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Trace class properties of the non homogeneous linear
Vlasov-Poisson equation in dimension 1+1

Bruno Després

Abstract. We consider the abstract scattering structure of the non homogeneous
linearized Vlasov-Poisson equations from the viewpoint of trace class properties which
are emblematic of the abstract scattering theory [13, 14, 15, 19]. In dimension 141,
we derive an original reformulation which is trace class. It yields the existence of the
Moller wave operators. The non homogeneous background electric field is periodic
with 4 4+ € bounded derivatives.

Mathematics Subject Classification (2010). Primary: 47A40; Secondary:
35P25.

Keywords. Trace class, linear Vlasov-Poisson, wave operators.

1. Introduction

It has been observed many times in the literature that linear Landau
damping for the linear Vlasov-Poisson equation presents many similarities
with abstract scattering theory: some references in this direction are
[2, 5, 9]. However it seems, let us refer to [17], that it is has rarely
been shown that the linear Vlasov-Poisson can be analyzed within abstract
scattering theory [13, 14, 15, 19]. A recent attempt is nevertheless [8] with
a technique based on a complicated Lipmann-Schwinger equation.

The purpose of this work is precisely to analyze the abstract scattering
structure of the non homogeneous linear Vlasov-Poisson equation from the
viewpoint of trace class structures which are emblematic of the abstract
scattering theory [13, 14]. We will show that the model Vlasov-Poisson
equation (rewritten in Vlasov-Ampere form) does not satisfy naturally the
trace class property, but an original reformulation (denoted as the reduced
equation) satisfies it. It yields the existence of the wave operators by means
of the Kato-Birmann theory, and consequently, shows that the absolutely
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continuous part of the spectrum is unitarily equivalent to the one of free
transport. One technical crux of proving the trace class property is the
Diperna-Lions Theorem of compactness by integration which provides the
required small gain of regularity. In this work, the techniques employed
to prove the trace class are strongly restricted to dimension 141, that
is one in space and one in velocity: in particular the derivation of the
reduced Vlasov equation is made possible by means of a specific Ricatti
equation which has no simple equivalent in higher dimensions; and also the
version of the Diperna-Lions Theorem of compactness used to provide the
required small gain of regularity is remark 6 page 741 in [10], which is an
one dimensional argument. An explicit form of the wave operators exists
[17, 7] in the special case of an homogeneous vanishing electric potential
(¢o = 0), even if the notion of wave operators is not explicitly mentioned
in these references.

The original results summarized in Theorem 1.1 are general in the sense

that, for establishing the unitary equivalence of the absolutely continuous
part of the spectrum of the full problem with the one of free transport, no
structure on the background electric potential is needed expect that being
periodic and having 4 + ¢ bounded derivatives.
General considerations. The starting point is the Vlasov-Poisson equa-
tion for one species of negatively charged particle (electrons) in a plasma.
For simplicity we consider functions which are 1-periodic in space, that is
g(x + 1) = g(z) for all quantities g = f, E, prer, ...: the torus will be
denoted as T = [0, 1]. The kinetic density of electrons is f(¢,z,v) > 0. The
given stationary fluid density of static ions is pyef(z). The total mass of
electrons is [i. o finidzdv = [} pres(x)dz. The electric potential is ¢(t, z)
and the electric field is E(t,xz) = —0,¢(t,z). As a consequence of a Vlasov
equation for electrons and of the Gauss law, one has the fundamental iden-
tity 0, ((%E i fvdv) = 010, E— 0, [ fodv=—0; [ fdv—0, [; fvdv = 0.
So one can write the Ampere law under the form 9,E = 1* [, vfdv where
we will note 1* : L?(T) — L2(T) the usual projection operator such that
1*g = g — Jrg(xz)dz. We introduce the operator 1* in the Vlasov-Ampere
system

Of +v0,f —E0,f =0, t>0, (z,v)€TxR,
OE =1* [, vfdv, t>0, ze€l, (1)
0o E = preg(z) — [ fdv, t>0, zel.

The solutions of this system preserve the physical energy % Jr J fo?dvdr +
3 Jp E?dx. They also preserve the mass of electrons [1 [o f(t, @, v)dezdv =
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Jz Jg fini(@,v)dzdv and the zero mean value of the electric field [ E(t,z)dx =
0. In this work, the initial data (f, E) will be considered as a small per-
turbation of a stationary state (fy, Fo) such that v0,fo — Eo(x)0yfo = 0
with Ey = —¢}. The natural Boltzmanian hypothesis to represent such
stationary states is fo(z,v) = exp (—% + o (a;)) where (g is the refer-
ence electric potential: the Boltzmanian hypothesis is a strong hypothesis
that probably can be modified [3, 4, 11] or relaxed as in [16]: however
we keep it in this work for the simplicity of the physical interpretation.
Consider a linearization under the form f(¢,z,v) = fo(x,v) + g(¢,x,v) and
E(t,z) = Eo(x) + F(t,z), inject in (1) and drop the quadratic terms. It
yields the system

O0rg + 00,9 — EgOpg — FOufo =0, t>0, (z,v)eTxR,
OF = 1* [, vgdv, t>0, z€T,
0 F = — [, gdv, t>0, z€T.

Model problem. Define M(z,v) = +/fo(z,v) = exp (—1—2 + SDOT(x)) and
the function v = . Using that (v0, — Eyd,) M = 0, one gets the model
linear Vlasov-Ampere system studied in this work

{ Ou +v0,u — EgOyu = —vMF, t>0, (z,v)eTxR, @)

O F =1* [fuwMdv, t>0, zeT.

The initial data satisfies
// M (x,v)Uini(x, v)dzdv = 0 and /Fini(ac)d;v =0. (3)
T JR T

The energy is preserved

Z<Aéu2dvdx+AF2dx> =0. (4)

0. F = —/uMdv (5)
R

The Gauss law

is understood as a constraint satisfied by the initial data and propagated
by the equation. It can be characterized in the weak sense

AXRu(x,v)M(x,v)ap(x)dxdv — AF(m)ap’(w)dm =0 VeeHYT). (6)

The integrals (3) and the energy (4) are integral invariants of the system
(2). The Gauss-law (5)-(6) is an integro-differential invariant.
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Functional setting. Define the space L3(T) := {F € L*(T) | [, F(z)dz = 0}.
Define the space L3(TxR) := {u € L*(T xR) | [1,p M(z,v)u(z,v)dxdv = O}:
it expresses that the physical perturbation has zero mass. Consider the first
line of (2) where the operator vM € L (LZ(T), L3(T x R)) shows up. One
has the identity

/T /R w(oMF)dvdz = /T 1+ ( /R udev) Fda

which shows that the adjoint operator of vM is
(vM)*: w17 /RvuMdv € L(LH(T x R), L§(T)) .
Define for convenience the space of complex-valued functions
X = LE(T x R) x L3(T).

The subspace GL C X characterizes pairs which satisfy the Gauss law in
the weak sense

GL ={(u,F) € X, the weak Gauss law (6) holds}. (7)

We will need two hermitian products. The first one is the classical quadratic
product for square integrable functions

(u,w) = /T/Ru(x,v)w(x,v)dxdv, u,w € L*(T x R).

The second one is, in view of the energy identity, the natural one for
(u,F) e X and (w,G) € X

(u, ), (w0, G)) = (u, w) + / F2)G(z)da. (8)

T

From now on, one systematically introduces the pure imaginary number
2

1 = —1 to obtain compatibility with more standard notations in scattering
theory [13, 15, 19]. One recasts the linear Vlasov-Ampere equations (2)
as 0U(t) +iHU(t) = 0 where the unknown is U = ( ; ) € GL and the
anti-symmetric operator is formally

o 00— Eydy | oM
ZH_(—I*fUUM 0 )
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One has the decomposition of operators iH = iHy + i/ where

L w0y — Egd, | 0 —— 0 |wMm
zHo—( 0 O>andZK_<—1*fva 5 > (9)

In terms of the scattering theory, the main question is to explore the
dynamics of the full Hamiltonian e~*#* with respect to the dynamics of the
—iHot - However the dynamics attached to Hy does
not preserve the Gauss law (5) so one can expect troubles with this way of
writing the scattering structure in L?(T x R) instead of GL. And indeed, we
will show that this decomposition does not have the trace property, even if
it almost trace-class (this will be precized).

This is why another framework will be introduced in Section 3. The
idea is to consider a new kinetic function

reduced Hamiltonian e

w(z, v) = ulz,v) + () M(z,v)F(z)
and the 1-periodic function v solution to the Ricati equation
Dy + &% exp o = 1, a= (277)%.

If the pair (u, F') satisfies (2)-(5), then purely algebraic manipulations show
that w is solution to the autonomous equation

w'(t) = iHw(t), H=Ho+K

where iHo = v0, — F(0, is the transport operator and i is integral operator
defined by

iKw =~ (UM/ wMdv — M/ vadv) +~yM wuMdv— (/ w*yM)
R R RXT TxR

This is an equivalence, that is there is a bijection between GL (7) and
X = {w e L*(T x R), (w,yM) =0} C L*(T x R).

The function vM which enters in the definition of the space X will be shown
to be spectral, that is HyM = 0. The main result obtained in Section 4 is
that the trace class property holds for this decomposition. It yields the

Theorem 1.1. Assume the electric potential is smooth ¢o € W4T€:%°(T).
Then the wave operators Wy (H,Ho) exist and are complete. In particular
one has the orthogonal decompositions between spaces assoctated to absolute
continuous, singular continuous and discrete parts of the spectrum

LT x R) = X3° @ X3¢ @ XPP = X% @ X%° @ APP (10)

Mwv
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and there exists two complete wave operators Wy isometric on X§°.

A direct consequence is that the space X (associated to the absolute
continuous part of the spectrum of iH ) is in bijection with a space isometric
to X° (associated to the absolute continuous part of the spectrum of the free
transport operator iH ).

This result describes the strong constraints on the absolutely continuous
part of the spectrum of the operators. Essentially, they are the same.
However more information on the singular continuous part and on the pure
point spectrum is needed to describe completely the decomposition (10).
As usual for problems which come from classical physics, one can expect
that the singular continuous part is empty, that is X§¢ = A5 = (). Standard
explicit representation prove it is indeed the case for some reasonable
electric potential ¢g. The pure point spectrum which corresponds to
classical eigenvectors of the operators can be studied by direct means which
are outside the scope of the present paper.

There are two cases where we know exactly the absolutely continuous
part of the spectrum of the different operators. The first one is the
homogeneous case Ey, and the spectral decomposition of Hy and H is
explicitly calculated in Section 2, so one knows the absolutely continuous
part of the spectrum. The second case is in the recent work [8] where the
explicit and complete calculation of the spectral decomposition is performed
for a non homogeneous one-bump (in space) background electric field: a
phase portrait method gives the spectral decomposition of Hy and the
absolutely continuous part of the spectrum; then a method based on a
Lipmann-Schwinger equation gives the the spectral decomposition of H.

Organization. The plan of this paper is detailed below. After providing
in Section 2 the reader with elements of abstract scattering theory, we
will show in Proposition 2.9 that the operator ¢K is not a trace class
perturbation of iHy: this will be proved in the homogeneous case (po = 0).
However, for homogeneous profiles, Fourier decomposition is available, and,
Fourier mode per Fourier mode, ¢ K is shown to be a trace class perturbation
of iHy. The conclusion is that, in the general case for which simple Fourier
decomposition is not possible, i K is not a trace class perturbation of iHy. In
Section 3, one introduces a further reduction of the Vlasov-Poisson-Ampere
model (operators become iH, iHo and iK). Then in the next Section,
one proves that i/C is a trace class perturbation of iHy. This reduction is
written as a linear Boltzman operator where the integrals are only in the
velocity variable. The proof is based on an original reformulation (28) of
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the equations plus a careful study of the regularity of the operators. A key
instrument is the Diperna-Lions compactness by integration Theorem [10].
The main result is Proposition 4.8. The last part of the main Theorem is
proved and a classical technical result is provided in the appendix.

2. Elements of Kato-Birman theory

We use the definitions, notations and results from [19, 13, 15]. In this
section we work in the space X.

The operators H and H; are understood in this section as operators
with domain in X and value in X. The transport operator is denoted as
D = v0, — Ey(x)d,. The domain of H : X — X and Hy : X — X is
D = {(u,F) € X, Due L*(T xR)}. The condition Du € L*(T x R) is
understood in the sense of distribution.

Lemma 2.1. The operators Hy and H are closed.

Proof. This is immediate by construction for Hy for which there is no
condition on F. Indeed let (un,an) — (u,a) in LE(T xR) x LZ(T xR) be such
that Du,, = a, in the sense of distributions. Passing to the limit in the sense
of distributions, one gets that Du = a. So Hj is closed. Concerning H,
write H ( ;," ) = < Z" > in the sense of distributions against a pair (¢, 1)
of smooth test functions with compact support in velocity for . One gets
—i [pup Un (Do +vMY) + i [ FouMe = [ o ang + [, btp. Passing to the
limit (wp, Fny an,bn) = (u, F,a,b) in L3(T x R) x L3(T) x L3(T x R) x L3(T),
one gets

—i/TXRu[Dcp—I—UMip]—|—i/TFvM<p:/TXRa<p+/Ib@ZJ (11)

for all admissible test functions. There exists G € H'(T) such that
F = —0,G. One notices the identity D(MG) = GDM + MDG =
0—vMF = —vMF. Plug in (11) and take ¢ = 0. One gets —i [, , uDy —
i [ D(MG)p = [ pap, that is after integration by parts, —i [ o(u —
MG)Dy = [ pap. So D(u— MG) = —ia € L*(T x R) which turns into
Du € L*(T x R). Therefore (u, F) € D(H) and the proof is ended. O

Lemma 2.2. The operators Hy and H are self-adjoint.
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Proof. The proof below uses the Stone’s theorem [15, 19] which is con-
venient for problems coming from transport equations. Since H is a
bounded perturbation of Hjp, it is sufficient to show that Hy is self-
adjoint. And actually it is sufficient to show that Hg = ¢D with do-
main D(Ho) = {¥ € L*(T x R), Dy € L*(T x R)} is self-adjoint. The proof
will be performed with the regularity assumption g € W2°°(T), which is
enough in view of Theorem 1.1.
It is convenient to introduce the semi-group

U(t): L*(T x R) — L*(T x R)

obtained by firstly constructing the characteristic lines and secondly trans-
porting datas at time ¢ = 0 along the characteristic lines until time ¢ > 0.
The characteristic lines are defined by t — (X;(x,v),Vi(z,v)) for t € R
where £X,(z,v) = Vi(z,v) and £X;(z,0) = —Eo(X¢(z,v)) with initial
data Xo(z,v) = 2 and Vy(z,v) = v. Let ¢ € L*(T x R), then the semi-
group is defined by

U(t)(x,v) = p(X_i(z,v), V_i(z,v)).

By definition U(t)~! = U(—t). One has the invariance of measure dX;dV; =
dxdv, so by construction, U(t) is unitary. The semi-group is also strongly
continuous (it is sufficient to verify this for data with compact support,
and this is evident). By the Stone’s theorem [15, 19], there exists a self-
adjoint operator A such that U(t) = e®4. More precisely, see Theorem
VIIL.7 page 265 in [19], the domain of A (denoted as D(A)) is equal to the
set ¢ € L2(T x R) such that lim,_,o+ Y91y = A4 exists in L2(T x R) (a
similar reasoning is used in [6][Proposition 1, page 219]).

To identify this limit, one can perform the following calculation. Let us
take two smooth functions ¢ and ¢. One has

<U(t)¢_w7(p> = 1/T/R(¢(Xt(x,v)7vt(x,v)) —(z,v)) p(z,v)drdv

t

:115/_(1/T/R(D¢) (X_s(z,v), V_g(z,v)p(x,v)dxdvds.

By the invariance of measure, one gets the identity

<U(t)‘f—‘/),¢> _ _1[i44(p¢) (2, 0)o (X, (2, 0), Vi(, v))dedvds
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10 1 °
—— (Du; [ UC9pts) == 0w+ (Di [ (0= UC-5))is)
—t —t
(12)
e Let us now take ¢p € D(A), ¢ a smooth test function with compact support
and do an integration by parts in the right hand side of (12)

(U(Wp_w,@) = (¢, D) — <¢,1/0(D¢ - DU(—S)(p)dS) .

t —t

One can pass to the limit t — 0*. Since Eq € W1°°(T), one can show that
|Dp — DU(=s)¢llr2(rxr) < C(p)s. It shows that tl_i)%ler = —Dv in
the sense of distributions. Therefore, in the sense of distributions, i4A = —D
that is A = Ho, and also D(A) C D(Hy).

e Reciprocally, take v € D(Hp). From the identity (12), one derives
the estimate ‘(w, cp) + (D, go)’ < ||Dy| 1 f_ot o — U(=s)pl|lds which
makes sense for ¢ € L?(T xR). Since the semi-group is strongly continuous,
one gets that w — Dt in L3(T x R). Therefore ¢ € D(A).

o Therefore D(A) = D(Ho) and the operators coincide in the sense of
distribution. So Hg = A is a self-adjoint operator.

e Finally Hy and H are self-adjoint operators. g

Therefore, [15, 13, 19], the spectrum of the operators can be decomposed
in terms of theory of measure. Below, we characterize the results for the
operator Hy. There is a orthogonal decomposition of the Hilbert space X
into the orthogonal sum of invariant subspaces of the operator Hy

X =X o X o X (13)

where X3¢ (resp. X5, resp. X{¥) corresponds to the absolutely continuous
(resp. singular continuous, resp. pure point) part of the spectrum. The
pure point subspace X} is spanned by the eigenvectors

X = Span {p € X, ¢ = \p for some A € R}.

The subspace X§° is characterized by the existence of a dense set D?¢ C X?¢
such that

C
© € D* = ||(Hy — A +ie) Ly < % for \€Rand 0 <e<1. (14)
This result is proved in [12](see also [13]). Mutatis mutandis, this charac-
terization hold also for H.
Let Py be the projection operator onto the X§°.
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Definition 2.3. The limit Wi = s — lim;_, 1, e e~"Ho Py (if it exists) is

called the wave operator. If W, exists, it is isometric on X§°.
Definition 2.4. If ran W1 = X2 then W4 is said to be complete.

If the wave operators exist and are complete, then Hy and H are
unitarily equivalent and their absolutely continuous spectrum is the same
(as a subset of R). In the context of this study, it has the following
interesting consequence. Let f € X2 so there exists g+ € X such that
Wigs = f. It yields that f = limy_, 4o e e *Ho Pyg, which is rewritten
as limy_, 400 ||e_“Hf — e‘“HOPOgiH = 0. In other words, the long time
dynamics of the full Hamiltonian applied to f € X?2° is identical to the
long time dynamics of the simplified Hamiltonian for g.. Linear Landau
damping is just a corollary of this property for initial data in the absolutely
continuous part of the spectrum.

However it is necessary to prove the existence and completeness of the
wave operator. The celebrated Kato-Birman theory brings a criterion, see
Theorem 2.5 below. It is based the trace class criterion for a compact
operator T

ITI = A(T*T)% < oo (15)

where the ()\j);jen is the sequence of all non negative eigenvalues of the
compact operator 7*T'. Actually || - ||, is a norm, refer to section X.1.3 in
[13]).

Theorem 2.5 (Kato-Birman). Suppose that (H—z)""—(Ho—2z)~" is trace-
class for some n € N* and all z with Im z # 0. Then the wave operators
W4 (H, Hy) exist and are complete.

Let us now derive a partially negative result which concerns the homo-
geneous case, that is Fy := 0 and M := exp(—v?/4). In this case one can
split the operators along a Fourier decomposition (mode k € Z) so as to
define

k1O 0 ‘ve_%
HE = Y and H* = HF — s , 16
0 <0 0) T S T o 1o

where o = 0 and ¢y = 1 for £k # 0. In this case the orthogonal
decompositions are easy to determine.
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Lemma 2.6 (Operator H) = H® = 0, that is k = 0). The orthogonal
decomposition of the space L3(R) x {0} is given by (XJ)* = (X0)%¢ =
(X0 = (X0 = 0 and (X3) = (X = L3(®) x {0}

Lemma 2.7 (Operator HY for k # 0). The orthogonal decomposition
of the space L*(R) x C is given by (XF)* = L2(R), (X})** = 0 and
(XF)PP = Ker(H}) = {0} x C.

Proof. Characterization of the kernel Ker(HY) = {0} x C is immediate.

Next u € Y = L?(R) N L*=(R) wich is a dense subset in L?*(R). Then the
criterion (14) holds with D =Y x {0} because

| (H§ —)\—l—ie)_l(u,0)||2 :/R(W(U)Pdv

vk — A2t 2
_ / ull (g . ull o gy
= Jr (k= X)2 + 2 |kle

Since L2(R) x {0} @ Ker(H}Y) = L*R) x C is the full space, it is the
orthogonal decomposition of the claim. In passing it shows there is no
singular continuous part of the spectrum. O

Lemma 2.8 (Operator H* for k # 0). The orthogonal decomposition of the
space is given by (X*)2¢ = ((Xk)pp)T and (X*)*¢ = () where

(X*)PP = Ker(HE) = Span(uy,) where uy, = (iexp(—v?/4), k).

Proof. Note ur = (ay, F). The equation Hyup = 0 reduces to vkay —
ivexp(—v?/4)F; = 0 and [vexp (—%) ar(v)dv = 0, which yields ka, =

iexp(—v?/4)F. One obtains the eigenvector
ug = (iexp(—v?/4),k)". (17)

Therefore Ker(H}) = Span(uy,).
Next take (u, F) € Ker(HEF)® in the orthogonal of the Kernel

— z/ u(z,v) exp(—v?/4)dzdv + Fk = 0. (18)
TxR

This identity is the translation in Fourier that the pair (u, F') satisfies the
Gauss law. Let us consider a pair (g,h) € Ker(HF)* and a pair (u, F)
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(necessarily in Ker(HY)t) such that (HY — A —ie)(u, F) = (g,h). We try
to verify the criterion (14). Note that

w2

(vk — A —ie)u(v) —iFve” ¥ =g
and that F can be determined with the Gauss law under the form (18).
To check the criterion (14), one can use a method originally due to [18]
which has been adapted in [7] to the quadratic framework. It corresponds
to the definition of the operator Ly

! u(w)e =

(Lyu)(v) = (k* + q(v))u(v) — UefP.V./

RW—U

where ¢(v) = P.V. [, wlfve_wTde. For k # 0, the operator Ly is bounded in
H*(R) — H*(R) for all s > 0, is invertible with inverse (Lj)~! also bounded
in H*(R) — H*(R) for all s > 0. Let z = Lyu. With [7][page 2566-2567],
it is an algebraic exercise to show the identity (vk — A\ — i)z = Lpg. Take
g € HY(R), then Lyg € H'(R). Since H'(R) C Y (defined in the proof
of Lemma 2.7), then ||z|| 2@ < % Invertibility of Ly and the Gauss
law show that a similar bound is satisfied by (u, F') which is the searched

criterion (14). It shows that Ker(HE)* C (X*)2 which ends the proof. [

The negative result is the following.

Proposition 2.9. For all n € N*, the operator (H — z)™" — (Hy — 2)™" is
not trace class.

Proof. If the the trace class property is proved for one z with Im(z) # 0,
then it holds for every non real z, see Lemma 4.11 page 547 in [13].
For practical convenience one can take z = i with § € R*, and note
TF = (H* — 2)™™ — (Hf — 2)~™. Its maximal singular value ux = /Ay is
given by

Tk 2 Tk 2
N = qup TS0 ]
wzo |0 |

, uy given in (17).

One has |[|T%ug|2 = [|(=2)~" — (vk — 2)~"[* =5 dv and [Jup||? = [ e~ dv+
k2. Since z = in with 3 € R*, one gets lim )00 (k2|z|2" HTku’“2||2) = V2.

flukll

By definition (15) of the trace, one gets ||T||; > 22 > k40 ﬁ = +o0 due

2™

to the logarithmic divergence, so the proof is ended. O
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The conclusion is that the T' is not globally trace-class because of the
logarithmic divergence. However, Fourier mode per Fourier mode, the
operators (T*)rez are trace-class individually because the extra-diagonal
perturbation in (16) is of finite rank [7]. In this sense, T is ”almost” trace-
class. Inspection of the structure (16) of H*¥ — z shows that the lack of a
differential operator on the bottom right part of the matrix is involved in
the fact that the trace class property does not hold. This is also related to
the fact that the Gauss law is not preserved by the dynamics of Hy, that
is Hy(GL) ¢ GL.

3. The reduced Vlasov-Poisson-Ampére model

The reduced Vlasov-Poisson-Ampere model (also called the reduced equa-
tion) is obtained after a purely algebraic manipulation. Technically it al-
lows to hide the electric field F' into a new kinetic function w (19) so the
compatibility issue with the Gauss law emphasized above is no more an
issue.

3.1. Reduction. Let (u, F) € X. The idea is to find a weight = — y(z) >
0 and a new function w

w(z,v) = u(z,v) +y(x)M(z,v)F(x) (19)

//devdx://uzdvdx—l-/Fz. (20)
T JR T JR T

Lemma 3.1. Assume the 1-periodic function v is solution to the equation

such that

Bl

Oy + oy expypg = 1, a=(2m)1. (21)

Assume (u, F) € GL satisfies the Gauss law. Then the identity (20) holds.

Proof. One has M? = exp (—% + CPo(x)), 80 [ M?(z,v)dv = o exp(po(x)).
Therefore

//w2dvdx://u2dvdx+2/'yF/uMdvda:+a2/’y2F2 exp po(z)dx
TJR T JR

://uzdvdm—i—Q/'yF(c')mF)dx—i-on/vQFQexpgoo(a:)dx
TJR
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://UZd’UdZE+/F28I’Yd$+C¥2/’72F26ng00(1‘)d17,
TJR

from which the result proceeds. O

Let v > 0 be a solution to (21) (we do not know yet if it exists). Set

g = % > (0 which is a formal solution of the equivalent Ricati equation

g'(x) + g(z)* = o exp (po()).

Lemma 3.2. There exists a 1-periodic positive solution g = % > 0 of the
Ricati equation.

Proof. The proof of the existence is by a shooting method. Consider the
solution given by the Cauchy-Lipshitz theorem of the equation

{ go(x) = @®exp (po(2)) — ga(x)?, 0<z <1,
9.(0) = a

and define the function Z(a) = g,(1). The objective is to find a solution to
the equation Z(a) = a. Take K > 0 sufficiently large. For a € [0, K]
then g,(z) € [0,K] for all z: this is evident since if g,(z) = 0 then
gh(xz) >0, and if g,(z) = K then ¢/ (z) < 0 (because K is large). Therefore
Z[|0,K] c [0,K]. Since Z is a continuous function, there exists b € [0, K]
such that Z(b) = b. Therefore the trajectory such that g,(0) = b is periodic.
Of course b cannot be equal to zero, nor to K. The trajectory is globally
positive (it can be proved it is unique). O

Note that [[yM]||z2(rxr) = 1: indeed

M sy = [ [ A@PM (e 0Pdvds = [ s(@fate e = [ (1-0,7)d0 = 1.

Assume the Gauss law (19) and take w = A(u, F'). One has [, wMdv =
Jp uMdv +~ya?e?°F = —0,F + %(1 — 0,7)F. So one can write

'y/dev:—ar(yF)—i—F. (22)
R

Using that F' has zero mean value and is periodic, one gets the orthogonality
identity [;. [, wyMdzdv = 0 by integration with respect to x. It shows that
A(GL) c X :={w € L*(T x R), (w,yM) = 0} where

A: GL — X
(u,F) +~ w defined by (19). °

One has more precisely the following.
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Lemma 3.3. A is a bijective isometry from GL into X. An explicit form of
the inverse given in (23-24).

Proof. One has ||[A(u, F)||x = ||(u, F)||x in view of (20). It remains to prove
that A is onto: that is one takes w € X and tries to solve the equation (19)
where v and F' are the unknowns. One has

/wM(x,v)dv:/uM(a:,v)dv+7a2 exp (po(z)) F
R R

1
= —0,F + o®y(x) exp (po (7)) F = -0, F + 5(1 — 0,7 F

where one recognizes (22). One obtains an equation for F which is
02 (vF) — F = —v [ wM (z,v)dv. This equation is solvable for F' € L§(T)
due the hypothesis [} (v [ wM(z,v)dv) = 0. Set for convenience G = vF
which is introduced to write explicitly the form of the solution F'. One has
G- %@CG = —y(x) [ wM (z,v)dv and

0, <eXp (- /Ow v‘%) G> — _exp (- /0 %) (@) /RwM(x,v)dv.

One gets

( o 3Gy — 1) G(0) = —/01 (exp <— /Ow %) v(x)/RwM(fv,v)dU> dx.

Since exp( fo v(y)) < 1 as a consequence of v > 0, the Cauchy data

G(0) is uniquely determined, which is enough to construct G. So F' can be

e / K(z,y) ( / wM(y,v)dv) dy (23)

where the kernel K € L*(T x R) is explicitly calculable. After that w is
recovered as

u=w—y(z)M(z,v)F. (24)
By construction, it satisfies [uMdv = [wMdv—a?ye?F = =0, F + % S(1-
0:v)F — a?ye#'F = —9,F, and u € L(T x R). The proof is ended. O
3.2. Construction of an autonomous equation for w = A(u, F).

Since the system (2) preserves the quadratic norm of the pair (u, F) (which
is equal to the quadratic norm of w), it is not surprising w is the solution of
an autonomous equation where the operator is closed, self-adjoint and can
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be decomposed in two operators which are also closed and self-adjoint over
X. The construction of the corresponding operator is performed in several
steps.

By symmetry with the usual notation in scattering, let us note iHy =
D =0, — Ey(z)0, and let us define the operator Herune by

T Hiruncw = iHow + 7y (UMl* /deU — M/vadv) )

The subscript -i;unc indicates that the operator is truncated with respect
to the complete definition (25).

Lemma 3.4. Assume (u,F) € GL satisfies (2). Then w = A(u, F) satisfies
atw + i?—[tmncw =0.

Proof. Indeed
dyw + Dw = dyu + Du + yM (z,v)1* /udev + D(y(z)FM (z,v))
= —oMF + ~(z)M(z,v)1* / wwMdv + MD(v(x)F)

= —UMF—l—vM(ac,v)l*/vadv—yM(x,v)l* /('yFM)dev—i—Mv@x(yF).

One has that [, vM?(z,v)dv = 0. So

Oyw + Dw = —vMF—i—VMl*/vadv—i—Mv’y@xF—l—MvF@m’y

= —vMF—i—yMl*/vadv—Mvv/uMdv—i—MvF(l—aQ'erXp(goo))
:'yM(x,U)l*/vadv—MU’y/uMdv—MvFoz272 exp (¢o)
:’yM(x,v)l*/vadv—’va/dev

+’yUM/(’7MF)Md’UMUFO¢2’}/2 exp (o) = YM(x,v)1* /vadvva/dev,
which yields the claim. O

Lemma 3.5. Consider that w satisfies Oyw + iHipuncw = 0. One has the
identity % (w(t),yM) = 0.
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Proof. Tt is sufficient to show that [ . YM (Hiruncw)dvdz = 0.
One has

Jrswr YMDwdvdz = [, . vD(Mw)dvdzx
= — [pp MwD~dvdz
= — [rop Mwvdyydvudz
= — [} 0.7 (1* [z Mwo) dvda.

A trivial identity is [, 5 YM (v (vM [wM)) dvdz = [~ ([ wM) ([ M?v)dz =
0. A third identity is [, YM (y (M1* [ woM))dvdz = [ y?a2e#@ (1* [ wuM) dz.
So by summation

Jrsr YM ((Herunew)dvdz = — [, uy (1* Jr Muwv) dvdzx
— [p7?a?e?o@ (1% [wuM) dx
— Jp (1 [woM) dx
which ends the proof. O

Define for convenience the bounded operator

It runcw = 7y (vM/dev - M1* /vadv)

so that one has the decomposition Hrune = Ho + Kirune-
Lemma 3.6. The operator Kirune s closed and self adjoint in X.

Proof. The closedness of the bouded operator Kiune is immediate. It is
sufficient to check its symmetry. For w, z € X, one has

(Ktrunew, 2) = —i [ ([ ywMdv) (W) dr
i o (1" fy wobddv) ([ 72Mdv) de

= —i [y (JyrwMadv) [2vMdv) dx

+i [1 (g woMdv) [yzMdv) da

= Jp (JaywMdv) (zl*fzm dx

— (fR “WMdU) (W dx

= (wv Ktruncz)'

It yields the claim. O
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A simple transformation of Kirune yields a formulation which is fully
symmetric in L?(T x R) (not only in X) , it reveals more convenient for
further manipulations. Set

Z]CU} == ilctruncw - (’LHO + i}CtrunC) </ ’U}’}’M) ’)/M (25)
T

xR

and define two bounded and symmetric integral operators:

iKiw =7 <vM/ wMdv — M/ vadv) (26)
R R

and
iKow = yM woMdv — (/ uryM) Mo. (27)
RxT TxR

Lemma 3.7. One has the identity K = K1 + Ko and K is self-adjoint in
L3(T x R).

Proof. One has the identity (iHo + iKirunc)YyM = Mv which comes from
iHoyM = iMHoy = Mvdyy and iKyuncYM = yoM [ yM? = Muvvy?a?e®o.
So

iKw = iKiruncw—1(Ho+Ktrunc) (/ uwM) YM = iKiruncw— (/ w*yM) Mo
TxR TxR

:fy<vM/dev—M1*/vadv) — (/ w*yM) Muv
R R TxR

zv(vM/dev—M/vadv>—|—'yM vadv—(/ va) Muv
R R TxR TxR

which yield the claim. O

Define iH : L?*(T x R) — L3*(T x R) with iH = iHoe + ik. For
w = A(u, F') € GL which satisfies (2), one finally obtains the formulation

Oyw + iHw = 0. (28)

The interesting point is that K is bounded and self-adjoint operator in
L?(T x R). Of course only physically sound initial conditions wg € X make
sense. Since the equation propagates w(t) € X, we can work with the
operators H, Ho and K viewed as unbounded or bounded operators defined
either in the space X or in the space L(T x R).

Two technical properties which will be used later follow.
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Lemma 3.8. One has H = A~*HA : GL — GL.

Proof. Since A(GL) = X, it is sufficient to interpret the equality to
understand H as an operator in X. The equation (28) is rewritten as
Ad(u, F) + iHA(u, F) = 0 for all (u,F) € GL which satisfy 9;(u, F) +
iH(u,F) = 0. So (A"'YHA - H)(u,F) =0 forall (u,F) € GL. That is
(A=YHA — H) A=! = 0 from which is the claim. O

Lemma 3.9. One has H(yM) = 0.

Proof. The proof can be deduced from the previous material, but a more
direct path is possible. Set w(z,v) = vy(z)M (z,v). One has

iKiw =~ (vM [yM?3dv —0) = vM~?e0a?,
iKyw=0—vM [, (yM)* = —vM,
iHow = (00, — Egdy)(YM) = M (v, — EgDy)y = vMO,7.

Using (21), the sum of these three term cancels. O

4. Trace class properties of (#,#Ho)

Now that the Gauss law is hidden inside the definition of I, one is free to
study trace class properties of the pair (H,H,) understood as unbounded
operators in the space L?(T x R), by means of standard techniques.

Take z € C with Im(2) # 0. Let us study the trace of (H —z)~* — (Ho —
2)~!. The complex number z € C is arbitrary: that is if the the trace class
property is proved for one z with Im(z) # 0, then it holds for every non
real z, see Lemma 4.11 page 547 in [13]. For practical convenience we will
take z =i with 8 € R* and |3| large enough, typically

18] > C (||Eollw2e ) + 1) for some C > 0, (29)

to have the benefit of the elementary regularity result of Lemma 4.5.
One has the identity

(H—2)"t—(Ho—2)"t =Ho—2)" (Ho—H)(H—2)"!

JTUC(H - 2)7t

Ho—2) K(Ho—2)"t (H—2)—K)(H—2)"!
)TIUK(Ho —2) (I = K(H —2)71)
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where
T = (Ho—2)"Ki1(Ho — 2)7 1,
S=(Ho—2)"Ko(Ho — 2)7 1, (30)
C=1-KH-2)""

The operator C is bounded in L(X), since ||[I — K(H — 2)7' < 1+
|IK]|/Im(z)|. So by inequalities (1.17) and (1.20) from section X.1.3 in
[13], one gets

1T+ S)Clly < ITIIIC] + ST C]-

Therefore it is sufficient to study the trace of 7 and S separately to obtain
the trace class property of the pair (H,Ho). By definition (27) of Ky, the
operator S has finite rank so has a finite trace, Lemma 4.9. All efforts must
concentrate on the analysis of 7, and the main result will be that 7T is trace
class, see Proposition 4.8. It will prove Theorem 1.1.

4.1. Operator T in (30). The trace class property of 7T is proved in this
section, after a careful study the kernel of 7" and the construction of an origi-
nal integral equation. For technical convenience, we will consider the family
of Hermite functions (¢, )nen, refer to [1, 7]. The family is orthonormal and
complete in L2(R): u(v) = 32,50 antn(v) and |ullfzm) = 3,50 lanl*. In
particular, one has 1g(v) = exp(—v?/4)/a, ¥1(v) = vexp(—v?/4)/a and
¥, € HY(R) for all n. One can rewrite K; as

Kyw = —ia?ye#o® <w1(v> [ wntoyute, v = voe) [ )i, v)dv) .

4.1.1. The kernel of 7. Eigenvectors of 7*7 associated to non zero
eigenvalues are the ones involved in the calculation of the trace of T'. Since
T*T is a symmetric operator, such eigenvectors belong to Ker(7*7)*.

Lemma 4.1. One has Ker(T*T) = Span,,~o {(Ho — 2)antbn, an € H'(T)}.

Proof. In this notation, a,, means the function (x,v) — an, ()¢, (v). Take
n > 2 and a, € H'(T). One has

(Ho — 2)antn = (0, — FEody)(antn) — zant, € L*(T x R).

One has K1(Ho — 2) 7t ((Ho — 2)antn) = K1an, = 0 in view of definition
(26). So (Ho — 2)anth, € Ker (K1(Ho — 2)~ 1) C Ker(T).
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Reciprocally take w € Ker(7) = Ker(K1(Ho — 2z)~!). Using (26) one
gets for almost all z € T

/R ((Ho — =)~ )w) (2, v)do(v) = / (Mo — 2)" ) (2, 0)41 () = 0.

So ((Ho — 2)~'w) (z,v) € Span {(v), 41 (v)}" for almost all z. One gets
the representation ((Ho — 2)~'w) (x,v) = 3,59 an(2)n(v), that is

w € Span,, >, {(7—[0 — 2)ann, an € Hl(']l‘)}
and the proof is ended. O

4.1.2. An integral equation. A technical lemma is the following.

Lemma 4.2. Assume w € X is even (resp. odd) w.r.t. the velocity v. Then
(H2 + |2]?) 1w is even (resp. odd) w.r.t. the velocity v.

Proof. The operator Ho = v0, — Ep(x)d, is odd w.r.t. v. So its square is
an even operator which preserves the parity w.r.t. v. It ends the proof. 0O

Lemma 4.3. Let A € R*. The equation (T*T)w = Aw forw # 0 is equivalent
to two decoupled integral equations

vefoTaye?Tia \ a

where Ty, Tz : L?(T) — L?(T) are integral operators

{ Tia(x) = o [gvo(v) [(HE + [2*) " (agho)] (y, v)dv, (32)
Tab(z) = o g1 () [(HE + [212) 1 (bv1)] (y, v)dv.

Proof. Take w = (Ho—2) ! (a(x)o(v) + b(x)11(v)), so that w € Ker(T*T )+
in view of Lemma 4.1. Then this representation shows that

T Tw = (Ho—2) " Ka(Hg +12*) T K (HE+[217) " (al@)po(v) + b(z)¢ (v))

and that \w = A Ho — 2) ! (a(z)o(v) + b(x)1(v)). So the spectral
problem 7*7Tw = Aw is equivalent to

Ki(HE + )7 G (MG + [21) 7 (al@)do(v) + b(x)ga(v))  (33)

= Ala(z)do(v) + b(z)¢n (v)) -
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Take b = 0 and d(z,v) = a(x)o(v). By construction one has

Ki(H2 + |2]?)7td = ia*yi(v)ye¥o fR Po(H3 + |2]?) " Lay
— ia®iho(v)ye [ i (Hg + [27) " tarh
= ia®P1(v)ve?o [ po(Hp + [2°) " Tary

= iye?*P1Tia

because the term [, 11 (H3+|z|*) ' ayyo vanishes due to the parity of Lemma
4.2. A similar annulation argument shows that

(Ki(HZ+ 121302 d = —dive? [ovo(HE + |2[2) " (Tia)tn
+ipove?o [ohi(Hg + [2*) 7 (Tia)tn
= Poye? [ (MG + |z*) "1 (Tia)ir
= Yoye?°Ta(ve¥ Tra).

Plugging in (33) and simplification by t(v) yield the reduced eigenvalue
equation ve?°Tyye?*Tia = Aa. A similar algebra holds starting from
d(z,v) = b(x)y1(v), but the operators 7; and 7> commute in the result.
The proof is ended. O

Lemma 4.4. The operators T o : L*(T) — L?*(T) are self adjoint, bounded,
positive and injective.

Proof. We perform the proof for 73 only (it is the same for 7;). The operator
T2 is symmetric since

(a,720) = [ r(@n)(y,v)(H + |2[2) 1 (b¢1) (y, v)dydv
= Jrur [(Ho —2) 7 ayn)] (y,v)(Ho — 2) =1 (0¢1) (y, v)dydv
= S8+ 1217) = (avh) (y, v) (b1) (y, v)dydv
= (a,Tsb) Y a,b e L2(T).

The operator T3 is also bounded with || 13| < ‘lez. So it is self-adjoint. It

is injective because (a, Tza) = ||(Ho — z)*l(awl)HQLz(TxR) >0 for a # 0. It
ends the proof. O

We will use the following elementary result.

Lemma 4.5. Assume Ey € W*>(T) for s > 0. Take z = i with

|B| large enough (for example |3 > M} Take d € H*(T)
and a smooth function ¢ exponentially decreasing at infinity and denote
u(z,v) = d(x)p(v). Then (Ho £ i)~ preserve the reqularity with respect

tox: |[(Ho£iB)~ , < C¢d]

1“”1{3(1er H(T)"



Trace class properties of the non homogeneous linear Vlasov-Poisson equation 23
Proof. Consider (Ho £ i8)u(z,v) = d(x)p(v). One gets by differentiation

(Ho £18)(0zu)  +iEp(x)dyu d'(z)p(v),
(Ho +i8)(0pu) —i0zu = d(z)¢'(v).

Multiply the first equation by d,u, the second equation by d,u and integrate
in space-velocity. One gets the natural bound

2 [ Eo w10 (m) +1
|atf |U|H1(’E><]R) < [ldell g (rxm) |U|H1(T><R) + 9 \U|H1(TxR)

where |u| ;. (Txr) is the H ! semi-norm. The hypothesis yields the control
of the semi-norm and ends the claim for s = 1. For higher derivatives
s=n €N, s> 2, the result is proved after successive derivation. For s > 0,
interpolation ends the proof. O

Lemma 4.6. Assume (29) and Ey € W5T1°(T) for s > 0. Then there
exists Cs > 0 such that ||T2b|| gs+2(my < Cs||bl| g+ ().
Proof. We notice to ¢ (v) = ve‘% contains the monomial v and that this
function enters twice in the definition of 75. The key remark is that it
is possible to convert v into a gain of regularity of one order. Since v is
present twice, it explains the gain of 2 orders of regularity.

Let b € H*(T). The definition (32) recasts as T2b = [ e_§v(D —

B)~HD + ﬁ)_lvb(ac)e_§dv. One has

v0y(D—B)"t = 14+B(D—p)"" + Eo(2)0,(D — 8)~"

So one deduces

N

0(Tob) = Jpe™ T (14 5(D = B)~) (D + B)~vb(x)e ~Tdv
+ Jue T Bo(@)0,(D — )7 (D + B)Mub(w)e T dv
= Je *”72(1+5(D—B)*1)(D+5)*1ub(x) v

+ Jnse

:fR

where an integration by part w.r.t. v is used to transform the integral which

T Eo()(D — B) 7N (D + B)Mub(x)e T du :
~5 [14B(D = 8)7 + £ Eo(w)(D — B)71] (D + B) " twbe™ T dv

mm\em

contains a d,. One notices that the right hand side of this identity belongs
to H*(T) for for b € H*(T), so one has already T30 € H*T1(T) .

To gain one more order of integration, decompose b = ¢+ 9,d with ¢ the
mean value of b and d € H*"!(T) with zero mean value: |¢| + ||d|| gs+1(r) <
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6]/ 7+ (ry- One has the identity which is somehow dual of the previous one

2

(D+8) " wbe™ = (D+ ) vee™
+ de” 5 (D +B)_1Bde_% — (D + B) 'Ey(z)de 7.
One gets another identity

M

(7—2)?) Jee [1+/3(D B)~' + $Eo(z)(D - B)~ }(D—FB)_lgce_%dv
+ e ”f[uﬂ(D—ﬁ) ' §Eo(@)(D — £)7M] [L = (D + B) ] de” T do
—Ja e [L+ 8D = B)7 + $Bo(w)(D = ) 7'] (D + B) 7 Bo(w)de™ T dv.

We notice that: in these integrals the last terms vce*%, de*% and
Eg(z)d%e*% are H*T1 with respect to z (the hypothesis Ey € W*H1:°°(T)
is used); the operators (D + 8)~! preserve the regularity the H® regularity
with respect to @ (cf. Lemma 4.5). Therefore [|0;(720)|| gor1(y < Cllb]l = (m)
which ends the proof of the claim. O

Lemma 4.7. Under the same assumptions, there exists a constant Cs > 0
such that ||T1a\|H5+i(T) < Cllallgs¢my-
Proof. One has Tia = [, ¢o(v)u(z,v)dv with

(D= Byu=g=—(D+p)" " (at)(z,v).

By construction ||g||gs(rxr) + ||u|lms(rxr) < Cllal|gs(r). Therefore one can
write

VO u = g+ Pu+0,(Eo(z)u).
=91 =92

Note that [lgillms(rxry < Cillallmsr) and |lgzllm=rxry < CZllallms(m).-
For s = 0, the Diperna-Lions Theorem of compactness by integration
[10][remark 6 page 741] yields the claim. For higher s, the result holds
after differentiation w.r.t. = and the regularity of Fj. O

Proposition 4.8. Assume Ey € W3T5°(R) with ¢ > 0. Then T is trace
class.

Proof. We study the eigenvalues # 0 of the operators in (31). Set 73 the
multiplication operator by ve¥°. By definition and hypothesis 73 : H*(T) —
H*(T) for 0 < s < 4+ ¢e. The two problems (31) can be reduced to the
same eigenproblem
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It is better for technical reasons to consider the square of this operator
1 1
71275 (7575717575) 73712 Cn = UnCn, Hn = A%

Using Lemmas 4.6-4.7, the operator R = 7373717372 is self-adjoint and
compact from L?(T) into H**¢(T) for some & > 0

R LA(T) B3 52(T) B 52(T) B g2t=(T) & m2t=(1) B gi+e(T).

For n € N*, we consider V,, C L%(T) any subspace such that dim(V;,,) = n
and note V,* =V,, — {0}. The min-max principle [13, 19] yields

=iy S s =TT
Since S is a bounded operator, one gets
(S*RSc,c) _ |Scl|? (R(Sc), Sc) < HSHQ(Rd, d).
[[ell? lell> [1Sel? l[d]|>
Since S is injective, then d = Sc # 0. So p, < ||S]|* maxy, mingey %,

that is w, < ||S||?0,, where o, > 0 is the n-th eigenvalue (counted in
decreasing order). Since R = R* > 0 is a compact hermitian operator from
L3(T) into H***(T), the technical Lemme A.1 yields 0 < p, < C— for

1 1~
neNande>0. Finally Y A2 =3 pt <O —=7 < 00, s0 the trace
class estimate holds. O

4.2. Operator S in (30). The analysis of S is much simpler.
Lemma 4.9. One has (evident)

Ker(S§*S) = {w € L*(T x R), [, g woMdzdv = [}, wyMdzdv = O}
= Span{vM,yM}™" .
So the spectral problem S*Sw = Aw can be reduced by looking only
at w = avM + SyM. It is a finite dimensional spectral problem, so the

full operator S*S is trace class and one obtains Theorem 1.1 about the
existence of wave operators.

5. Last part of the Theorem 1.1

One easily transfers Theorem 1.1 to the original Vlasov-Poisson equation.
One starts from the decomposition, where the orthogonal product (8)
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is GL = X?* @ X® @ XPP. The operator A is an isometric bijection
from GL onto X = L*(T x R) N {(w,yM) = 0} = (yM)+. Since yM
is in the kernel of H (Lemma 3.9), one gets the decomposition X =
X2 @ X @ (XPPN(yM)*L). Lemma 3.8 yields that A(X?¢) = x°,
A(X5¢) = &% and A(XPP) = XPP N (yM)L. Since X is isometric to
A$¢ due to the existence of the wave operators, then X?¢ is in bijection
with a space isometric to A{°. It ends the proof of the last part.

A. A technical lemma

Lemma A.1. Let R = R* > 0 be a positive hermitian operator defined in
L*(T). Assume R is also bounded as an operator from L*(T) into H*(T),
a > 0. Then there exists a constant C' > 0 such that the eigenvalues of R
forn e N.

counted in decreasing order satisfy 0 < opy1 < oy < Q_H

Proof. Define the operator hermitian A : L?(T) — H%(T) by

9= 3 g enent®

2imne j

where e, (z) = e is the Fourier mode and (v, e,,) fo en(z)dz is the
corresponding coefficient of the Fourier decomposition v = Zn€Z<v7 €n)en.
The inverse operator A=! : HY(T) — L*(T) is defined by A= tw(x) =
Yonez(n|® + 1) (w,en)en(x). By construction ||Av|gery < [Jv]lz2(r) and
A wl[ 2y < ||w]|gaer). Take v € L*(T) and u € L*(T). One has
|(Av, A" Ru)| < Cl|Av] 2 (myllull2ry == [(Ro,u)| < Cf|Avl| g2y ull 22 m).-
Since this inequality holds for all uw e L*(T), it yields [Rv|[rzr) <
C||Av||z2(ry. The min-max principle immediately gives an estimate of the
eigenvalues o,, of R with respect to the eigenvalues 7, of A, thatis o, < C7,

for n € N. Since Ton11 = Topt2 = for n > 0, it proves the claim. O

n"+1
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