (3.4) is satisfied, we need to prove that the trajec-
tories do not leave the domain because the velocity u is only acting inside the domain ).
Since u is periodic in the Ox;-direction, the problem appears only on the walls 2o = 0 and
Ty = LQ.

Let us prove that if a trajectory touches the boundary, then it remains there.

We take a point xy of the boundary, with 29, = 0. We consider the equation:

dz,
(3.23) dt

x1(8) = xo1,

= Ul(l'l(t), O, t),

and we see that the pair (x1(t),0) solves equation (3.4). Since the function u is in C}°(Q7),
the equation has a unique solution, which does not leave the domain; if the trajectory
touches the boundary, it stays there. 0

Lemma 3.5. Let x = x(t;y,s) be the solution of (3.4). Then x is continuously differen-
tiable as a function of the three variables. For s andt fized, the function x is a one-to-one,
measure preserving map of the domain into itself, with:

w(t;x(s;y,t),8) = x(t;y,1) =y,

z(s;x(ty,r), t) = x(s;y,7).

Proof. The properties follows from the theory of ordinary differential equations and from
the fact that div u = 0. The result is a classical one (also known as the Liouville theorem).

Note here that by z(t;y, s) with ¢ < s we understand the trajectory backward in time,
which exists as we mentioned in Remark 3.1. L]

(3.24)

Remark 3.2. The trajectories x(-) are periodic in x1, i.e. they satisfy the property:
x(tv n + L17 Y2, 8) = .flf(t, Y1, Y2, S) + (Lla O)

Proof. Using the fact that u is periodic in z;, we see that z(¢;y1,y2, s) + (L1,0) verifies
equation (3.4) with initial condition z(s) = (y; + Li,22). The result follows from the
uniqueness of the solution. 0

We also need to see in what sense the vorticity given by formula (3.5) is a solution of
equation (3.1). We prove the following result:
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Lemma 3.6. Ifwy € C(Q), curl f € C(Qr), then w is a weak solution of equation (3.1),
meaning that for every 1 € C1(2) we have:

(3.25) %(w, Y) = (curl £,¢) + (w,u - grad ).

Proof. From formula (3.5) we see that w can be written as:

(3.26) w(y,t) = wo(z(0;y,t)) + /0 curl f(z(t';y,t),t") dt’.

We write w = wy + wy where w; and wy are respectively the first and the second term in
the right-hand side of (3.26). We have, using Lemma 3.5:

B2 () = [ elel00. 0000y = [ ettt 0)d,
where we performed the change of variable ¢y = z(¢;y,0). Taking the derivative in time
of (3.27), which is legitimate, we find:
Flr) = [l ot 0)dy
(3.28) — [ ntp)gradita(ti p,0) - ulo(tiz.0).0) dy
- / wolw(0; ', 1))grade(y’) - u(y, 1) dy’ = (wr, u - grad ),

where on the last line we used the change of variable y = x(0; %/, ).
For the term in wy we write:
(3.29)

(wo, v //Curlf ',y t),t (y’)dy’dt':/t/ﬂcurl £y, )(x(t;y,t")) dy dt’.
0

Taking the derivative in time of (3.29), we find in the same way as before, that:

d

Glen) = [ el £y 0wl dy

(3:30) / / curl £(y, £)grad (a(t;y, ¢)) - u(a(t;y, ), ') dy At

=(curl f£,9) + (wg, u - grad ¥).

By gathering the results above, we find that w is indeed a weak solution of equation

(3.1). 0



EULER EQUATION IN A CHANNEL 11

3.2. A priori estimates. In this section we are interested in deducing some a priori
estimates for the velocity, the trajectories and the vorticity, in order to prove that we can
apply the fixed point theorem to the function A defined by (3.3).

The estimates for the velocity were already given in (3.8).

For the trajectories, we have the following estimates:

Lemma 3.7. Let x = z(t;y,s) be the solution of equation (5.4). Then the following
estimate holds for |y; — ya| < 1, |t1 —to] < 1, |81 — s2| < 1
(3.31) |z (tr5 91, 51) = 2(t2; Y, 52)| < C(W°) ([t = Lol + [y1 — 92| + [s1 = 52]°),

for a constant & less than 1, which depends on the L=(Qr) norm of W°.

Proof. (i) We start by deriving the Holder estimates in space. Let us consider two arbitrary
points y; and ys and the corresponding trajectories z(t;y1,s) and z(t;yq, ). Setting
2(t) = z(t;y1,8) — x(t; y2, 5), 2 satisfies the equation:

(3.32) % =u(z(t;y1,5),t) —u(z(t;ye, 8), 1),

Z(S) = Y1 — Y2

We assume that |y; — y2| < 1, which means |z(s)| < 1. Then, there exists a maximal
subinterval I in [0, 7] containing s such that |z(¢)| < 1 for all ¢ € I. Since z is a continuous
function, the interval I is open.

From (3.32) one can deduce, using (3.8b):

dz

S| = ety 9),0) = ue(t e, ), 0)
< K lloox(J2(t; 1, 5) — (t; 92, 5)])
= Cix(l=())),

where O} = K||w°||s. We also have

(3.34) 2] < (=),

since by Stampacchia’s Theorem (see e.g. [6]) we know that:
dlz(O]] _ 1dz(t)
(3.35) ‘ . ‘ — ‘ . ‘ ae..

In view of Lemma 3.8 below, we need the solution of the following ordinary differential
equation:

(3.33)

dm

I Cim(1 -1
(3.36) q — Cimd—lnm),

m(s) = |yl - ?/2\>
which is found to be m(t) = plmec1te™d lyr — y2|ecl<sft>.
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We can apply Lemma 3.8 below as long as m(t) < 1 and we obtain:

(3.37)  [2(1)] < e T gy — g T <efyr —

eclT

|601(S—t)

<1, for0<s,t<T,

if |[y1 —ya] < e” < 1.

The interval I coincides with [0, T]. Indeed, if I = (to,t;) with 0 < ¢y < t; < T is the
maximal interval containing s on which |z(¢)| < 1, then by the continuity of the solution,
we have:

(3.38) |2(t)] < ey — gl

This contradicts the maximality of the interval I.

Finally the restriction |y; —yo| < e=" < 1 can be removed by increasing the constant
Cs and thus (3.31) is valid for t; = t,, 51 = 89, |y1 — 42| < 1, and § = e~ KTl lle

(ii) We need to estimate the trajectories in ¢. Let us consider two arbitrary points ¢;
and to and the corresponding trajectories z(t1;y, s) and x(ts;y, s). Taking the difference
between these functions, we find:

to
’33(?51,@/, ) t2ay7 ‘_ |/ 7” Y, S 7 )dT’—/ U(.%'(T;y,S),T)dTl
3.39
(3.39) —|/ 2(riy,5),7) dr|

< [[ufloclts = 2| < Kl ucfts — ta,

—ls—t11C1

< 1.

where we used (3.8a) for the last inequality.

(iii) It now remains to estimate the trajectories in s. As before, let us consider two
arbitrary instants of time s; and sy and the corresponding trajectories z(t;y, s;) and
x(t;y, s2). We set a = x(t;y,s1), b = x(t;y, s2) and ¢ = z(s1;y, s2). Then, by Lemma 3.5,
we also know that b = x(¢; ¢, s1), and we find:

(3.40) la —b| = |z(t;y,s1) — x(t;y, s2)| = |x(t;y,81) — x(t;¢,81)] < C’g(wo)|y — c|5,

where for the last inequality we used (3.37) obtained at point (i); § = e=17.
Using now (3.39) from point (ii), we compute:

(3.41) ly — ¢ = [x(s2;, 52) — #(51;y, 52)| < Ca(w”)|s2 — 51/
Equations (3.40) and (3.41) lead to:
(3.42) [2(t;y, 51) — @ (tsy, 52)] < Ca(w”)]s1 — 82,

where § = e~ 417,

Taking into account (i), (ii) and (iii), we obtain:
(3.43) 2t 51, 1) — (a3 Yo, s2)| < Cs(w°) ([t — o] + |11 — 42]° + |51 — 52|%),
which proves the Lemma. 0

In the proof above, we used the following result borrowed from [9] (see Appendix 2.1):
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Lemma 3.8. Let u € C([0,T];R;) and let ¢ € C(R4,R,) be a nondecreasing function,
such that:

(3.44) u(t) < u(0)+ /t o(u(s))ds, t<T,
0
and let v = v(t) be the solution of the initial value problem:
d
(3.45) AT
v(0) = u(0).
Then:
(3.46) u(t) < wo(t) for any t € [0,T].

It remains to estimate the vorticity. For the vorticity, the following result holds:

Lemma 3.9. If w' = A(W°), wy € C¥(Q), f € C1H0(Qr), then the following inequalities

hold:
(3.47) W (2, )] < |lwolleo + T|curl £,
(3.48) wh (21, t1) — w' (22, 22)| < Co([|w°[|oo) (|21 — 22| + [t — 22]7),

for |1 — x| < 1, |ty — ta| < 1, where &' = ad, and 0 is the same as in Lemma 3.7.

Proof. Let us consider two points z; and x2 and the corresponding trajectories z(t; z1, s)
and z(t; x2, s). We find:

jwh (@1, 1) — w' (22, )| <wo(@(0;21,)) — wo(@(05 22, 1))

(3.49) t
+/ lcurl £(x(t';x1,1),t") — curl £(x(t'; zo,t), )| dt.
0

Since wy € C*(€2), we can estimate the first term of (3.49) as
jwo((0; 21, ) — wo(w(0; 2, 1))| < Hy (wo) (0 21, 1) — (05 22, )|
< H3 (wo)Cs (W) |1 — 2o|*?,

where in the last inequality we made use of Lemma 3.7.
For the second term we use the fact that curl f € C*%(Qr) and find:

/ jcurl (2 (¢ 21, 1), ) — curl £(z(s 20, £), ¢')] dt
(3.51) 0

(3.50)

/ H(curl £)|x(t'; 21, t) — z(t'; 29,1)|*dt’ < HY(curl £)|zy — 24| *T.

We then have, with the same ¢ as in Lemma 3.7:

(3.52) wh (21, 1) — W' (22, 1)] < C(|wolas |w°]|so, [curl £, T) a1 — 2]
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We also need to derive Holder estimates in time. Let us consider two arbitrary instants
of time ¢; and t,. We write:

(3.53) W' (y, t1) — w' (y, t2)| < I) + I,

where

(3.54) I = |wo(z(0;y,t1)) — wo(z(0;y,2))],

and
t1 to

(355  L—| / curl £(a(t y, 1), #) dt’ — / curl £(a(t: ), ta), #) A’
0 0

Using Lemma 3.7 and wy € C*(2), the term [; can be bounded as follows:
Iy < H (wo)|2(0; 9, 81) — (059, 12) |
< H3 (wo)Cs (w°) [t — ta]*.

Assuming t; < to, the term I, is also estimated as:

(3.56)

t1
I, S/ lcurl f(x(t';y,t1),t") — curl f(z(t';y,t2),t')|dt/
0

to
+ curl f(z(t;y, o), )| dt’
5 [ e (et 12.1)

t1
<H(curl f)/ lz(t';y,t1) — x(t';y, )| dt’ + [Jcur] || (t2 — t1)
0

< with(3.31) < C(||w°|lee, [curl flao) [t — t2]*.
Gathering the estimates for I; and Iy, we find:

(3.58) w!(y, t1) = w' (g, t2)| < CU|loos [wola, [curl £la0)tr — 2],
and we set ' = ad.
The lemma follows from (3.52) and (3.58). O
3.3. Application of the fixed point theorem. It follows from (3.47) that:
(3.59) lw! oo < llwolloo + T||curl f||o = M.

We define S as the subset of C(Qr) consisting of the functions w satisfying ||wllec < M
and

(3.60) w(z1, 1) — W@, ta)| < C(M) ([t — o] + |21 — 22",
when |z, — zo| < 1, |[t; — to] < 1; §” was obtained by replacing ||w°||s by M in the
definition of ¢’ and C (M) was obtained by the same manner from (3.48).

The set S is a convex compact subset of C(Q7) and the function A defined by (3.3)

maps the set S into itself.
In order to apply the the Schauder fixed point theorem, we observe the following:
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Lemma 3.10. The function A is continuous on S for the topology of C(Qr).

Proof. Consider a sequence w?, n € N and w°, all belonging to S and assume that w?
converges to w? in the topology of C(Qr). Lemma 3.1 implies that the corresponding u,
converge to u in the topology of C(Qr).

We need to study the behavior of the trajectories corresponding respectively to u,, and
u. We write, assuming s < ¢:

t
|z (tiy, s) — 2(ty, )] < / [ (zn(t5y,5), 1) —u(z(t'y, 5), t)] dt’
t
(3.61) < / lw, (z,(t'5y,s),t') —u,(x(t';y,s),t") | dt’
t
+ / un (2(t 9, 5),t') —u(a(t' y, 5), ¢')| dt"
For the last term in the right hand side of (3.61), we write:
t
(3.62) [ nlt53.9).0) = ulats ). 0] 4 < T, — e
Using (3.8) in the term J = fst |, (z,(t;y,8),t") —u,(x(t';y, s),t')|dt’, we obtain:

t
(3.63) JSmem/meﬁ%@—Mﬁ%@nw.

Using (3.14), we obtain an estimate similar to (3.15):
C'L.T

C'L.’

(3.64) 20 (t;y, ) — 2(t;y, 5)] < T([[u, —ullee + C'e)

where C” is a constant depending only on [|w°]|w.
Taking the limit when n — 0, we find:

v
ElCT

lim sup |z, (t;y,s) — x(t;y,s)| < C , Ve>0.

n—oo t7y75 €

For T small enough (T < C'"), this quantity is arbitrary small, so that, for n — co
(3.65) a8y, 8) — x(t;y, 8)] — 0,

uniformly in ¢, y and s. The argument can be extended for arbitrary large times because
C' depends only on the L*™ norm of wy.

Since w] = A(wW?) and w!' = A(w®), we find by (3.5) that w! converges to w' in the
topology of C(Qr). O

We can now apply the Schauder fixed point theorem, and conclude that there exists a
unique fixed point w € S of A, A(w) = w.
Since w € C%(Q7), we apply Lemma 3.2 and obtain u € C'*¢¢(Q2x [0, 7)) for 0 < € < §".
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Moreover, the following result holds true:
Lemma 3.11. The derivative in time of the velocity u ezists and belongs to C(Qr).

Proof. By the definition of u we have:
(3.66) u(t,z) = / curl G(z, y)w(y) dy.
Q

For the convenience of notation we set G(w) = [, G(z,y)w(y) dy; u = curl G(w).
For a function ¢ € C%(Q), v periodic in z, we have:

(3.67) (1,0) = (curl G(w), ) = (G(w), curl ¥) = (w, G(eurl ).
Taking the time derivative of (3.67) and using Lemma 3.6, we find:

Dyi(u,v) = Dy(w,G(curl ¥)) = (curl f,G(curl ¥)) + (w, u - grad G(curl ¥))
= (curl G(curl f),¢) + (w, u - grad G(curl ¥)).

It remains to estimate the second term from the right hand side of (3.68):

(3.69) (w,u-grad G(curl ¥)) = (uw, grad G(curl ¢)) = —(curl G(div (uw)), ),
where by G(div f) we understand the function which, for f € C1(Q), gives:

(3.70) G(div 1)(a) =~ | erad,Gla.y) - F(0)

(3.68)

For the details regarding the validity of the last relation in (3.69), we refer the interested
reader to [7] and the references herein.

We thus find:
(3.71) Diu = curl G(div (uw)) + curl G(curl ),
and the right-hand-side of (3.71) belongs to C(Qr). O

We also need to prove the existence of the pressure. This result is given by the following
Lemma:

Lemma 3.12. There exists a scalar function p € C*°(Qr) such that (u,p) is solution of
equation (2.1).

Proof. For a function 0 € C(Q), 6 periodic in x; with § = 0 at 2o = 0 and zy = Ly, we
write, using (3.25):

- Dy(u, curl §) = Dy(curl u, ) = (curl f,0) + (w,u - grad 0)

(3:72) = (f, curl 0) — ((u - grad) u, curl 6),

which can be also written as:

(3.73) (Diu+ (u-grad)u —f, curl §) = 0.
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We obtain, by the Hopf theorem, that there exists a function p € C1°(Q) such that:
(3.74) Diyu + (u-grad)u + gradp = f.
OJ

As we announced in Theorem 2.1, the solution (u,p) is unique. The proof of the
uniqueness is classical, one can chose two different solutions and taking the difference
between them, prove that the difference vanishes.

4. EULER EQUATION IN A 3D CHANNEL

As we already mentioned at the beginning of this article, in this section we prove
the existence and uniqueness of solution for the Euler equations in a three dimensional
channel. The proof extends the approach of Temam [12].

The Euler equation in a 3D channel Q. = R? x (0, L3) reads:

(4.1a) aa—ltl—l—(u-V)u—l—gradp:f,
(4.1b) div u = 0,

where u = (uq,u9, u3) is the velocity of the fluid and p is the pressure. As for the 2D
case, we also consider 2 = (0, L;) x (0, Ly) x (0, L3), where Ly, Ly are respectively the
periods in the Ox; and Ox, directions.

We supplement the system (4.1) with the following boundary conditions:
(42) U'I’IZOOHF3:{ZL’3:0, J]gZLg},

and the functions are periodic in x; and o,
where n is the outward normal on I's.

Remark 4.1. As for the 2D case, we can suppose that the horizontal velocity is of average
zero. However, taking into account the method adopted here, this does not represent a
simplification, and this hypothesis is not made here. See a different situation in [10].

We introduce here the following function spaces:

X, ={ve(H™Q)* divv=0,v-n=0onT;,

4.3 I 9
(4:3) a_;; = a—; fori=12j=1..m},
g o’
(4.4) H, = {v € (H™(Q)); a—; = 8—9; fori=12,j=1..m},

where m is a positive number.

The spaces X,, and H,, are endowed with the usual norm on H™, denoted here by
I - |- We recall that if m > 3/2 then H™ is an algebra for the pointwise multiplication
of functions.
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The main result of this section is:

Theorem 4.1. Let Ly, Lo, L3, T be given positive and arbitrary, and let Q@ = (0, Ly) X
(0, Ly) x (0, L3). For m >5/2, let ug be in X,, and £ in L*(0,¢; H,,). Then there exists
T, depending on the initial data, T, < T, and there exists a unique solution u and p of
problem (4.1) such that:

ue L>®0,T; X)), peL>®0,T; Hyyr)-

Remark 4.2. Theorem 4.1 is in fact valid in any space dimension, taking m > 1+ N/2,
where NN is the dimension of the space.

The proof of existence of solutions stated in Theorem 4.1 is based on a priori estimates.
It is useful to express the pressure p in terms of u, the result needed is given by the
following Lemma:

Lemma 4.1. If u and p satisfy (4.1), then:

(45&) Ap =div f — Z Diuijui,
2
0
(4.5b) 3_i =f-nonl;s,
(4.5¢) p periodic in x1 and .

Proof. Equation (4.5) is immediately obtained by applying the divergence operator to
both sides of (4.5a) and taking the scalar product of (4.5a) with n on I's. O

We can then estimate the pressure p in terms of u:
Lemma 4.2. If u and p satisfy (4.1), then for m > 5/2 the following estimate holds:
(4.6) lgradp(t)llm < er{IE@) | + ()7},
where ¢, 1s a constant depending only on m and €.

Proof. By classical regularity results for elliptic problems, we have:
(4.7) leradp(t)|lm < coflidiv £ = > Dyt Dyt s + |1 - 0l m-r /2,0 }-
2%

We need to estimate || Z” Diu;Dju;l|m—1. Since m > 5/2, H™ 1(Q) is an algebra, and:

(4.8) | Dsu; Djugl|m—1 < 2| Ditijl|m1[| Djtil|m—1,
and this leads to:
(4.9) 1Y~ Diu; Dj ||y < chllull2,.

2%
Using the trace theorem, we also have:
(4.10) 1 nl[n1/2,05 < [[£]lm.
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Estimate (4.6) then follows. O

We now derive the necessary estimates for the velocity.

A priori estimates for the velocity:

Let a be a multi-index, a = (a1, ag, as), a; € R, with |a| < m, where |a| = oy +as+as.
We apply the operator D* on each side of (4.1a). We then multiply the resulting equation
by D%u, integrate over Q2 and add these equations for |a| < m. We find:

3

(4.11) Sl = = 32w — (gradp, w) + (£, )

j=1 J
For the last term of (4.11), we have:
(£, @) < (Il [ 0l
For the second term from the right hand side of (4.11), we use (4.6) and we find:
(4.12) (gradp, w)m < [lgradpllm|fallm < cr{[If[lm + [all7,}alln.

It now remains to estimate the first term from the right hand side of (4.11). We set
Y =) ;u;0u/0x; and we write:

(4.13) ((u-V)u,u)y, = Y (D%, D).

laj<m

Applying the Leibnitz rule for ¢, we find:

. = (u - gra u -+ Ca u-gra “Fu.
(4.14) D) = (u-grad)D*u+ Y cas(D’u - grad)D* "

0<f<La

The contribution of the first term from (4.14) is zero, since u € X,,.

It remains to estimate the second term from (4.14):
| Y cap((D%a - grad) D Pu, D*u)
0<f<La

< Z |cas]|(DPu - grad) D*Pu| 2| D™u| 2.

0<a<pg

(4.15)

We will show that:
(4.16) |(DPu - grad) D> Pu| 2 < c|lul?,

We set g = DPu; and h = D;D*Pu; and we need to bound |gh|z2. We will use the
Sobolev embeddings H™(Q2) C L"(R2), where 1/r = 1/2—-m/3if m < 3/2,1 <r < o0
arbitrary if m = 3/2 and r = oo if m > 3/2.

We have:

(4.17) ge H"VP(Q) C L2(Q), glir < cllgllm-is < cllullm,
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and
(418)  he HUHANQ) € 19Q), Al < bl < cllulln

where p and ¢ are given by the Sobolev inclusion theorems.
If p or ¢ is infinite (we take for example p = oo, since the case ¢ = oo is similar), then:

ghlzz < lglelhls < cllullmlBlss < clfull,
If |B| = m — 3/2, then p > 1 is arbitrary. On the other hand,
m—|a|+ |8l —1=2m—|a|—5/2>m—5/2 >0,
so ¢ > 2 from the Sobolev embedding. Choosing p such that 1/2 = 1/p + 1/q, we write:
l9hlL2 < |glzelhlLe < cllull,.

We apply the same reasoning for the case m — |a| + |5 — 1 = 3/2, and we obtain
|ghlz2 < clull7,.
The last case we need to consider is when both p and ¢ are finite and given by:
1_L_m—f 1_1_m—lof+|fl-1
p 2 3 7 q 2 3 '
We then have 1/p + 1/q < 1/2, since m > 5/2 and |a| < m. We can apply the Hélder
inequality and find again |gh|.: < c||ul|?,.
At this point we can conclude that:

(4.19) (- V)u,u))m < clfully,.

Returning now to (4.11), we obtain the following a priori estimate:

1d
(4.20) 5l < cllall + cliEllmlfallm,
which implies that there exists a time T, with T, < T, depending on ||ug||,, and ||f]| such

that:
(4.21) a2, < 2lluellZ, Vt<Th.

The proof of the existence of solution is obtained by classical methods (Galerkin
method), following the same arguments as in [12]. As observed in [13], we need a regular-
ity result for the spectral Galerkin functions and this regularity result can be proved by
the methods used by Ghidaglia, see [5], as for the bounded case. The uniqueness of the
solution is standard.

Remark 4.3. The a priori estimate proved above can be improved by noticing that the
time T, depends only on the norm H? of ug but not on the higher norm H™ of the
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initial data ug. The new estimate leads us to the existence of C* solution for the Euler
equations. The main point in the proof is to use the following inequalities,

(4.22) |f9lr2) < al flaz@)lglz @),

' |falr2) < alflalgla @),

so that we obtain, instead of (4.19), the following estimate:
(4.23) (0 V)u,w)m < cfllull7llulls + [[allm[all5-:}-

For more details we refer the interested reader to [11].

5. APPENDIX: PROPERTIES OF THE (GREEN FUNCTION FOR A 2D CHANNEL

In order to prove the existence of solutions for the Euler equation, we must prove the
properties of the Green function, as stated in Theorem 5.1 below. We know that the
Green function depends on the form of the domain. In our case, as we will see, the Green
function can be written in terms of a series of trigonometric functions in x; and x,.

The Green function for the channel is the solution G = G(z,y) of the following system:

AG = 0(z —y) in §,
(5.1) G is periodic in the 0z direction,

G =0 at ro =0 and z9 = Lo,
where the Laplacian A operates in the x variable and y €  is fixed, ¢ is the Dirac
function on §2.

We will express the solution in terms of a series of spectral functions corresponding to
the eigenvalue problem:

AG+ MG =0in €,
(5.2) G is periodic in the 0x; direction,
G =0at xo =0 and 9 = Lo.
We classically solve (5.2) by separation of variables meaning that, for y fixed, we look
for G = G(x1,x2) = X(21)Y (22); we find that there exist a constant s such that:

X"+ (A—rHX =0,

(5.3) X(0) = X(Ly), X'(0) = X"(Ly),
and

Y(0) = Y(Ls) = 0.
The well-known solutions of (5.3) and (5.4) read:

:cl) + N cos (QZW
1

2
(5.5) X (1) = Msin ( Z”T 1), with m > 0,
1
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and

nmwx

(5.6) Y () = Psin(— 2) with n > 1;

2
as usual k? = (nm/Ly)? and A from relation (5.3) is:

2mm 2 nm
5.7 N, = (2T T
@ - Gy

From the computations above, we deduce that the eigenfunctions corresponding to the
eigenvalue problem (5.2) are:

)2, where m >0, n > 1.

(5.8) Gmn () = sin (2m7rx1) i (mmg)’ m>1,n>1,
Ly Ly
and
(5.9) Gmn(2) = cOS (27’2le) sin (mmz), m>0,n>1.
1 2

We then expand G in terms of these eigenfunctions:

(5'10) G(CL’, y) = Z Z am,n(yla yz)¢m,n($lv $2) + Z Z bm,n(ylv yZ)ém,n(aﬁv 552)'

m=1 n=1 m=0 n=1

The Dirac function 6(x — y) = 6(x; — 1) ® 0(z9 — y2) is also expanded as:

(5.11) d(z—y) = Z Z Cmn (Y15 Y2) P (21, T2) + Z Z A (Y15 y2)(/;m,n(xlv T3),

m=1 n=1 m=0 n=1

these series converging in the space of distributions (or measures). The ¢, ,, and d,,, are
computed as follows:

(57 ¢m,n) _ (bm,n d _ (;m,n
(Gmm Omn) — (Dms Gmn) " (G inn)
By elementary computations we find:
LL
(gbm,na ¢m,n) - 14 2a
~ ~ LL ~ ~ LL
(Dmns Pmn) = 14 2 when m > 0 and (Dmns Pmn) = 12 2 when m = 0.

(5.12) Com =

(5.13)

We now substitute these expressions of G and ¢ in the first equation (5.1) and identify
the coefficients (using the fact that Ay, , = A n®mn and Adp,n, = Ay n®mn). We find:

1 1

(5'14a) am,n(yla y2) = )\_Cm,n(yla y2) = )\_Qbm,n(ylva):
1 1 -

(5.14b) b (1, Y2) = A (Y1, Y2) = ~—Omn (Y1, Y2)-

)\m,n )\m,n
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Introducing these coefficients in (5.10), we obtain the following expansion of the Green
function G:

B g 4 1 2mm _ . MTTay . MYy
(5.15) G(z,y) = ZZemL1L2 - cos ( I (z1 —y1)) sin ( I, ) sin ( I, ),

m=0 n=1

where we define €, as being equal to 1 when m > 1 and to 1/2 when m = 0. From (5.15)
we notice that the function G is symmetrical in « and y. The double series in(5.15), is
convergent in the classical sense for x; # y; and x5 # yo. To prove the convergence of the
double series, we use a lemma of Hardy (see for example [2]), which we now recall:

Lemma 5.1. If in a double series ) au,, the partial sums S, , is bounded in absolute
value by a constant C' for all values of m and n, the double series ) Qp plm,, converges,
provided that the expressions

um,n - um+1,n7 um,n - um,n+17 um,n - um+1,n - um,nJrl + um+1,n+17

are all positive and that u,, , tends to zero as either m or n tends to oo.

We apply Lemma 5.1 with:

us . MNMTT2y . MNTY2
Oy = € COS Ty — sin sin
m,n m ( L ( 1 yl)) ( Ly ) ( Lo )’
1
Uppm, = .
m,n )\mm
One can easily check that the assumptions on w,,, are satisfied. For o, , we can also
see that:

"’ 2mm B . NTXy\ . NTYy ‘
‘m:mz;:n €m cos ( I (z1 — y1)) sin ( I, ) sin ( I, )
(5.16) T , s
_ mm B } nmTo\ . nmYs ‘ <C
)mzn:nemcos( I, (R yl))an%sm( I, )sm( I, ) <,
since Y2 €p cos (2mm(z1—y1)/L1) and Y02 sin (nwag/Lo) sin (nmys/ L) are bounded

for all my, mo, ny, ne, if x # y. In fact, by classical trigonometrical computations, we
recall that, for example, for m; > 1 we have:

- o sin (Lil(m2 —mi+ (@ —w)

Z CoS ( i (1 — yl)) = — COs (L_(ml +ma) (1 — y1))7
m=mj1 1 S (L_(ml - ?/1)) !

1
so, for x; # y; we have:
2 2mm 1
(5.17) oS (x1—11))| < .
& Ll
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By the same kind of reasoning, we find a bound for ) 2 sin (nzo/Ly) sin (nmys/Lo).

We now have this expression of G and we need to determine the properties of the Green
function in a channel, as stated in Theorem 5.1.

We write the Green function (5.15) as

G(z,y) ZZemL Lz/ e s ds)

m=0 n=1
2mm . NTTy\ . NTY
(5.18) cos ( I, (z1 —y1)) sin ( L22) sin ( L22)

:/ 61($1,y1,3)62($2,y2,3) dS,
0

where we used the expression (5.7) of A, , and where we have set:

o0

2 2 )
(5.19) O1(21,y1, 5) = L—lmzzoﬁm cos ( ZW(% — yy)) e Gmm/ L)
2 o
(5.20) Oa2(x2, Y2, 8) = L_ nz::l sin n7m:2 sm (nzfz)e—(m/b)zs
We will need below alternative expressions of #; and 5. For 6, we write:
2 o 2mm(z1 — 1) 2mm . 2
0 — 2N, cos ZMELT _
(21,91, ) I mZ::Oe cos I exp{ ( T ) 5}
- 2 — 2
5 3w LI ey { - (7))
(5.21) ) T , ,
mmi M2
- Q_le, OOeXp{ (w1 — 1) (L_l) s}
551 — Y1 — pL1)2
10s) 1/2 > exp { — —
p=—00

On the last line we used as argument the Jacobi imaginary transformation, since the
function 0(x1,y,s) is an elliptic theta-function. We recall that the Jacobi imaginary
transformation relates elliptic functions to other elliptic functions of the same type but
having different arguments. In our case we used the fact that, by the Jacobi imaginary
transform, the Jacobi theta function
o0
viz,r) = Z ei”"QeQ"”Z, with z € C,

n=—oo
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becomes:
v(z,r) = (—ir)_l/ze"/‘ZQ/”V(zr’,r’), where 7' = 1/r'.

For more details regarding the elliptic theta-functions and the Jacobi imaginary transfor-
mation, we refer the interested reader to Whittaker and Watson [15] (pp. 474-476 and
505).

For 65 we similarly obtain that:

(5.22)

2 <~ . nwry . nm N9
O2(x2, Y2, 5) = L_2 Zsm 7 2 sin L2yz exp{ — (L_z) 5}
n=1

2

1 N (xg — Yo — 2pL2)2} { (22 + yo — 2pLo)? }]
2(ms)1/? pz_:oo [exp { 4s P 4s '

We need to study the behavior of the Green function G, when p = |z —y| — 0. We
split the integral in (5.18) into two integrals:

(5.23) Ga,y) = GV (z,y) + G (z,y),
where

(5.24) G (z,y) = /01 01(z1,y1, 8)02(72, Y2, 5) ds,
and

(5.25) GA(z,y) = /100 01(z1,y1, $)02(xa, Y2, s) ds.

Using the expressions (5.19) and (5.20) of 6y, 65, the term G® is bounded by:

@ < ’ WX:O; EmL L2 / Amns s cos ZZW (x1 —yp) sin anZ sin HZJQ
Z 4 exp{—(3=)" — (%))

SSE Dl (i (p)

(5.26)

and the series from the right hand side of (5.26) is absolutely convergent.

It remains to study the behavior of G(). It appears from (5.21) that 6, is a periodic
function of x; — y; (and thus of z; and y;) of period L;. We want to study the behavior
on a period which we choose for convenience to be (—L;/2, L1/2), and using (5.21) we
write:

1 (1 —11)?
(527) Hl(xl,yl,s) = WGXP{ 4—} + 91($1,y1, ),
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with
7 1 — (1 —y1 — pLa)
01(z1,91,8) = 2ms) 12 Z exp{— 1s }-
p=—00, p#0
Since e™* < 1/z for all x > 0, we see that
CETR TR P B <, m)
. x 5) < ——— s x
1\%1, Y1, = 2(71'8)1/2 (xl_yl_le)Q = 1\T1, Y1),
p=—00,pF#0
where
_ 2 = 1 4 K1
el(xla yl) = {79 S 3
7R L g by < PL R -1

is a bounded C* function of xy — yy, for |21 — yi| < Ly/2.
Similarly for 65, we write:

5.29 0 _ 1 (22 =1)*y 5
(5.29) 2(z2, Y2, 8) = WeXp{_T} + 02(x2, 2, 5),

where 65 is a function which can be bounded like 6; by

03(2, 12, 5) < 5205(x2,72).

We can now return to G and write:

1 1
G(l)(%y) :/ 91(371,9173)92(372&2,3) d5+/ 91(1'1,3/175)92(1'2,3/275) ds
(5.30) 0 0

1 1
+/ 01 (21,91, 5)02(z2, Y2, 5) d8+/ 61 (21, y1, 8)02(T2, Y2, s) ds.
0 0

The last term from (5.30) is bounded, since:

1 1
(5.31) |/ 0(z1,91,8)02(xa, Y2, s) ds| < Q(IL‘hyl)@(lL‘g,yg)/ sds.
0 0

The second and the third terms from (5.30) are of the same type, and we estimate only
one of them:

! A O 1 ! (xz—y2)2
\/0 91($1,y1,8)92($2,y2,8) d$| §92($27y2)m/0 eXP{—T}d&

which is also a bounded term, for all z, y in Q with |xe — yo| < Lo/2.
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For the first term from (5.30), we have:

(5.32)
1 1 2
1 |z —yl
0 o ds = — ———1d
/0 (21,91, 8)0a(2, Yo, 5) ds /0 s XPl-——}ds
1 [t p?
= - ——1d
a7 J, Sexp{ 43} °
1 1 1 1 1 —t 1 1 o0
L P ¢ dt +— [ et 'dt
47T p2/4 t 4:7T p2/4 t 4:7T 1
1 1
= —log—+ A,
2m P

where A is the sum of the two last integrals from (5.32) and it is bounded as p — 0.
Thus, as p — 0, the behavior of the Green function G is the same as the behavior of
log 1/p, that is:
1 1
(5.33) G(z,y) ~ %log r—
We also need to study the behavior of 0G/0p, in absolute value, as p — 0. Proceeding
as before we find that, as p — 0, we have:

We conclude by stating the main result of the section:

Theorem 5.1. (a) The Green function G for the 2D channel with periodic and homoge-
neous Dirichlet boundary conditions is continuous on §2 x €, except at x = y.

(b) G has continuous first-order partial derivatives with respect to x, except at x =y,
in the neighborhood of which the following estimate holds:

(5.34) |D,G(z,y)| < K|z —y| ™.
(c) G is symmetrical in x and y.
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