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ABSTRACT. We consider the linear Wigner-Fokker-Planck equation subject to
confining potentials which are smooth perturbations of the harmonic oscillator
potential. For a certain class of perturbations we prove that the equation ad-
mits a unique stationary solution in a weighted Sobolev space. A key ingredient
of the proof is a new result on the existence of spectral gaps for Fokker-Planck
type operators in certain weighted L?-spaces. In addition we show that the
steady state corresponds to a positive density matrix operator with unit trace
and that the solutions of the time-dependent problem converge towards the
steady state with an exponential rate.

1. INTRODUCTION

This work is devoted to the study of the Wigner-Fokker-Planck equation (WFP),
considered in the following dimensionless form (where all physical constants are
normalized to one for simplicity):

Ow+ & - Vyw + OV]w = Agw + 2dive (§w) + Azw,
w|,_, = wo(x,€),

where z,£ € RY, for d > 1, and t € R,.. Here, w(t, z,€) is the (real valued) Wigner
transform [37] of a quantum mechanical density matriz p(t,x,y), as defined by

1 n _ Y o—igm
(1.2) w(t,z,€) == ) /de(t,x—f— 5 T 2>e dn.

Recall that, for any time ¢ € R, a quantum mechanical (mixed) state is given by a
positive, self-adjoint trace class operator p(t) € Z;*. Here we denote by %(L?(R?))
the set of bounded operators on L?(R?) and by

T = {pe BL*R?)) : tr|p| < oo},

the corresponding set of trace-class operators. We consequently write p € 7,7 C
1, if in addition p > 0 (in the sense of non-negative operators). Since & C s,
the space of Hilbert-Schmidt operators, i.e.

Ty = {p € BLARY) : tx(p"p) < o0},

(1.1)
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we can identify the operator p(t) with its corresponding integral kernel p(t,-,-) €
L?(R?%), the so-called density matriz. Consequently, p(t) acts on any given function
¢ € L*(R?) via
(P0)) = [ olt.a.0) o) dy.

Using the Wigner transformation (1.2), which by definition yields a real-valued
function w(t,-,-) € L?(R?%), one obtains a phase-space description of quantum
mechanics, reminiscent of classical statistical mechanics, with 2 € R? being the
position and ¢ € R? the momentum. However, in contrast to classical phase space
distributions, w(t, z, ) in general also takes negative values.

Equation (1.1) governs the time evolution of w(t,x,£) in the framework of so-
called open quantum systems, which model both the Hamiltonian evolution of a
quantum system and its interaction with an environment (see [13], e.g.). Here,
we specifically describe these interactions by the Fokker-Planck (FP) type diffusion
operator on the r.h.s. of (1.1). For notational simplicity we use here only normalized
constants in the quantum FP operator. However, all of the subsequent analysis
also applies to the general WFP model presented in [34] (cf. Remark 2.4 below).
Potential forces acting on w(t, -, -) are taken into account by the pseudo-differential
operator

i noain-(€—¢' /
(13) @V =~ [ Vi) fag) e ag an,
where the symbol §V is given by

(1.4) SV (z,m) =V (x+g) —V(x— g)

and V is a given real valued function. The WFP equation is a kinetic model
for quantum mechanical charge-transport, including diffusive effects, as needed,
e.g., in the description of quantum Brownian motion [15], quantum optics [18],
and semiconductor device simulations [16]. It can be considered as a quantum
mechanical generalization of the usual kinetic Fokker-Planck equation (or Kramer’s
equation), to which it is known to converge in the classical limit 7 — 0, after an
appropriate rescaling of the appearing physical parameters [10]. The WFP equation
has been partly derived in [11] as a rigorous scaling limit for a system of particles
interacting with a heat bath of phonons. Additional “derivations” (based on formal
arguments from physics) can also can be found in [14, 15, 35, 36].

In recent years, mathematical studies of WFP type equations mainly focused on
the Cauchy problem (with or without self-consistent Poisson-coupling), see [2, 3,
4, 7,9, 12]. In these works, the task of establishing a rigorous definition for the
particle density n(t,z) has led to various functional analytical settings. To this
end, it is important to note that the dynamics induced by (1.1) maps .7, (L?(R%))
into itself, since the so-called Lindblad condition is fulfilled (see again Remark 2.4
below). For more details on this we refer to [7, 9] and the references given therein.
In the present work we shall be mainly interested in the asymptotic behavior as
t — 400 of solutions to (1.1). To this end, we first need to study the stationary
problem corresponding to (1.1). Let us remark, that stationary equations for open
quantum systems, based on the Wigner formalism, seem to be rather difficult to
treat as only very few results exist (in spite of significant efforts, cf. [6] where the
stationary, inflow-problem for the linear Wigner equation in d = 1 was analyzed).
In fact the only result for the WFP equation is given in [34], where the existence
of a unique steady state for a quadratic potential V(z) oc |z|? has been proved.
However, the cited work is based on several explicit calculations, which can not be
applied in the case of a more general potential V'(x).
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The goal of the present paper is twofold: First, we aim to establish the existence
of a normalized steady state ws(x,€) for (1.1) in the case of confining potentials
V(x), which are given by a suitable class of perturbations of quadratic potentials
(thus, V(x) can be considered as a perturbed harmonic oscillator potential). The
second goal is to study the long-time behavior of (1.1). We shall prove exponential
convergence of the time-dependent solution w(t,z,§) towards we, as t — +oo.
In a subsequent step, we shall also prove that the stationary Wigner function we
corresponds to a density matrix operator po, € Z;". Remarkably, this proof exploits
the positivity preservation of the time-dependent problem (using results from [9]),
via a stability property of the steady states.

To establish the existence of a (unique) steady state weo, the basic idea is to
prove the existence of a spectral gap for the unperturbed Wigner-Fokker-Planck
operator with quadratic potential. This implies invertibility of the (unperturbed)
WEFP-operator on the orthogonal of its kernel. Assuming that the perturbation
potential is sufficiently small with respect to this spectral gap, we can set up a
fixed point iteration to obtain the existence of ws,. The key difficulty in doing
so, is the choice of a suitable functional setting: On the one hand a Gaussian
weighted L?-space seems to be a natural candidate, since it ensures dissipativity of
the unperturbed WFP-operator (see Section 3). Indeed, this space is classical in the
study of the long-time behavior of the classical (kinetic) Fokker-Planck equation, see
[26]. However, it does not allow for feasible perturbations through ©[Vp]. In fact,
even for smooth and compactly supported perturbation potentials Vj, the operator
O[Vy] would be unbounded in such an L?-space (due to the non-locality of O[Vp], see
Remark 5.2). We therefore have to enlarge the functional space and to show that
the unperturbed WFP-operator then still has a (now smaller) spectral gap. This is
a key step in our approach. It is a result from spectral and semigroup theory (cf.
Proposition 4.8) which is related to a more general mathematical theory of spectral
gap estimates for kinetic equations, developed in parallel in [24] (see also [29]). We
also remark that for V(z) = |z|?> the WFP equation corresponds to a differential
operator with quadratic symbol [34] and thus our approach is closely related to
recent results for hypo-elliptic and sub-elliptic operators given in [17, 26, 31].

Comparing our methods to closely related results in the quantum mechanical
literature, we first cite [20], where several criteria for the existence of stationary
density matrices for quantum dynamical semigroups (in Lindblad form) were ob-
tained by means of compactness methods. In [5] the applicability of this general
approach to the WFP equation was established. In [22, 21] sufficient conditions
(based on commutator relations for the Lindblad operators) for the large-time con-
vergence of open quantum systems were derived. However, these techniques do not
provide a rate of convergence towards the steady states. In comparison to that,
the novelty of the present work consists in establishing steady states in a kinetic
framework and in proving exponential convergence rates. However, the optimality
of such rates for the WFP equation remains an open problem. In this context one
should also mention the recent work [25], in which explicit estimates on the norm
of a semigroup in terms of bounds on the resolvent of its generator are obtained,
very much along the same lines as in present paper and in [24].

The paper is organized as follows: In Section 2 we present the basic mathematical
setting (in particular the class of potentials covered in our approach) and state our
two main theorems. In Section 3 we collect some known results for the case of a
purely quadratic potential and we introduce the Gaussian weighted L?-space for
this unperturbed WEFP operator. This basic setting is then generalized in Section 4,
which contains the core of our (enlarged) functional framework: We shall prove
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new spectral gap estimates for the WFP operator with a harmonic potential in L2~
spaces with only polynomial weights. In Section 5 we prove the boundedness of the
operator ©[Vp] in these spaces. Finally, Section 6 concludes the proof of our main
result by combining the previously established elements. Appendix A includes the
rather technical proof of a preliminary step which guarantees the applicability of
the spectral method developed in [24].

2. SETTING OF THE PROBLEM AND MAIN RESULTS

2.1. Basic definitions. In this work we shall use the following convention for the
Fourier transform of a function ¢(z):

(k) := /Rd o(x) e F2dg,

From now on we shall assume that the (real valued, time-independent) potential
V', appearing in (1.1), is of the form

)

(2.1) Vi) = % ]2 + AV (),

with Vo € C®(R%R) and A € R some given perturbation parameter. In other
words we consider a smooth perturbation Vy of the harmonic oscillator potential.
The precise assumption on Vj is listed in (2.9). An easy calculation shows that for
such a V the stationary equation, corresponding to (1.1), can be written as

(2.2) Lw = \O[Vw,
where L is the linear operator
(2.3) Lw:=—¢-Vow+ - Vew + Agw + 2dive (§w) + Azw.

Remark 2.1. When considering the slightly more general class of potentials
1
V(z) = By |z + -z + \V(z), AeER,acR?

we would find, instead of (2.3), the following operator: Low := Lw + a - Ve w.
Thus, by the change of variables z — x + a we are back to (2.3).

The basic idea for establishing the existence of (stationary) solutions to (2.2) is
the use of a fixed point iteration. However, L has a non-trivial kernel. Indeed it
has been proved in [34] that, in the case A = 0, there exists a unique stationary
solution p € S(R??), satisfying

(2.4) Lip=0

and the normalization condition

(2.5) / /R € dedg =1

Explicitly, u can be written as
(2.6) p=ce A8,
where the function A is given by
1
(2.7) A,€) = 7 (2 + 20 € +3[¢)%)

and the constant ¢ > 0 is chosen such that (2.5) holds. Note that for any p € 7
such that w € L'(R2?) the following formal identity

wp= [ pe)de= [ @i
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can be rigorously justified by a limiting procedure in .77, see [1]. Since trp is
proportional to the total mass of the quantum system, we can interpret condition
(2.5) as a mass normalization.

In the following, we shall denote by o > 0 the biggest constant such that

(2.8) HessA— 01> 0, forall(z,¢) € R4,

in the sense of positive definite matrices, where I denotes the identity matrix on
R?4, In the analysis of the classical FP equation, condition (2.8) is referred to as
the Bakry-Emery criterion [8]. In our case one easily computes

o=1-1/V2.

In a Gaussian weighted L?-space, o will be the spectral gap of the unperturbed
WEFP-operator and hence the decay rate towards the corresponding steady p (cf.
(3.9), (3.10) below).

The functional setting of our problem will be based on the following weighted
Hilbert spaces. While the stationary and transient Wigner function are real valued,
we need to consider function spaces over C, for the upcoming spectral analysis.

Definition 2.2. For any m € N, we define H,, := L*(R??, v, 1dz d¢), where the
weight is

vli=14 A™(x,€).
We equip H,, with the inner product

(f:9)3, = //de %dxdf.

Clearly, we have that H,,+1 C Hn,, for all m € N.

2.2. Main results. With these definitions at hand, we can now state the main
theorems of our work. Note that for the sake of transparency we did not try to
optimize the appearing constants.

Theorem 1. Let m > Kd be some fized integer, where K = K(A) € (1,144] is
a constant depending only on A(x,£) (defined in Lemma 4.2). Assume that the
perturbation potential Vi satisfies

(2.9) Ty i=Chn |II|12,X 102Vo | oo (ray < +00,
JIsm

where Cy, > 0 depends only on m and d, as seen in the proof of Proposition 5.1.
Next we fix some Yy, € (0,7p), where v > 0 is given in (4.7). Furthermore, let
the perturbation parameter \ satisfy

Tm
2.1

where 6 = 9 (Ym) > 1 is defined in (4.15). Then it holds:
(i) The stationary Wigner-Fokker-Planck equation (2.2) admits a unique weak
solution we € Hm N HY(R??), satisfying [[poa woo dzd€ = 1. Moreover,
Woo i real valued and satisfies weo € HE (R??).
(ii) Fquation (1.1) admits a unique mild solution w € C([0,00), Hn). In addi-

tion, for any such mild solution w(t) with initial data woy € H,y, satsifying
[ Jgea wo dzd€ = 1, we have

[w(t) — woe [lgy,, < Sme ™" | wo — woe 124, » Vit >0,
with an exponential decay rate

Em = Ym — |[A|0mDlm > 0.
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(iii) Concerning the continuity of Wee = Weo(A) w.r.t. X, we have

|)\|5mrm

o = iy, < = sl

Remark 2.3. In this result, the constant o, := 3,,/0, > 0, roughly speaking,
plays the same role for L on H,, as ¢ > 0 does in the case of H (where H is defined in
Definition 3.1), where it is nothing but the size of the spectral gap, see Proposition
3.5. For L on H, o also gives the exponential decay rate in the unperturbed case
A =0. For L on H,, the situation is more complicated. Here, assertion (ii) yields
an exponential decay of the unperturbed semi-group with rate k., = Jm € (0,9m)
and 7, # o (but possibly equal to o, as can be seen from (4.15)). In addition,
one should note that §,, > 1 may blow-up as ¥,, / ¥m, cf. estimate (4.11).

Theorem 1 is formulated in the Wigner picture of quantum mechanics. We shall
now turn our attention to the corresponding density matrix operators p(t). This
is important since it is a priori not clear that wy is physically meaningful — in
the sense of being the Wigner transform of a positive trace class operator. To this
end we denote by po, the Hilbert-Schmidt operator corresponding to the kernel
Poo(,y), which is obtained from we,(z, &) by the inverse Wigner transform, i.e.

poo(xvy) = / Woo (x Rt > e—iEA(r—y) df
R

2 )
Analogously we denote by pg the Hilbert-Schmidt operator corresponding to the
initial Wigner function wg € Hpy,.

We remark that the existence of a unique mild solution of equation (1.1) on H,,
will be a byproduct of our analysis.

Theorem 2. Let m > Kd be some fized integer. Let Vi, A\, and wq satisfy the
same assumptions as in Theorem 1. Then we have:

(i) The steady state po is a positive trace-class operator on L2(R?), satisfying
tr poo = 1.

(ii) Let p € C([0,00), Z) be the unique density matriz trajectory corresponding
to the mild solution of (1.1). Then, the steady state poo is exponentially
stable, in the sense that

4 —Km
1(t) = poo Il 7, < (27) 2 Gpe ™"

(iii) If the initial state wo € M.y, corresponds to a density matriz po € F," (and
hence wq is real valued, tr pg = ff wo ded€ = 1), then we also have

Wo — Woo [|3, vt > 0.

([ p(t) = pocll 7 = 0

Note that, in the presented framework, we do not obtain exponential convergence
towards the steady state in the .Z3-norm but only in the sense of Hilbert-Schmidt
operators. This is due to the weak compactness methods involved in the proof of
Griimm’s theorem (cf. the proof of Th. 2 in §6).

Remark 2.4. Consider now the following, more general quantum Fokker-Planck
type operator replacing the r.h.s. of (1.1):

Qu := DppAgw + 2 Dy divy, (Vew) + 2Dy dive (w) 4+ Dgq Agw.
It is straightforward to extend our results to this case as long as the Lindblad

condition holds, i.e.

D2
(2.11) Dpp >0,  DppDyq — (ng + 4f> > 0.
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The modified quadratic function A(z,§) is given in [34]. The Lindblad condition
(2.11) implies that discarding in (1.1) the diffusion in x, and hence reducing the
r.h.s. to the classical Fokker-Planck operator Quw := Agw + 2 dive (§w), would not
describe a “correct” open quantum system. Nevertheless, this is a frequently used
model in applications [38], yielding reasonable results in numerical simulations.

3. BASIC PROPERTIES OF THE UNPERTURBED OPERATOR L

3.1. Functional framework. It has been shown in [34] that the operator L, de-
fined in (2.3), can be rewritten in the following form

(3.1) Lw =div(Vw+w(VA+ F)),
with
(3.2) div(Fe™) = %div(Fu) =0.

Here and in the sequel, all differential operators act with respect to both = and &
(if not indicated otherwise). In (3.1), the function A is defined by (2.7) and

. —£ 71 —x— 3£
5 pe (250 vas ().

The reason to do so is that (3.1) belongs to a class of non-symmetric Fokker-Planck
operators considered in [8]. From this point of view, a natural functional space to
study the unperturbed operator L is given by the following definition.

Definition 3.1. Let H := L*(R??, ;! dz d€), equipped with the inner product

Gt = [[ 22 aza.

We can now decompose L into its symmetric and anti-symmetric part in H, i.e.

(3.4) L=1L°+ L,

where

(3.5) Liw :=div(Vw +wVA), L¥w:=div(Fw).
It has been shown in [34], that the following property holds:
(3.6) LPu=0, L*¥u=0

where p is the stationary state defined in (2.6). Next we shall properly define
the operator L. To this end we first consider L| oo Which is closable (w.r.t. the
0

‘H-norm) since it is dissipative:

Lemma 3.2. L|Coo is dissipative, i.e. it satisfies Re (Lw,w),, < 0, for all w €
0

C§e(R2%).

Proof. Using VA = —u~ 'V we have, on the one hand

<st,w>H=//RM;dw (Vw + wVA) de dé = //Rmﬂdlv( (Z’))dxdg
ol

On the other hand, it follows from (3.2) that

dxd¢ <0.

wdivk = —EF-V/.L,
L

and thus v
div(Fw) = —uF - (‘UQW - “’) = uF -V (w> .
p p p
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An easy calculation then shows

Re (L*¥w, w) 7Re// —leFw Yyda dé = Re// —F V< )ydxd{
R2d M R2d M
:_7//RZd

by (3.2). To sum up we have shown that Re (Lw, w),, < 0 holds. O

d1v (Fu)dadé =0,

The operator L = L| oo 18 mow closed, densely defined on H and dissipative.
Moreover one easily sees tohat L* = [® — L*. The main goal of this section is to
prove that L admits a spectral gap and is invertible on the orthogonal complement
of its kernel. For the first property, we start showing that L is the generator of a
Co-semigroup of contractions on H. For this we recall the following result from [9].

Lemma 3.3. Let the operator P = ps (x,&, V4, Ve), where ps is a second order
polynomial, be defined on the domain 2(P) = C*(R2?). Then P is closable and

P‘C“’ is the mazimum extension of P in L?(R2%).
0

Several variants of such a result (on different functional spaces) can be found in
[2, 3]. We can use this result now in order to prove that L is the generator of a
Cy-semigroup.

Lemma 3.4. L generates a Cy-semigroup of contractions on H.
Proof. Defining v := w/,/i transforms the evolution problem
Oqw = Lw, w‘t:O =wp €H

into its analog on L?(R?%). The new unknown v(t,x,£) then satisfies the following
equation

Osv = Hv, v‘t:O = wo/ /1,
where H is (formally) given by

Hv=Av+ F-Vuv+Uv,
and the new “potential” U = U(x, &) reads

_1 1 2
U= §AA— Z\VA| .
Defining H on 2(H) = C§°(R??), we have

()

and thus the dissipativity of L on H directly carries over to H = H|COC on L?(R%9).
0

Next, we consider H* defined via (Hf,g);> = (f, H*g) ., for f,g € C5°(R?%).

| o0 )
CO

Due to the definitions (2.7) and (3.3), the operator H* is exactly of the form

g

needed in order to apply Lemma 3.3. Thus, H* = H*

oo 18 also dissipative (on all
0
of its domain). Hence, the Lumer-Phillips Theorem (see [30], Section 1.4) implies
that H is the generator of a Cp-semigroup on L?(R??), denoted by ef!
Reversing the transformation w — v then implies that L is the generator of the
Cy-semigroup U; on H, given by

o (2.

This finishes the proof. U
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3.2. Semigroup properties on H. The above lemma shows that the unperturbed
WEFP equation

Oyw = Lw, w|t:0 =wy € H,

has, for all wg € H, a unique mild solution w € C([0,00), H), where w(t,z,§) =
Uiwo(z, ), with Uy defined above. Obviously we also have Uy = p, by (2.4).
Moreover, in [34] the Green’s function of U, was computed explicitly. It shows that
U conserves mass, i.e.

-/~/]R?d w(t,z,§)drdf = //de wo(x,&)drdE, Vit >0.

Next, we define
(3.7 HY ={weH wlpu}CH,
which is a closed subset of 7. Note that w L u simply means that

W= [ w9 dsdc =0

Hence, we have for w € C§°(R??), using (3.5):
(L™w, 1)y = // L*¥w(x, &) dedg = 0.
R2d

Thus, L* : H+ N 2(L*) — HL. Moreover, L8 : Ht N 2(L%) — HL, since H+
is spanned by the eigenfunctions of L*® (except of ). To sum up, the operators L®
and L® are simultaneously reducible on the two subspaces H = span[u] ® H*.

We also have that U; maps HL into itself, since for wy € HL the conservation
of mass implies

38 Wiy = [[ wtoiede= [[ w@oardc=o, vezo

Lemma 3.4 allows us to prove that L has a spectral gap in H, in the sense that

(3.9) o(L)\ {0} c {z€C:Rez < —0}.
Proposition 3.5. It holds
1
-1
L ||%(HL) < e

where o > 0 is defined in (2.8).

Proof. Condition (2.8) implies that L® has a spectral gap of size o > 0 (cf. §3.2 in
[8], e.g.). Moreover, [8, Theorem 2.19] also yields exponential decay (with the same
rate) for the non-symmetric WFP equation:

(3.10) U (wo — )y < el wo — g [l

Here, wy € H has to satisfy [[poq wo dzdé = [[poq p dzdé = 1. By the discussion
above, we know that L’?—Ll is the generator of U, Hence, (3.10) implies

*1” N <;
BMH) = Rez+o’

.

(3.11) (L — =) VzeC, Rez > —o,

which proves the assertion for z = 0. (|

As a final preparatory step in this section, we shall prove more detailed coercivity
properties of L within H*. We shall denote H' := {w € H : Vw € H}, and H~*
will denote its dual.
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Lemma 3.6. In H' the operator L satisfies

(3.12) —Re (Lw,w), > o ||lw|3.
Similarly, there exists a constant 0 < a < o, such that

(3.13) —Re (Lw,w)y, > a|w|2:, YweHNH.

Proof. We shall use the weighted Poincaré inequality (see [8]): For any function
f € L*(R*?, pdx d€), such that [[p,, fudzdé =0, it holds:

(3.14) J[enavae < [[ uivee asae

Estimate (3.12) then readily follows by setting f = w/u:

Re (Lw, w)y = —//deu’v (Z’) i dzdé < —o /AZdedxdg.

In order to prove assertion (3.13), we note that

2 2
u‘V (w> _ IVl P <w|2 Vét),
I I %

2

W
taking into account that A(log u) = —2d. Next, let 0 < o < 1 (to be chosen later),

and write
2
Re(Lw,w>H:fa// u‘V(w> dzdé — (1 —a) // u'V(w>
R2d K R2d H
2 2
:—a// [Vl dxd£+2da// [ 4 ae
R2a M R2d M

oo [l ()

Inequality (3.14) for f = w/u then implies:

—(1—a)//R2dM’v (Z)) : dedé < —o(1 - a) //Wd'wfdxdg.

2
dz dé¢

2
dz dé.

Therefore
2 2
Re (Lw,w)y < —a // Vel dedé+ (2da—o (1 — a)) // Mdﬂcdf.
R2d M R2d M
The choice oo = 0 /(0 + 2d + 1) yields assertion (3.13). O

In the next section we shall study the operator L in the larger functional spaces
Hu, (see Definition 2.2). This is necessary since the perturbation operator ©[Vy] is
unbounded in H, even for V; € C§°(R?), cf. Remark 5.2.

4. STUDY OF THE UNPERTURBED PROBLEM IN H,,

In this section, we adapt the general procedure outlined in [24, 29] to the specific
model at hand. One of the main differences to the models studied in [24] is the fact
that the WFP operator includes a diffusion in x. Nevertheless, we shall follow the
main ideas of [24]. In a first step, this requires us to gain sufficient control on the
action of Uy on H,,. After that, we establish a new decomposition of L (not to be
confused with the decomposition L = L® + L?® used above) in order to lift resolvent
estimates onto the enlarged space H,, O H. Together with the Gearhart-Priiss
Theorem (cf. Theorem V.1.11 in [19]), these estimates will finally allow us to infer
exponential decay of U; on H,,.
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4.1. Mathematical preliminaries. In (3.5) we decomposed the unperturbed evo-
lution operator as L = L® + L?. As a first, from basic property of the spaces H,,
(see Definition 2.2), we note that L?® is still anti-symmetric in H,,, m € N.

Lemma 4.1. It holds
(4.1) Re (L*w,w)y,, =0, ¥YmeN.
Proof. A straightforward calculation yields div(F) = 0. Hence

Re (L*w,w)y, —Re// —dlvo Ydzdé = - // F -V (|w]?) v,' dzdé
R

2d Um
= -= // lw|*m A" F - VAdede,
2 R2d
after integrating by parts and using v;,;! = 1+ A™(z,¢). Now, it is easily seen from
(3.3) that F'- VA = 0, which implies (4.1). O

The proof shows that, in the definition of H,,, it is important to choose the weight
Vm as a (smooth) function of A = —log£. Otherwise the fundamental property
(4.1) would no longer be true. Also note that in contrast to L?*, the operator L® is
not symmetric in H,,,. Before studying further properties of L in H,, we state the
following technical lemma. In order to keep the presentation simple, we shall not
attempt to give the optimal constants.

Lemma 4.2. Let A = —logZ, as given in (2.7). Then the following properties
hold:

(a) There exists a constant a; > 0, such that for all m € N it holds:
ap (14 A™) <A™V VAP, for all |z + |€]* > 12.
(b) Choosing K := a% it holds for all integer m > Kd:
Ad (14 A™) < mA™ VY |VAP?,  for all |22 + <> > 12.
(¢) There exists a constant as > 1 such that
IVA? <ap A, Yz, € eRY
(d) For any |z|,|¢| > 1 and m > 1, it holds
A1+ A™) <mA™ 1 |[VA]? €26(m — 1+ 3d).

Proof. Using Young’s inequality we easily obtain

(42) (ol + 1EP) < A, &) < |af + 1€l

(4.3) 1%3“33\2 +[EP) < VA, O < 3(|zf* + 1¢).
This yields assertion (c). To show (a), we note from (4.2) that
I<A<SA™, Vx> + ¢ > 12.
Hence, we obtain with (4.2), (4.3):
1+ A™ <2A™ <36 A1 |VAJ]?
which is assertion (a). We further note that assertion (b) is a direct consequence

of (a). Finally, to prove assertion (d), we compute

-1 2d
A (1 + Am) =mA™! |VA‘2 (mA + W)

<mA™ V|VA? €26 (m —1+3d), for |z, |¢] >

(")\H
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O

Remark 4.3. Note that the constants a; > %,@ < 36, and K = ai‘l < 144 can

be chosen independent of m € N and of the spatial dimension d € N. Moreover,
K =1 is not possible for d = 1.

4.2. Semigroup properties on H,,. Analogously to (3.7), we now define the
following closed subset of H.,:

HE ={weHn:wlv,), meN,

which is again characterized by the zero-mass condition

(4.4) (W, Vm)qy = //R?d w(z, &) dxdg = 0.

Thus we have H*+ C H;, Vm € N. As before, we define L on H,, via L = L.
0

which yields a closed, densely defined operator on H,,, for each m € N. In addition,
we also have the following result.

Lemma 4.4. For each m € N, the operator L generates a Cy-semigroup of bounded
operators on H.,, satisfying

(4.5) ||UtH=@(Hm) <efmt B, eR.

Proof. We compute

2
Re (Lw, w)y, = 7// Vol 4z ae
R2d Um
2d

1
+ 7// lwl? (AAm —m A" VAP + ) dz d¢,
2 R2d 1%

by taking into account (4.1) and the fact that v,,! =1+ A™(z,£). Using assertion
(c) of Lemma 4.2, we can estimate

AA™) =mA™ 2 (m — 1) [VA]? +2d A) <m ((m — 1) as + 2d) A™~ L.

Moreover, since, for all z,& € R%: A" 1(z &) < 1+ A™(z,€), we consequently
obtain

2 2
A(A™) —m A"V VAP + Td <A@+ 22 < g (14 am),

m

where
B = 2d + m((m — Das + Qd).
In summary, this yields

Re (Lw,w)Hm < B |lw]

2
Hom*
Thus, for the unperturbed evolution equation dyw = Lw we infer

d
&HUJII%W = 2Re (Lw,w)y, < 2B6n vl
and the assertion follows. O

Remark 4.5. Note that 3, cannot be negative in Lemma 4.4 since Up(u) = p.
However, using some refined estimates below, we shall find (see Proposition 4.8)
that the restricted semigroup Ut| L 8 exponentially decaying, provided m € N is

sufficiently large. To this end, we note that the two (non-orthogonal) subspaces

H,n = span[u] ® H; are invariant under L and under U; (Vm € N) due to mass
conservation (3.8) and (4.4).



STATIONARY STATES AND LARGE TIME BEHAVIOR OF WFP 13

As a final preparatory step, we shall need the following decomposition result for
L, where we denote
HY, = {w € Hyy : Vw € Hpn )}

Proposition 4.6. Let m > Kd be some fixed integer, and K was defined in Lemma
4.2. Then there exists an 0 < ¢ < 1 such that the operator L can be split into
L= L5+ L§, with L5, L§ defined in (A.1) and (A.2) and satisfying:
(1) L5 : Hy, — Hm is a closed and unbounded operator, while L5 : H1 — H
and L5 : Hy — H™1 are bounded operators.
(2) (L —2) : H — H and (L§ — 2) : Hy, — Hy are closed, unbounded and
invertible operators for every z € Q = {z € C : Rez > —A,,}, where
Ay, > 0 4s a positive constant defined in (A.5).
(3) The operator
LS(Ls—2)" i Hpy = H C Hin
is bounded for any z € Q.

The proof is lengthy and rather technical and therefore deferred to Appendix A.

Remark 4.7. Note that in Proposition 4.6, € has to be chosen positive, in order to
ensure assertion (1). In fact, while L§ continues to be coercive also for e = 0, the
operators L§ : H. — H and L§ : H,, — H ™' become unbounded as e — 0. The
fact that L7 is bounded for € > 0 is essential, in order to obtain the decay estimate
(4.6), cf. the proof of Proposition 4.8.

Indeed, introducing the decomposition L = Lj + L§ is one of the key ideas in
[24, 29] in order to lift estimates for the resolvent R(z) = (L — z)~! onto the larger
space H,,. The general decomposition procedure introduced in [24] applies to the
WEFP equation and provides the following exponential decay of U; on H,,.

Proposition 4.8. Let 0 > 0 be the spectral gap of L® in H, and let wg € H.,, with
ffde wodxdé = 1. Then, for every integer m > Kd, it holds

(4.6) 1Us(wo = 1)l < Sme™ " wo = pill,..»
for any Y € (0,7m), where
(4.7 Y = min{A,, ; o} >0,

and Om, = O (Ym) > 1 is given in (4.15). Furthermore, we have for the resolvent
set

(4.8) Q(L’Hm) 20 :={2z€C:Rez>—ym, z # 0}

Proof. For the sake of completeness we briefly present the proof which follows the
ones of Theorem 2.1, Theorem 3.1, and Theorem 4.1 in [24]. The spirit of the proof
is the following: By using the operator factorization from Proposition 4.6, we shall
infer an estimate for the resolvent on H,,. Restricting the resolvent to 7—[#} removes
its singularity at z = 0 and consequently yields a uniform estimate on the complex
half plane {z € C: Rez > —4,, }. The Gearhart-Priiss Theorem [23, 32] then yields
the exponential decay of U; on ;.. The proof now follows in several steps:
Step 1: Following [28] we define on H,,, the operator

_ ~1 _
(4.9) R(z):=(Ly—2)"" = ((L— z)|H) L5(Ls —2)7Y, 2€Q.
Theorem 2.1 and Remark 2.2 in [24] implies that R(z) is the inverse operator of
(L — z) in H,, for any z € €4 and therefore statement (4.8) holds.
Step 2: The next step is devoted to obtaining uniform estimates for R(z) =

—1
((L - z)|H) , for z € C on some appropriately defined half planes, cf. [24,
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Theorem 3.1 (4)]. To this end, we shall first prove the following bound for the
resolvent on H:

(4.10) sup ||(L — (a +1s)) | @) = Ko < 00, Va€ (—0,0).

Indeed, the constant Ky = Ky(o,a) can be explicitly obtained by considering the
resolvent equation for Rez > —o and z # 0:

(L_Z).f:g OHH,

Using the orthogonal decomposition f = f+ + ciu, g = g* + cap, having in mind
that L maps H* into HL, we infer

-1
fL:(L_Z)"HJ_gL7 L =———.

In view of (3.11) this yields

2 1 1
2 L L2 |2 < s E 2
||f||7~£ = (Rez+a)2||g ||’;'-L+ |Z|2 = max (Rez—i—a)Q’ |Z|2 ||g||?‘-[
Hence,
_ 1 1
H(L—Z) 1||<@(H)§max{ReZ+0_,|Z} fOrReZ>—U,Z#O7

1.1
and Kogmax{m, }

lal
From this bound on (L — z)‘;[l we can deduce a bound on (L — z)|;l1 for
z€Q ={2€C:Rez> —vp, 2 # 0}. Using (4.9), (A.4), and L5 € B(H}, = H),
we infer
L = 2)" 20
< LS = 2) " pen—mz) L+ 1L = 2) "z 125200, -m)

(1) 1 L (44 1 L e
max{4 —————; — max{4 ————; — 1
- Rez+Ap " A Rez+o’ |7] HIB0 =)
=: U (2).
Next we consider the resolvent of L|H .. First we note that both subspaces of
H,n = span[u] @ H:- are invariant for (L—z)~! (cf. Remark 4.5). Hence (L—z)‘;tl
and (L — z)|;tli coincide on H;-. Since z = 0 is an isolated and non-degenerate

eigenvalue of L’Hm, we conclude O’(L‘HL> = U<L|Hm) \ {0}. Since L generates a

Co-semigroup on H:- it is closed and its resolvent is analytic on
Q(L’HL) 2{z€C:Rez>—yn}

For any fixed 7,, € (0,7,,) we henceforth conclude from (4.11) that the resolvent
of L‘H . is uniformly bounded (on a whole right half space)

m

(4.12) (L - < MAm) <00, Rez>-—7p,.

-1
2) HL@(H;)
Note, however, that the constant M (5,,) is not known explicitly.

Step 3: Next we shall show that this resolvent estimate yields an exponential

decay estimate for the semigroup U; on H;.. In order to do so, we will apply the
Gearhart-Priiss-Theorem to the rescaled semigroup e’tU;, cf. Theorem V.1.11 in
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[19] (see also [24, Theorem 3.1] and [25]). This is possible in view of the uniform
bound (4.12) and yields the following estimate for Uy:

(14 Mw)?C? _~

4.13 U < TImt >0

( ) || t”%(ﬂfn) = ot € s > U,
where w > B, +Jm + 1, CL < 7(w — B — Fm) ™1, and

(4.14) M := Sup (L = (—=Am +5)) " ze) < Om(=Fm);

where the second inequality follows directly from (4.11) and the definition of M.
Note that (4.14) asserts a bound on the resolvent along the (fixed) line

{z€eC: z=—-7,, +is},
in contrast to (4.12). Keeping this in mind, we conclude that the estimates in the

proof of Theorem V.1.11 in [19] in fact only depend on the resolvent evaluated at
z = —m + is. Interpolating (4.13) with (4.5), we consequently conclude

1Uell 3ty < e,
where (after optimizing in w > By, + Vm + 1)
(4.15) O 1= max {gﬂm(fﬁm)z ; eﬁ’”*:’m} > 1.

This finishes the proof.
O

Proposition 4.8 implies that the operator L is invertible in the space H., for
m > Kd. More precisely, invoking classical arguments (cf. Theorem 1.5.3 in [30]),
we infer

1 Om, 1
(4.16) Vm=>Kd: |L7 g < == —.
m Tm Om
Note that the constant o, > 0 depends on m and thus on d and A. The reason why
we obtain exponential decay of U; on H,, with a rate 7, < 7, can be understood
from the fact that in order to apply the Gearhart-Priiss Theorem one needs to
guarantee a uniform resolvent estimates on some complex half plane, which is not
sharp, in contrast to e.g. the Hille-Yoshida theorem (used on H).

5. BOUNDEDNESS OF THE PERTURBATION

In this section we shall prove the boundedness of the operator O[Vy] in H,,, which
is the key technical result for our perturbation analysis. We recall that our potential
V from (2.1) consists of the harmonic potential plus the perturbation A\Vj. Hence,
we shall now consider —A\O[V}] as a perturbation of L.

Proposition 5.1. Let m € N and the potential Vo € C;"(R?). Then the operator
O[Vo] maps Hy, into Hi: and

||@[VO]||@ ) S Dmi=Chy éﬂ?fn Ha:{:%HLoo(Rd) J
where Cy, > 0 denotes some positive constant, depending only on m and d.

Proof. We first note that, in view of (4.2), the norm || f||3, ~and the norm

=[] 1876 (15 (o + 6)") dea

are equivalent. It is therefore enough to prove that

60 [ 180 (1+ (P +16R)") drde < Colulf,
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for some Cy > 0. In the following we denote by
(5.2 (Fecw)(wam) = D) = [ wla e <de,
R

the partial Fourier transform with respect to the variable £ € R? only. Recall from
(1.3) that the operator O[Vp] acts via

(5.3) O[Volw = 1.7-'77%5 (6Vo(z,n) - Femspw(z,m)).
Using Plancherel’s formula and Hélder’s inequality, this implies
[0[Volwll 2 < 2[[Voll e llwl] L.

Thus, in order to prove (5.1), we only need to estimate

// (@, )7 (Jf + )" dade.

We rewrite this term, using

(P + 1) =3 ( ) 229 g 23

j=0

in the following form:

[ 1etelute. 0 (ol + 1) arac

= ™ 2(m—j) |¢|24 )
]2(]) //R =1 1% |0[Volw(x, §)[? dz de.

€17 = ) cng €62,

In|=j

It holds

where ¢, ; are some coefficients depending only on n € N?. Therefore

// Volw(z, €)[2 (f2 + [€2)™ du dé
= i(?) Z/ |22 2 O Volw(x, €)* de de |
§=0

[n|=j

where we denote 2" := 271 ... £2n4_ From (5.3) we see that

(5.4) €™ (Vo) gasy = (20) 1|0 (Vo) |22 gy

with @w(z,n) defined by (5.2). We expand the right hand side of this identity by
using the Leibniz formula (see also [27]), and we apply

sup |07, (0Vo) (z,n)| <2979 sup |93, Voly)],
z,nER? y€ER4

(cf. Definition (1.4)). Then we can estimate (5.4) as follows:

// " 10[VoJw(w,§)? duds < C(n ) max ||(9’V0HLoc @llE" T w1 Zs gac),
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where C'(n) > 0 depends only on binomial coefficients. In summary, we obtain

[, 1ealute. P (ol + 6™ do e

< Cny, <T>( > on (K< 105 Vo ll oozt |||x|m7j€"7kw||i2<n@2d>)
=0 In|=j =

< C2, max |V 2 s / / wl? (2, €) (2 + [€P)™ da de,
‘Jlgm R2d

with Cpn, Cpp > 0 depending only on binomial coefficients. Thus, the assertion is
proved. O

Remark 5.2. The unboundedness of O[Vy] in H (the exponentially weighted
Hilbert space) is due to its non-locality, which can be seen from the following
reformulation of (1.3) (cf. §3 of [7]):
(OVI)(@,€) = =27 W(z, &) *¢ f(w,€),
with
W(x,k) == Im [e2"FV(2Kk)].
To illustrate the situation let us take Vy(z) = sin(z - ko) for some ko € R?\ {0}.
This implies
(OIV]f) (. &) = 2% cos(2z - ko) [f (@, & — ko) — f(w,€ + ko).

The problem is that such a shift operator cannot be bounded in an L?-space with
an inverse Gaussian weight, as the following computation shows:

/ (€ — o) 2" dg = elkol? / FEOP I’ Motde,  fe L2RY e de).
R4 Rd

6. PROOF OF THE MAIN THEOREMS

The results of the preceding sections allow us to give the proofs of Theorem 1
and Theorem 2.

Proof of Theorem 1. We start with Assertion (i): Let m be the integer fixed in the
assertion. Any solution we, € H,, of (2.2) that is subject to the normalization
J[ weo dzd€ = 1, satisfies the unique decomposition wee = p + wy with w, € H;k,
ie. [[w.dzd{ = 0. Therefore, we consider the following fixed point iteration for
Wy

T: ’Hﬁl — ’H#L, W1 = T(wp—1) = wp,
where w,, € H; solves

Lw, =\O [VE)] (Wp—1 + ) -

To be able to apply Banach’s fixed point theorem, we have to prove that the map-
ping T is a contraction on H;.. To this end we write, for any w,,_1,wW,_1 € Hz,

s = @allas = | AL O Vo] (wns = W) [

and estimate
l|lwn — wn”?—% < Al || L Hgg(q.%) 10[Vol(wn—1 — Wn—1) ”H#, .
From (4.16) and Proposition 5.1 we obtain
~ T Al

||wn71 - {Enflnf}.[%n )



18 A. ARNOLD, I. GAMBA, M. P. GUALDANI, S. MISCHLER, C. MOUHOT, AND C. SPARBER

since the potential Vj satisfies (2.9). Since |A| < o, /Ty, there exists a unique
fixed point w, = T'(w,) € H;:. Thus, the unique (stationary) solution of (2.2) is
obtained as we, = p + ws € Hy,. Note, however, that p } w, in the sense of H,,.

The obtained solution w, is real valued, since T" maps real valued functions to
real valued functions. Moreover, wo, € H,y, satisfies (2.2), at least in the distribu-
tional sense. Furthermore, ©[Vplwew € Hyy and Lws, € H2(R??) and thus (2.2)
also holds in H~2(R24). To explore — a posteriori — the regularity of w,, we rewrite
(2.2) in the following weak form

// d(vwwoo Ve + Vewe - V§<p+woc<P) dzd§ = H*1<F(woo)a<P>H17
RZ

for any ¢ € H'(R??), where
F(Woo) i= Woo — divg (§Weo) + dive (2woo + 2§Wos) — AO[Vp oo

Clearly F(ws) € H™Y(R??) and thus ws, € H'(R2?) follows. Moreover, since
F(ws) € L2 (R?), we also have wo, € HZ (R??).

For the proof of Assertion (ii), we first note that ©[Vp] is a bounded perturbation
of L on H,, and thus (1.1) admits a unique mild solution w € C([0,00), Hum)-
Since ©[Vy] maps H,, into H., we also know that along this solution the mass is
conserved, i.e. [[w(t)dzdé =1, for all ¢ > 0.

Next, consider the new unknown g(t) := w(t) — we, with gg = wy — weo. Due to
mass conservation g(t) € H;- for all ¢+ > 0, and we also have

09 = Lg — \O[Voly,

since wy, is a stationary solution of (1.1). Taking into account that the semigroup
U, associated with L in the space H,, satisfies (4.6), it holds:

t
1g(t) 13, < e lgol,, + Sl Al / e (=) 10[Vo]g(s) ||, ds
0

t
< 5mei’YMt||90||Hm + 5m|)‘|rm/ eiwm,(tiS)”g(S)”Hm ds,
0
for any Y € (0m|A|Tm,¥m) and with Ty, defined in Proposition 5.1. Gronwall’s

lemma then implies

19(t)[194,, < e Om=0mIAITm) g

m —

Hom -

It remains to prove Assertion (iii): As before we write wee = p + ws, where
w, € M- solves

(L = XO[Vo)) w. = AO[Vil.
Since [|©[Volll g3,y < T'm, we obtain [[AO[Volully, < [Alm|lplln,,. Next, we

consider L on H;-. From the proof of Proposition 4.8 we conclude for its resolvent
set:

Q(L|HL) 2{zeC:Rez>—vn},
and thus
o (2~ 200)|

Since | ATy, — vm < 0 (see (2.10)) we have

L) 2{ze€C:Rez> |\ —ym}-

(L=2OV) ' =L M= OVILY) ™" (onHE).
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Using (4.16) and |A|Ty, < o, (see (2.10)) we conclude
1 1 1

—1
<L — .
HA ||@(H¢L) = om 1— |)\\Fmg%n om = [Alm

Iz~ ema))|

Thus, by writing
-1
w. = (@=sremp|,, ) vl

we infer

AT |19,

om — |\ Tm

and the assertion is proved. O

lwillg,, = llwee = pillyy,, <

Remark 6.1. Due to the mass normalization [[ we dzdé = [[ pdazd€ = 1, the
fixed point w, must take both positive and negative values. Thus, we, = p + ws
may, in general, also take negative values.

Proof of Theorem 2. We start with assertion (ii), which follows from the fact that
Iollz, = 1pCs) 1z = @MY Jw () 2 < @MY Jw(, gy, Yo E T

Thus, we infer
p(t) ey Poo N T,
with the exponential rate obtained from Theorem 1 (ii).

To prove assertion (i) we consider the transient equation (1.1) as an auxiliary
problem: Choose any pg € ﬁf such that tr pyp = 1 and the corresponding wg € H,y,.
Due to the results on the linear Cauchy problem given in [9] we know that (1.1)
gives rise to a unique mild solution p € C([0,00); Z;1), satisfying tr p(t) = 1, for
all t > 0. Hence, the trajectory {p(t), ¢ > 0} is bounded in Z;. Since 7] has a
predual, i.e. the compact operators on LQ(Rd), the Banach-Alaoglu Theorem then
asserts the existence of a sequence {t, }nen C Ry with ¢, — oo, such that

p(tn) nzse P in 7 weak-x

for some limiting p € ;. The already obtained J5-convergence of p(t) towards
Poo € To implies poo = p € Z1. And the uniqueness of the steady state yields the
convergences of the whole t-dependent function p(t) — p in 73 weak-+. Finally,
we also conclude positivity of the operator p,, by the J5-convergence and the fact
that we already know from [9]: p(t) > 0, for all ¢t > 0.
It remains to prove tr po, = 1. To this end, we recall that for any p € 7, the
corresponding kernel
n n
I, n) .—p(m—i- 5 T 2)
satisfies ¥ € C(R¢, L} (RZ)), see [1], and it also holds

(6.1) trp= I(z,0) dz.

Rd,
Further, note that ¥(z,n) = (Femqw)(z,n) = w(x,n), by (1.2). On the other hand,
for any w € H,, we know that & € C(RZ, L'(R$)), due to the polynomial L?-weight
v lin x € R? and a simple Sobolev imbedding w.r.t. the variable n € R¢ (for both
embeddings we used m > ). Hence the normalization condition [[ we dzd¢ = 1
implies tr poo = 1, via (6.1), and assertion (ii) is proved.

Finally, we prove claim (iii) by first noting that the J-convergence of p(t) implies
convergence in the strong operator topology. Thus, having in mind that [[p(t)| 5 =
lpoll 7, = 1, we infer from Griimm’s theorem (Th. 2.19 in [33]) that p(t) also
converges in the .7;-norm towards ps.. This concludes the proof of Theorem 2. [
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APPENDIX A. PROOF OF PROPOSITION 4.6
The proof will be divided into several steps:
Step 1: Let x € C§°(R??) be such that y = 1 on By(0), with supp(x) C Ba(0),

IVxllL~ < V2, and let x.(y) := x(cy), for any y = (2,£) € R??, 0 < e < 1. We
define

(A1) Liw = (dw — vy, V" - VW) Xe,
as well as
(A.2) Lsw := vy, div (v," V) + Vw - VA + dw + div(w F)

+ (dw — vy, V' - V) (1 - xe).
It is easily seen that L5 indeed satisfies property (1).
Step 2: In order to prove properties (2) and (3), we need to show that
(L —2) "t ooy — M,y

is bounded for z € Q C C. To this end, it suffices to show that (L§ — z) satisfies
Vze:

(A-3) —Re (L5 — 2)w, w)n,, > clwll3, ,
with some ¢ = ¢(Rez) > 0. Indeed, suppose (A.3) holds for all (complex valued)
weH2 ={weHn:Vwu,(VA+F) Vw,Aw € H,,}. Then, L§ — 2 is densely
defined on Z(L§) := H2, C H,, and dissipative. Hence, it has a maximal dissipative
(and thus surjective on H,, ) extension, which we shall consider in the sequel. From
(A.3) we conclude

clwllfy, < —Re((L5 - 2)w, )y, < llwllw, |(L5 = 2)wlla,, >0,
which implies

1
(A4) 1(L5 = =) @lly, < — [l for all & € Hon.

For future reference we note that this bound will turn out to be uniform on the
lines z = a +is, s € R (with fixed a > —A,;,), since ¢ = ¢(Re z).

Step 3: Now, we have to prove (A.3). To this end, we decompose
Re (Lsw,w), =-— // (1+ A™) |Vw|? dz d¢
: R24d

_m // w2 A™ [V A]? da de
2 R2d

+d // w2 (14 A™) (1 — x.) dede

R2d

1

+ = // WV (1 —x.) -V (1+A™) dzdé
2 ) Jaa

1
g [P @) a@+am) deag
2 ) Joa

=L+L+L+1+ 15
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Using Lemma 4.2 (b), we readily obtain for ¢ < %:

<[] P ant vaP (- x) dra

// w2 A1 VAP dz de.
R2d

In order to treat the term Iy, we note that

<

ERSE

1 2
Vel = |V, [Vx] < V2. supp (V) € {w e B[ - <y] < 2.

Therefore, by (4.3),

1
V4| <Vi8e for y=(z,¢) € supp {Vx.}.

With € < 1 this allows us to estimate
V(L= x2)- V(1+A™)] < emA™ " [V [VA]
<6e2mA™ ! VAP <6em A1 [VAJ?,
which implies

|I4] < 3me // lw|? A™~1 VAP dadE.
R2d

The term I5 can be estimated using Lemma 4.2 (d):
=y [P (=) A0+ A™) dodg
< 3me?* (m — 1+ 3d) //Rd lw? (1 —x.) A1 VAP dzdé
< 3me2 (m— 1+ 3d) //R (w2 A™ [V A]? da dé,
In summary, we obtain

1 m 2 gm—1 2
Z < — (= =
1o < — (5~ 3me) //R w2 A™ [VA]? da de,
and
3
L4 I+ 1< — (@ —3me* (m — 1 +3d)) // jw? A™1 VAP da de.
4 8 R2d

Now choosing ¢ < min {ﬁ; ﬁ}, we can estimate (using m > d)

1 1
m <8—35> >0, m <8—352(m—1+3d)> >

~E

Therefore

—Re (Ljw, w)y,, > // (1+ A™)|Vw|*dz d¢
R2d

m 2 gm—1 2
+(8 2) //Rm\w| A YV APz de,

which we estimate further using Lemma 4.2 (b):
—Re (Lw,w)yy,, > // (1+ A™)|Vw|? dzd¢
R2d

d
+ 6//de |U1‘2(1 +Am)(1 — Xl/\/ﬁ) d{Edg
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This establishes the desired estimate outside of (z, &) € Bl/\/ﬁ(O). In order to take
into account the contribution near |y| = 0, we consider

//Rw(l + A™) |[Vw|?® dzde.

Applying Sobolev’s inequality we obtain for any d > 1:

/ / d<1+Am> Vol dede> [[ 1Vl drde > C g,
R2 2

with ¢ = 55%;. This can be estimated further via
02
02 w 2q > 02 w 2 > 1 w 2 ,
a 1wllzageay 2 Ca 0l LacB,, 00 2 T A, 12(0))H .08, es0)

where C depends only on the Sobolev constant C; and on the measure of the ball
By, 12(0). Finally, in order to deal with d = 1 we apply Cauchy-Schwarz to obtain

[ olteac= [ w047 a7 anas

(// [Vw|? (14 A™) dxd§)1/2 (//R 14 A™)" dxd{“)l/z.

By assumption we have m > 1 (cf. Remark 4.3). Hence, the second factor on the
r.h.s. is a finite constant, denoted by Ca ... Applying again Sobolev’s inequality
(for d = 1), we obtain

- c,
||V’LU||L1(R2) Z Cl HU}||L2(R2) Z 1 Am 1/2 ||w||7.[m(31/m(0)).
I+ A™ % 8, 0

By combining all the above estimates we infer for all (complex valued) w € H?2,:
—Re (Liw,w)y, > A (0, w)5

where A,, > 0 is given by
(A.5)

A, = min{

Ct 6’12 ) 1_d}.

21+ A" L (5 T 20?2 L+ A (s 276

1/viz(0)) 1/v12(0))

In summary, inequality (A.3) holds on H2, for any Rez > —A,,. And we easily
see that ¢(z) = min{A,, ; A, + Re z}. Hence, the operator (L§ — z) is invertible in
HL. And we have to choose ¢ = g(m) > 0 such that

1 1
< mi - — %
(A.6) 5_m1n{12\/ﬁ,24}
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