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Abstract

The self-consistent Pauli-Poisswell equation for 2-spinors is the first order in 1/c
semi-relativistic approximation of the Dirac-Maxwell equation for 4-spinors. It con-
sists of a vector-valued magnetic Schrodinger equation with an additional term cou-
pling spin and magnetic field via the Pauli matrices, which is coupled to 143 Poisson
type equations representing the magnetostatic approximation of Maxwell’s equations.
The Pauli-Poisswell equation is a consistent O(1/c¢) model which keeps both relativis-
tic effects of magnetism and of spin which are both absent in the non-relativistic
Schrédinger-Poisson equation and inconsistent in the Schrédinger-Maxwell equation.

The semiclassical (7 — 0) limit of the non-relativistic Schrodinger-Poisson equation
towards the Vlasov-Poisson equation was established using Wigner measures by P.L.
Lions & T. Paul and P. Markowich & N.J. Mauser in a mixed state formulation in 3d.

We extend these results to the related Pauli-Poisson equation where a strong exter-
nal magnetic field is applied which is much stronger than the magnetic self-interaction
while the electric field is coupled self-consistently via the Poisson equation for the elec-
tric potential. Here, magnetic Lieb-Thirring estimates are crucial. The Pauli-Poisson
equation converges towards the Vlasov-Poisson equation with Lorentz force.

We prove local wellposedness and existence of finite energy weak solutions of the
Pauli-Poisswell equation.

We present the global-in-time semiclassical limit to the Vlasov-Poisswell equation
with Lorentz force by the Wigner method: Substantial progress has been achieved
using an additional assumption on the initial mixed state that yields the boundedness
of the Husimi function. A technical problem of missing regularity due to the nonlinear
coupling of the current density J™¢ and the presence of the magnetic field B remains
an open problem.

We prove the local-in-time semiclassical limit of the Pauli-Poisswell equation to
the Euler-Poisswell equation by the WKB method. The Euler equation corresponds
to the Vlasov equation with monokinetic initial data. A key step is to obtain a pri-
ori energy estimates for which we have to take into account the Poisson equations
for the electromagnetic potentials. We also obtain weak convergence of the monoki-
netic Wigner transform and strong convergence of the density and the current density.

This PhD thesis is based on the following publications:
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[38] P. Germain, N. J. Mauser, and J. Moller. Weak and strong solutions of the Pauli-
Poiswell equation. Manuscript, 2023.

[73] J. Moller and N. J. Mauser. The semiclassical limit from the Pauli-Poisswell equa-
tion to the Vlasov-Poisswell equation by the Wigner method. Manuscript, 2023.
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Zusammenfassung

Die selbstkonsistente Pauli-Poisswell-Gleichung fiir 2-Spinoren ist die semirelativis-
tische Ndherung erster Ordnung in 1/¢ der Dirac-Maxwell-Gleichung fiir 4-Spinoren.
Sie besteht aus einer vektorwertigen magnetischen Schrodingergleichung mit zusatzli-
chen Kopplungsterm fiir Spin und Magnetfeld und ist an 1+3 Poisson-Gleichungen als
magnetostatische Ndherung der Maxwell-Gleichungen gekoppelt. Die Pauli-Poisswell-
Gleichung ist ein konsistentes O(1/c)-Modell, das die relativistischen Effekte Magnetis-
mus und Spin enthélt, die in der nichtrelativistischen Schrédinger-Poisson-Gleichung
nicht vorhanden und in der Schrédinger-Maxwell-Gleichung inkonsistent sind.

Der semiklassische (i — 0) Limes der nicht-relativistischen Schrédinger-Poisson-
Gleichung zur Vlasov-Poisson-Gleichung wurde von P.L. Lions & T. Paul und P.
Markowich & N.J. Mauser unter Verwendung von Wigner-Maflen und einer Dichte-
matrixformulierung mit gemischten Zustdnden in 3d bewiesen.

Wir erweitern diese Resultate auf die Pauli-Poisson-Gleichung mit starkem exter-
nen Magnetfeld, das viel starker als die magnetische Selbstwechselwirkung ist, wahrend
das elektrische Feld selbstkonsistent iiber die Poisson-Gleichung fiir das elektrische Po-
tential gekoppelt ist. Hier sind die magnetischen Lieb-Thirring-Abschétzungen wich-
tig. Die Pauli-Poisson-Gleichung konvergiert gegen die Vlasov-Poisson-Gleichung mit
Lorentz-Kraft.

Wir beweisen die lokale Wohlgestelltheit und die Existenz von schwachen Losungen
der Pauli-Poisswell-Gleichung.

Wir prasentieren den semiklassischen Limes der Pauli-Poisswell-Gleichung zur Vla-
sov - Poisswell - Gleichung mit Lorentz-Kraft. Wesentliche Fortschritte wurden unter
Verwendung einer zusétzlichen Annahme iiber den gemischten Anfangszustand ge-
macht, aus der die gleichméfige Beschrénktheit der Husimi-Funktion folgt. Ein offenes
technisches Problem ist die fehlende Regularitit aufgrund der nichtlinearen Kopplung
der Stromdichte J™¢ und des Magnetfeldes B™°.

Wir beweisen den lokalen semiklassischen Grenzwert der Pauli-Poisswell-Gleichung
zur magnetischen Euler-Poisswell-Gleichung mit der WKB-Methode. Die Euler - Glei-
chung entspricht der Vlasov-Gleichung mit monokinetischen Anfangsdaten. Ein wich-
tiger Schritt besteht darin, A-priori-Abschétzungen zu erhalten. Wir erhalten auch
schwache Konvergenz der monokinetischen Wigner-Transformation und starke Kon-
vergenz der Dichte und der Stromdichte.

Diese Dissertation basiert auf folgenden Publikationen:
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1 Introduction

This section is based on [72].

Ever since the discovery of quantum physics in the 1920s the question of its asymptotics
has been important for multiple reasons: On the one hand a "semiclassical” approximation
yields models more suited to specific settings by simplifying the equations and making
calculations easier (and in many cases actually feasible) and on the other hand it manifests
the correspondence principle which states that quantum systems should behave classically
for large quantum numbers, i.e. when the Planck constant i ~ 1.455 x 10734 Js is small
compared to the typical action W of the system. The limit 4 — 0 is called semiclassical
limit and h is called semiclassical parameter. The Planck constant is a small parameter
in quantum evolution equations and the asymptotics prove to be highly non-trivial and
require different sophisticated techniques like Wigner and WKB methods.

In relativistic physics the small parameter is the inverse of the speed of light, i.e. 1/c
where ¢ = 299,792,458 m/s. Similarly to the quantum-classical correspondence principle
one expects classical behavior when 1/c is small compared to the typical speed vy of a
system. The limit 1/¢ — 0 is called non-relativistic limit, also called post-Newtonian limit.
1/c arises as a small parameter in (semi-)relativistic quantum equations together with the
Planck constant. Thus, relativistic quantum mechanics depends on two small parameters
hrand 1/c.

These two asymptotic regimes in relativistic quantum mechanics imply that there
are multiple hierarchies of equations in varying order of A and 1/c and that there are
intermediate regimes where only terms up to a certain order in one of the two small
parameters i and 1/c are kept. These are the semiclassical (for h) and semi-relativistic
(for 1/c) regimes.

A third asymptotic is the mean field limit 1/N — oo of linear N-particle equations.
A system of N interacting particles is described by a system of IV coupled linear PDE. In
the limit 1/N — 0, which is also called weak coupling limit (where a factor 1/N weakens
the binary interaction potential of the N-body Hamiltonian), the N-body dynamics can
be approximated by nonlinear 1-body dynamics, e.g. by the Schrédinger-Poisson equation
in 3d. Thus there are many equations of interest in relativistic, semi-relativistic, (semi-
)classical and fully quantum physics. In this thesis we will concentrate on the Pauli-
Poisswell equation which is a self-consistent semi-relativistic nonlinear PDE and on the
Pauli-Poisson equation, a semi-self-consistent semi-relativistic model.

1.1 Self-consistent models in relativistic quantum mechanics

Relativistic quantum mechanics is an immensely successful theory giving a correct descrip-
tion of the behavior of particles on the atomic scale moving at high velocities compared
to the speed of light and interacting with the electromagnetic field. On the other hand,
non-relativistic quantum mechanics is centered around the Schrodinger equation which is
insufficient when relativistic effects such as spin and the magnetic field arise. In relativistic
quantum mechanics the description of spin emerges naturally in the Dirac equation which



is the correct equation for particles with spin 1/2, i.e. fermions, describing both spin
states of the particle and the antiparticle, resulting in a four-component wave function,
i.e. a 4-spinor or Dirac spinor. Semi-relativistic quantum mechanics is the theory that
keeps relativistic corrections up to order O(1/c) or O(1/c?) and it has been discovered
by Wolfgang Pauli in 1927 that the correct semi-relativistic equation describing charged
spin-1/2-particles in an electromagnetic field is the Pauli equation which includes the de-
scription of spin and magnetic field which are coupled via the Stern-Gerlach term. In the
semi-relativistic regime one keeps the description of magnetism and spin but gives up the
description of the antiparticle, resulting in a two-component wave function, a 2-spinor or
Pauli spinor.

Since (fast) moving charged particles emit radiation the effect of self-interaction of
a charged particle with the electromagnetic field it generates has to be taken into ac-
count. Models which describe self-interaction are called self-consistent models. In the
fully relativistic regime the correct self-consistent models are the Dirac-Mazwell equation
(cf. [14, 19, 64, 69, 90]) for spin-1/2-particles (fermions) and by the Klein-Gordon-Mazwell
equation (cf. [57, 64, 65, 86]) for spin-0-particles (bosons). Since Maxwell’s equations are
relativistic and Lorentz invariant it is natural to couple them self-consistently to the Dirac
and Klein-Gordon equations. In the non-relativistic regime the Schrédinger-Poisson equa-
tion offers a description of the self-interaction with the electric field which is given by a
Poisson equation for the electric potential V" with the particle density p* as a source term.
The magnetic field, being a relativistic effect, does not self-interact at the non-relativistic
level and neither does spin which is naturally coupled to the magnetic field.

In the first order semi-relativistic regime of O(1/c) the correct self-consistent descrip-
tion is given by the Pauli-Poisswell equation (a portmanteau of Poisson and Maxwell
coined by Masmoudi and Mauser in [63]). Here, Maxwell’s equations for the magnetic
vector potential A™¢ and the electric scalar potential V"¢ are replaced by a magnetostatic
approximation given by Poisson equations for A"¢ and V"¢ (cf. [18, 63]) with the current
density J™¢ and the particle density p™¢ as source terms. This is appropriate when the
typical velocity of the system is small in the intermediate regime compared to the speed
of light.

In the second order semi-relativistic regime of O(1/¢?) the correct self-consistent de-
scription is given by the Pauli-Darwin equation [55, 66, 67] where the Pauli equation with
corrections of order O(1/c?) (i.e. Darwin term and Zitterbewegung) is coupled to the
O(1/c*) Darwin approximation of Maxwell’s equations [18] (as opposed to the O(1/c)
Poisswell equations).

The derivation and existence and uniqueness analysis of the Pauli-Poisswell equation is
discussed in Section 4, the semiclassical limit of the Pauli-Poisswell equation to the Vlasov-
Poisswell equation by the Wigner method is discussed in Section 5 and the semiclassical
limit to the FKuler-Poisswell equation by the WKB method is discussed in Section 6.

The Pauli-Poisson (cf. [71]), magnetic Schrodinger-Maxwell (cf. [15, 49, 74, 76]) and
magnetic Schrodinger-Poisson (cf. [7, 61, 70]) equations are all inconsistent models in the
small parameter 1/c. In fact these models omit terms of order O(1/c) and are therefore
only O(1). They are introduced in Section 1.2. The Pauli-Poisson equation including its



semiclassical limit to the magnetic Vlasov-Poisson equation and global wellposedness in
the energy space is discussed in Section 3.

There are two main methods for the semiclassical limit A — 0:

a) Wigner methods yield global-in-time weak limits towards Vlasov equations. A gen-
eral survey on Wigner transforms and their application to homogenization limits was given
by Gérard, Markowich, Mauser and Poupaud in [36] .

b) WKB methods (after Wentzel, Kramers and Brillouin) yield local-in-time limits to
Euler equations which correspond to monokinetic Vlasov equations for pure states. For a
unified presentation of these approaches and an extension to multi-valued WKB see e.g.
[91].

The Wigner and WKB methods are introduced in Section 2.

We have the following diagram for the hierarchies of self-consistent models in relativis-
tic quantum mechanics. The horizontal resp. vertical arrows indicate the semiclassical
(h — 0), resp. non-relativistic (¢ — oo) limits.

‘ Dirac-Maxwell ‘

: r—0 |rel. Vlasov w/ Lorentz force - Maxwell
‘Kleln Gordon-Maxwell‘ - Euler w/ Lorentz force - Maxwell
3 +
rel. Vlasov w/ Lorentz force - Darwin
Pauli-Darwin O(1/c?) =9 Euler w/ Lorentz force - Darwin
o1/
Vlasov w/ Lorentz force - Poisswell
‘Pauli—Poisswell o(1/ c)‘ =9 Euler w/ Lorentz force - Poisswell
O(1/¢)
3 1
‘Pauli—Poisson‘ =9 ‘Vlasov w/ Lorentz force - Poisson‘
‘magn. Schro dinger-Maxwell‘ h=0 non-rel. Vlasov w/ Lorentz force
- Maxwell
’magn. Schrﬁdinger-Poisson‘ =9 ‘Vlasov w/ Lorentz force - Poisson‘
3 3
c—0o0 c—=0
—
3 3
Schrédinger-Poisson i Vlasov-Poisson

Euler-Poisson




In the following ¢ is the electric charge, m is the mass, AZ’C: R - R, k=1,2,3
are the components of the magnetic vector potential A™¢ and B"¢ = V x A™° is the
magnetic field. The electric scalar potential is denoted by V™¢: R? — R and the particle
or charge density by p™¢. Depending on the asymptotics of interest we will omit some of
the superscripts 7 and c.

1.1.1 Fully-relativistic: Dirac-Maxwell and Klein-Gordon-Maxwell

The upper left hand corner is the regime of relativistic quantum mechanics. The Dirac-
Maxwell and Klein-Gordon-Maxwell equations describe:

(a) The magnetic field, which is intrinsically relativistic in nature, and described by
Maxwell’s equations,

(b) the spin of the particle which is coupled to magnetism,

(c) the antiparticle (for the Dirac-Maxwell equation).

The Dirac-Maxwell equation models a charged spin-1/2-particle and its antiparti-
cles. A typical example is the electron (e~) and the positron (e*). The Klein-Gordon-
Maxwell equation models a charged spin-O-particle, for instance a pion (7% or 77)).
Since Maxwell’s equations are intrinsically relativistic, it is natural to couple them to
the Dirac and Klein-Gordon equations. The Dirac-Maxwell equation for a 4-spinor
Phe = (w?’c,w;c,wg’c, Z’C) € (L?(R3,C))* in Lorenz gauge'

V. Ale 4 %atvﬁvc =0, (1.1)

reads

3 3
ihoy®"e = —ihie Y 7 O BMe + mc?y P — ¢y " AL T — qvheghe (1.2)
k=1

k=1
1 R

c—zafvh’c — AVhe = ghe  ghe = phe (1.3)
Lo n, h, o Ghe h,

gafAkc — AAYE = o 0yRphe . phe = e (1.4)

The upper two components represent the spin-up and -down states of the particle and the
lower two components represent the antiparticle. J,:L’C are the components of the Dirac
current density and v*, p = 0,1,2,3 are the Gamma matrices defined by:

I o
0 2%2 k k
_ , _ , 15
K < _I2><2> 7 <_Uk ) (1.5)

where the oy, are the Pauli matrices

S TR (O R (AT

!'Named after Ludvig Lorenz (1829-1891), who is not be confused with Hendrik Lorentz (1853-1928)
after whom the Lorentz force and the Lorentz transformation are named.




The Klein-Gordon-Maxwell equation for a scalar wave function ¢"¢ € L?(R3,C) in
Coulomb gauge

V. Ak =0 (L7)
reads
h
—(20; +iqV" ) 4 (WY — i AP — mPeyhe = o, (1.8)
1 1
g@?Ah’c — AAh7c = EPJﬁqca (19)
—AVhe = phie, (1.10)
where _
Jhe — Im(yhe(hV — i%Ahvc)¢th)_ (1.11)

is the current density and P is the Leray projection on divergence-free fields, i.e. PJ"¢ =
Jhe - VATV - Jhe),

Global wellposedness of the three dimensional Dirac-Maxwell system with data of
arbitrary size is still open, the negative spectrum of the Dirac operator hindering energy
estimate techniques (cf. [19, 23, 24, 30, 33]). To our knowledge, the best result so far for
the Dirac-Maxwell equation in 3 + 1 dimensions was obtained in [65] by Masmoudi and
Nakanishi where local wellposedness is shown in HY2 x H! x L? for (Bhe A 0, A).

The rigorous non-relativistic limit of the Dirac equation to the Schrédinger equation
with external magnetic field was studied in [12] and of the Dirac-Maxwell equation to
the Schrodinger-Poisson equation in [13, 14, 64]. Basic results of the full classical limit
of the Dirac-Maxwell equation to the Vlasov-Poisson equation were obtained in [69] by
Mauser and Selberg by combining the non-relativistic limit from the Dirac-Maxwell equa-
tion to the Schrodinger-Poisson equation [13, 64] with the semiclassical limit from the
Schrodinger-Poisson equation to the Vlasov-Poisson equation [59, 62]. Semi-relativistic
approximations to the Dirac equation up to second order in 1/c were studied in [67].

Now consider first the upper horizontal arrow, i.e. the semiclassical limit 7z — 0 of
Dirac-Maxwell and Klein-Gordon-Maxwell:

’ Dirac-Maxwell ‘

: r—0 |rel. Vlasov w/ Lorentz force - Maxwell
‘Kleln Gordon—Maxwell‘ - Euler w/ Lorentz force - Maxwell

We expect (cf. [63], [69]) that the Wigner equation (cf. Section 2) associated to the
Dirac-Maxwell equation converges to the relativistic Vlasov equation with Lorentz force



coupled to Maxwell’s equations, i.e. the (relativistic) Vlasov-Maxwell equation

OuF +0(p) - VoSS F a(VaV" + Lulp) x BY) -V, 5 =0 (112
C%afvc — AV® = p° (1.13)
ClzafA; CAAS = et (1.14)
with initial data
f5(2,p,0) = fS r(x,p) R} xRy, (1.15)

where f{ represents the phase-space density of the positron and electron component,

respectively. Here,
p

o(p) = ——— (1.16)
B 41
is the relativistic velocity with the Lorentz factor defined by
1
e (1.17)
VB +1
Moreover,
plant) = [ 5+ £ ) (1.18)
I t) = [ o)+ 1) (1.19)

P

are the charge and current density, respectively. Global weak solutions of the Vlasov-
Maxwell equation, i.e. Vlasov with Lorentz force coupled to Maxwell, were established
in the seminal paper by DiPerna and Lions in [26]. Recently, Bardos, Besse and Nguyen
proved an Onsager type conjecture for the Vlasov-Maxwell equation in [8] and Besse and
Bechouche sharpened the regularity for the DiPerna-Lions weak solutions in [17]. The
non-relativistic limit of the Vlasov-Maxwell equation to the Vlasov-Poisson equation was
shown in [3, 25]. For the linear Dirac equation the semiclassical limit to the relativistic
Vlasov equation was shown by Spohn [93] based on [36]. The semiclassical limit of the
Dirac-Maxwell equation to the Vlasov-Maxwell equation is a very hard open problem and
our results on the Pauli-Poisson and Pauli-Poisswell equations are first steps in this direc-
tion.

In the WKB ansatz (cf. Section 2) one replaces the wave function by a special ansatz
and obtains a coupled system of equations for the density p™¢ = |a¢|? (where a™ is
amplitude) and the velocity u™¢. Denote by p¢ and u¢ the respective limits as i — 0 of
p™¢ and u¢. Then p¢ and u® satisfy the pressureless Euler-Maxwell equation, studied



in [37, 48] which is the fully relativistic self-consistent model for a system (plasma) of
charged particles of the same sign self-interacting with the electromagnetic field. It reads

OpS+ V- (pu)=0

O(p°u®) + V- (p°u @ u®) = p°(E° + %uc x B€),
OEC — ¢V x B¢ = p°u, 8B+ ¢V x E° =0,
V.E°=—p° V-B°=0.

(0%, u’, B¢, B)(x,0) = (pf(x), ui(z), Ef(z), Bi(r))

In the Euler-Maxwell case there is no distinction between repulsive or attractive interaction
as for the Euler-Poisson equation (which describes either the attractive gravitational or the
repulsive electrostatic self-interaction depending on the sign) since the force described by
Maxwell’s equations is given by the Lorentz force F1, = q(E+u x B) (in the non-relativistic
Euler-Poisson equation it reduces to the repulsive electrostatic force Fyy) = ¢F). The WKB
analysis of the Dirac-Maxwell equation was studied in [90]. The non-relativistic limit
¢ — oo of the Euler-Maxwell equation (1.20) to the Euler-Poisson equation was shown
in [78, 98]. Similar to the Euler-Poisson case the Euler-Maxwell equation is in fact more
stable than the pure Euler system without self-interaction and smooth solutions can exist
globally without shock formation [48].

(1.20)

1.1.2 First order semi-relativistic: Pauli-Poisswell

The self-consistent Pauli-Poisswell equation arises as the semi-relativistic approxima-
tion at first order O(1/c) of the fully relativistic Dirac-Maxwell equation for a 4-spinor (cf.
[63]) and is the correct semi-relativistic O(1/c) self-consistent model for charged spin-1/2
particles with self-interaction with the electromagnetic field where the electromagnetic
potentials V¢ and A™¢ are given by a magnetostatic (i.e. slow in the intermediate regime
with respect to ¢) description via 1+ 3 Poisson equations with density and current density
as source terms.

The Pauli-Poisswell equation describes

(a) The magnetic field in a semi-relativistic, magnetostatic approximation by the Pois-
swell equations,

(b) the spin of the particle by the Pauli equation.

Unlike the Dirac-Maxwell equation, the Pauli-Poisswell equation does not describe the
antiparticle.

The Pauli-Poisswell equation for a 2-spinor W™¢ = (¢ 2T ¢ (L2(R3,C))? corre-
sponds to the "electron component” of the Dirac equation for a 4-spinor obtained by a
Foldy - Wouthuysen transform and projection on the "upper” (”large”) component of the
4 spinor (the "lower” (”small”) component corresponds to the positron, cf. [13]), is given



1 h
ihOyUMe = — —(hV — L Ahey2ghe 4 qyheghe _ L0 (. pheyghe, (1.21)
2m c 2me
_Avac — ‘\I}ﬁ’C‘Q = phﬁ’ (122)
1
—AARe = Z ghe, (1.23)
c
where the Pauli current density is given by
Jhe(ghe, Ahe) = Im(The(hv — iLAPC)§he) — 1Y x (Theaphe), (1.24)
c
with initial data
Uhe(x,0) = OP(x) € (L2(R%))2 (1.25)

Here, |¥|? .= W{L’CP + |¢g’c|2 is the scalar charge density. The Stern-Gerlach term
coupling magnetism and spin is denoted by o - B"¢ = Zzzl akBZ’c where the o are
the Pauli matrices defined in (1.5). The expressions WcV¥/¢ and WheagWhe are to be
understood as the vectors with components

[ h,c R h,e
i o (V) ). O350 Uhe )
% o

for £ = 1,2,3. The two components of the Pauli equation describe the two spin states of
a fermion, whereas the Poisson equations describe the electrodynamic self-interaction of a
fast moving particle with the electromagnetic field that it generates itself due to the finite
speed of light. The key semi-relativistic features of the Pauli equation are the magnetic
Laplacian

1 4 i hey2
(S = — h;; — *A (i 12
A 2 ( ZC ) ) ( 6)
and the Stern-Gerlach term .
q h,c h,c
— (o - B")¥™ 1.2
2mc(0 ) ’ (1.27)

coupling spin and magnetic field. Note that in (1.26) we keep a term of order O(1/c?)
which is necessary to keep covariance of the equation. Compare (1.24) to (1.49) where we
have additional terms due to the presence of magnetic fields and spin.

The semiclassical limit 7 — 0 of the Pauli-Poisswell equation (1.21)-(1.25) is repre-
sented by the following arrow in the diagram

Vlasov w/ Lorentz force - Poisswell
Pauli-Poisswell (O(1/c)) ‘ 129 | Euler w/ Lorentz force - Poisswell

(0(1/¢)




The Vlasov-Poisswell equation is the semi-relativistic O(1/c) approximation of
the relativistic Vlasov-Maxwell equation (1.12)-(1.14), given by the Vlasov equation with
Lorentz force coupled to the Poisswell equations:

1
[“)tfc—i-p-vxfc—(V;,;VC—I—EpXBC)‘foC:O (1.28)
—AVe(z,t) = p(z,1), plz,t) = - fe(z,p, t)dp, (1.29)
D
CAA 1) = %JC(x,t), (2, t) = / pf(epdp, (1.30)
R3

P

with the initial condition
fé(x,p,0) = fé(z,p) in R3 x Rg. (1.31)

The wellposedness of (1.28)-(1.31) has been studied in [85] (see also Section 5) and numer-
ical analysis in [18]. Compare it to the Vlasov-Maxwell equation where one has to phase
space densities f¢ and f¢ for the electron and positron components, respectively. Also
note that the velocity is no longer given by the relativistic velocity v(p) defined by (1.16).
We discuss the semiclassical limit of the Pauli-Poisswell equation to the Vlasov-Poisswell
equation in Section 5.

The WKB ansatz leads to the pressureless Euler-Poisswell equation
1 .
0a® + (A +u®) - Va“ + iacdiv(uC + A% = ! (o - Ba",
|A°?
2

2
O + (A°+u%) - Vil +u - V@ A+ V(= + V) =0, (1.32)

a(z,0) = af(z),
u(z,0) = uf(z).
where
—AV¢ = p°, (1.33)
—AA® = —pu — pA°, (1.34)
and
pc — ’ac’2_

Multiplying the first equation in (1.32) by @ and taking the real part yields

Ap + V- (p°(uf + A%)) = 0,
c c c c c C ‘AC‘Q ) =
Opu® + (A ) - Vu - V@ A4+ V(= V) =0, (1.35)



and

—AV =p, (1.36)
—AA = —pu — pA, (1.37)

since Re(ia(o - B)a) = 0. The Euler-Poisswell equation (1.35)-(1.37) is the O(1/c) semi-
relativistic approximation of the Euler-Maxwell equation which is natural since the Pauli-
Poisswell equation is the semi-relativistic O(1/c) approximation of the Dirac-Maxwell
equation and the Euler-Maxwell equation is the semiclassical limit of the Dirac-Maxwell
equation. Therefore the Euler-Poisswell equation is the correct semi-relativistic self-
consistent model of a system (plasma) of charged particles with self-interaction with the
electromagnetic field.

The semiclassical limit of the Pauli-Poisswell equation to the Euler-Poisswell equation
using WKB methods as well as existence and uniqueness analysis will be discussed in
Section 6.

Remark 1. The numerical analysis of the Pauli equation is not well developed yet. For the
linear Pauli equation with given external potentials V' and A using an operator splitting
scheme was studied in [51] where the linear Pauli Hamiltonian

~A+2iA-V+|A?+V —(c-B) (1.38)

is split into the “kinetic step” —A, the ”advection step” 2iA - V, the "potential step”
| A|?4V +diag(Bs, —B3) and the "coupling step” which consists of the off-diagonal elements
of 0 - B. The most computationally demanding step is the advection step which is solved
in [51] by the method of characteristics combined with Fourier interpolation.

The numerical analysis for the Pauli-Poisswell equation is much harder due to the
nonlinear coupling of the potentials via the 3+1 Poisson equations. Since already in the
linear Pauli equation the advection step is the most complicated one, the fact that in the
Pauli-Poisswell equation A is given by the Poisson equation with the current density as
source term will require more sophisticated methods for the numerical analysis.

For the non-magnetic case without spin, i.e. the Schrédinger-Poisson equation, Lubich
proved stability of an operator splitting in [60]. The first step for the numerical analysis of
the Pauli-Poisswell equation could be to generalize this result to the magnetic Schréodinger-
Poisson equation and then to the Pauli-Poisson equation (1.61)-(1.63) by adding the spin
term.

1.1.3 Second order semi-relativistic: Pauli-Darwin

Keeping terms of order O(1/c?) in the approximation of the Dirac-Maxwell equation leads
to the Pauli-Darwin equation which reads (with the same notation as for the Pauli-
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Poisswell equation)

1 h
ihat\lfh’c - _ —(hV _ igAh,c)2\Ijh,c + th”c\I/h’C _ QL(U . Bh,c)\ph,c,
m c mc
e igh heyah hq h h
— 8m3c2A Pt — 8m2020 (V x EMO)Whe — 22 (o (E™ x V))w"e
hg n n
— V- EMO)phhe
8m202( ’
1.39)
— AV =|ghe?) (1.40)
1
—AARe =Zp e, (1.41)
c

where the Pauli current density is given by (1.24), with initial data
ez, 0) = UP(x) e (LA(R?))% (1.42)
The additional terms corresponding to A? is the mass term. The other two terms in

the second line of (1.39) represent the spin-orbit coupling and the last term corresponds
to the Zitterbewegung and is also known as Darwin term, cf. [55, 66, 67].

The semiclassical limit of the Pauli-Darwin is represented by the following arrow in
the diagram:

Vlasov w/ Lorentz force - Darwin
Pauli-Darwin (O(1/c?)) "29 | Euler w/ Lorentz force - Darwin

(0(1/¢)

The Vlasov-Darwin equation (cf. [18, 77, 84, 85]) equation is given by

Ofe4vp) - Vaof +(=V,V+ %’U(p) X B)-V,f°=0 (1.43)
AVE(r, 1) = pla, 1), e = [ Fandn (14)
—AA(x,t) = %PJC(Z‘,t), J(z,t) = /R3 pfe(z,p,t)dp, (1.45)

P

where v(p) is the relativistic velocity defined by (1.16), with the initial condition
fé(z,p,0) = fi(x,p) in RS x Rz. (1.46)

Again, compare the Vlasov-Darwin equation to the Vlasov-Maxwell and Vlasov-Poisswell
equations. The main difference to the Vlasov-Maxwell equation is the replacement of
Maxwell’s equations by the Darwin approximation (not to be confused with the Darwin
term) of Maxwell’s equations which is the magnetostatic approximation in Coulomb gauge
(whence the projection on divergence-free fields P). The main difference compared to the
Vlasov-Poisswell equation is the relativistic Vlasov equation which in the Vlasov-Poisswell
equation is replaced by a semi-relativistic Vlasov equation.
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1.1.4 Non-relativistic: Schrodinger-Poisson

In the non-relativistic limit ¢ — oo the Dirac-Maxwell and Klein-Gordon-Maxwell equa-
tions converge to the Schrodinger-Poisson equation (cf. [13, 14, 64]) where spin and
magnetic field no longer appear since both are relativistic effects. The magnetic field is
absent and the magnetic Laplacian (1.26) reduces to the regular Laplacian. The self-
interaction is fully electrostatic and described by the Poisson equation for V". The corre-
sponding semiclassical limit is represented by

1 . =0 | Vlasov-Poisson
Schrédinger-Poisson ‘ — .
Euler-Poisson

The Schrédinger-Poisson equation for a scalar wave function " is given by

2
ihopp" = —%Awh + V", (1.47)
AV = |2, (1.48)

where the Schrodinger current density is defined by
J" = RIm( V). (1.49)

with initial data
P(x,0) = ¥}(x) € L*(RY), (1.50)

In three space dimensions the Poisson equation (1.48) is equivalent to a Hartree nonlin-
earity with convolution kernel |z|~! which is the fundamental solution of —A in three
dimensions only:

VI = (<8) ) = o = [
R

47|x|

h
|9 (y)IQdy'
s |r—yl

(1.51)

The wellposedness theory of (1.47)-(1.50) at the H?-level in d = 3 in a mixed state formu-
lation was given by Brezzi and Markowich in [20] and at the L2-level by Castella in [22].
The Schrodinger-Poisson equation also arises as the mean field limit of the linear N-body
Schrodinger equation with Coulomb interaction, cf. [11, 9, 29] and Section 1.3 for details.

The lower right hand corner represents the fully classical limit of the equations men-
tioned so far, i.e. the Vlasov-Poisson equation for a phase-space density f:

athrf'vxf*va'v&f =0, (1'52)

LAV (@ 4) = pla, 1), o, 1) = /R Fla € 1) (1.53)
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with the initial condition
f(2,€,0) = fr(z,€) in R x RE. (1.54)

When a magnetic field is present, the electric force —VV has to be replaced by the
Lorentz force —=VV +px B where p = £ — A and B = V X A. Then one obtains the Vlasov-
Poisson equation with Lorentz force or magnetic Vlasov-Poisson equation

atf +p- vzf + (_vxv +p X B) : fo = O, (1'55)

LAV (2, 1) = plat), pla,t) = /R Fla € 1) (1.56)
with the initial condition
f(z,p,0) = fr(z,p) in R xR (1.57)

The semiclassical limit of (1.47)-(1.49) to the Vlasov-Poisson equation using Wigner trans-
forms was shown by Lions and Paul in [59] and by Markowich and Mauser in [62] (ind = 1
the pure state case was proved by Zhang, Zheng and Mauser in [102] for appropriate non-
unique measure valued weak solutions of the Vlasov-Poisson equation). The wellposedness
of the Vlasov-Poisson equation was discussed in [81]. The limit of strong magnetic fields
of the magnetic Vlasov-Poisson equation was established by Golse and Saint-Raymond in
[44] and the homogenization limit by Frénod and Sonnendriicker in [31].

The WKB ansatz leads to the (repulsive) pressureless Euler-Poisson equation. It
is given by
op+V-(pu)=0
O¢(pu) + V- (pu®@u) + pVV =0,

pla.0) = pr(x), 9
u(x,0) = uy(x).
where
—AV = p, p = lal?. (1.59)

The Euler-Poisson equation arises as the non-relativistic limit ¢ — oo of the Euler-Maxwell
equation (1.20) (cf.[78, 98]) and as the semiclassical limit using WKB analysis of the
Schrodinger-Poisson equation to the Euler-Poisson equation (cf. Zhang [100, 101] and
Alazard and Carles [1]. Grenier [45] proved the semiclassical limit of the cubic NLS
and recently, Gui and Zhang [46] proved the semiclassical limit of the Gross-Pitaevskii
equation. Recently, Golse and Paul [42] showed that the bosonic N-particle Schrodinger
dynamics with Coulomb interaction converge to the Euler-Poisson equation in the com-
bined semiclassical and mean field limit 4+1/N — 0 if the first marginal of the initial data
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has monokinetic Wigner measure (for the definition cf. Section 2.2) which is equivalent
to the WKB formulation.

Depending on the sign in front of the term pVV on the LHS of the second equation
in (1.58) the Euler-Poisson equation is called repulsive (with a negative sign) or attractive
(with a positive sign). In other words, the Euler-Poisson equation is repulsive if the sign
on the LHS of the second equation in (1.58) and the sign on the RHS of the Poisson
equation (1.59) are the same and attractive if they are opposite.

In the repulsive case the Euler-Poisson equation is a non-relativistic self-consistent
model (for the self-interaction with the electric field, coupled via the Poisson equation
(1.59)) for a system (plasma) of charged particles of charge of the same sign (e.g. electrons).
This is because the Coulomb interaction is repulsive for charges of the same sign.

In the attractive case the Euler-Poisson equation is a self-consistent model for non-
relativistic gravitational interaction, e.g. gaseous stars, which is attractive.

The analytical properties of the Euler-Poisson equation depend heavily on the sign.
The repulsive case is less delicate than the attractive case: The dispersive nature of the
electric field may prevent the formation of singularities [50]. In 3d Guo and Pausader
[47, 50] proved the global existence of small smooth irrotational flows. Recently, Hadzi¢
and Jang constructed global solutions for both the gravitational and electrostatic Euler-
Poisson equation in [52].

However it is also possible to have blow-up even for the repulsive case, e.g. [99] or even
non-existence, e.g. [79] for the 1d case. Further references can also be found in [28].

1.2 Incomnsistent self-consistent models

There are other nonlinear models in relativistic quantum mechanics, that are not consistent
approximations in an order of A or ¢ throughout the equations. The following three
equations are all inconsistent in 1/c since they lack terms of order O(1/c) and therefore
are in fact O(1).

Note that only the 3d case of a coupling to the Poisson equation is physically sound.
The Poisson equation in 1 resp. 2d models infinite planes, resp. wires and not point
charges and the case of 4d or higher is physically irrelevant.

1.2.1 Pauli-Poisson

The Pauli-Poisson equation, introduced in [72] along the lines of the magnetic Schrédinger-
Poisson equation (e.g. Barbaroux and Vougalter [6, 7]), for a 2-spinor W"¢(z, t) € (L?(R?,C))?
reads

1 h
ih0, U = —— (kv — L A)20he 4 gvheghe (5. pyghe, (1.60)
2m c 2cm
AVe — _ph,c — —|\Ifh’c|2. (1.61)
with initial data
ez, 0) = UP(x) e (LA(R?))?, (1.62)
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and Pauli current density J™¢ given by
T = Im(Whe(hV — i A)U7) 4 bV x (Theaihe), (1.63)
c
More generally we may consider the Pauli-Hartree equation
hg.

5o (0 BYUE 4 (W [ W)l
cm

(1.64)

1
Z.hat\ljh’c = —7(hv — Z'QA)Q\I;E,C + VeXt\I,ﬁ,c _
2m C

where V' is an external potential and W is an interaction kernel depending on x € R3.
In 3d only the Pauli-Poisson equation is equivalent to the Pauli-Hartree equation with

A (1.65)

where A is a constant. The Pauli-Poisson equation is the appropriate model when an ex-
ternal magnetic field is applied which is much stronger than the self-consistent magnetic
field such that self-interaction with the magnetic field can be neglected, but self-interaction
with the electric field is still being taken into account. The Pauli-Poisson equation also
arises as the mean field limit of the N-body Pauli equation similar to the Schréodinger-
Poisson equation, cf. Section 1.3 and [72]. We will discuss global wellposedness and the
semiclassical limit of (1.60)-(1.63) in section 3. We have the diagram

Pauli-Poisson‘ =9 ‘Vlasov w/ Lorentz force - Poisson

The semiclassical limit of the Pauli-Poisson equation to the Vlasov-Poisson equation
with Lorentz force will be shown in Section 3 based on [71].

1.2.2 Magnetic Schrodinger-Poisson

If we neglect spin, i.e. the Stern-Gerlach term is omitted, and ¥™¢ is replaced by a
scalar wave function 1" in (1.60)-(1.63) we obtain the magnetic Schrédinger-Poisson
equation, cf. [7]:

1
O = — — (hV — i 4) 2" + qV it (1.66)
2m c
AV = — "2, (1.67)
with initial data
W' (2,0) = ¥f(x) € L*(R?), (1.68)

where the magnetic Schréodinger current density is defined by
J" = Tm(Qh (Y — i%A)wh). (1.69)

Like (1.47)-(1.49) the magnetic Schrodinger-Poisson equation is a scalar equation. Com-
pare (1.69) to (1.63) where we have an additional divergence-free term due to the spin
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coupling which is not present in (1.69). Wellposedness of the magnetic Schrodinger-Poisson
equation in R? for bounded magnetic potential has been studied in [7].

We can replace the coupling to the Poisson equation by more general Hartree nonlin-
earities, i.e. W(x) % [¢"(x)|?> where W is an interaction kernel. We have the magnetic
Schrédinger-Hartree equation, introduced in [61, 70]:

iho = ——(hV — i%A)W F VSt (W [ 2", (1.70)

1
2
with initial data
W'(x,0) = }(z) € L*(R?), (1.71)

here, V' is an external potential. In R3 and for W (z) = |z|~! the magnetic Schrédinger-
Hartree equation and the magnetic Schrodinger-Poisson equation are equivalent.

Note that the magnetic Schréodinger-Hartree and in particular the magnetic-Schrédinger-
Poisson equation in 3d arise as the mean field limit of the linear N-body magnetic
Schrodinger equation with interaction potential, cf. [61].

1.2.3 Schrodinger-Maxwell

Another model extensively studied in the mathematical literature is the magnetic Schro-
dinger-Maxwell equation for a scalar wave function 1" given by

1
RO = — —(hV —idAle)Zyhe 4 qyheyhe (L.72)
2m c

1
OV = 4r|yh)?, oAl = =gt (1.73)

C

where L

Jhe = Im(yphe(hY — i%Ah’C)wh’C) (1.74)

is the current density of the magnetic Schrodinger equation and initial data
e (a, 0) = e Ale(z,0) = ap* 8, A (x,0) = al. (1.75)

The Schrodinger-Maxwell equation is inconsistent in 1/c since Maxwell’s equations are
fully relativistic and the magnetic Schrodinger equation is non-relativistic since it lacks the
spin term which is O(1/c). Moreover, the Schrodinger equation is not Lorentz invariant.
The first result on global wellposedness was obtained in [74] using energy estimates. In
[49] the authors obtain global weak solutions in the energy space without uniqueness by
parabolic regularization. Local and global wellposedness was above the energy level were
obtained in [75, 76] using refined Koch-Tzetkov estimates. Scattering was discussed in [39].
Global wellposedness in the energy space was obtained by construction of a parametrix in
[15]. Moreover a nonlinear extension by addition of a power nonlinearity can be found in

[2].
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1.3 N-particle models and mean field limits

Nonlinear PDE like the Schrodinger-Poisson equation also arise as the mean field limit of
linear N-body equations with interaction between the particles like the N-body Schrodinger
equation with Coulomb interaction. A quantum system consisting of a large number N
of interacting particles is described by an N-body wave function, normalized in L?(R3Y),

w?vzlb?v(ajl,...,l‘j\f,t), /3N ‘T/J])Li[(ifl,...,ﬁUN,t)’zd{L‘l-..de:1 (176)
R
which satisfies the N-body Schrédinger equation
iho = HN oy (1.77)

where Hy is the N-body Hamiltonian given by

h? & 1<
Hy = _M;ij +N§V(|xj_xk’) (1.78)

where V' is a binary interaction potential and the factor 1/N is the weak coupling scaling.
For the Coulomb interaction one has V(z) ~ |z|~! (which yields the Schrédinger-Hartree
equation and in particular in 3d the Schrodinger-Poisson equation) and for the ”contact
interaction” V(x) = (z) (which yields the Gross-Pitaevskii equation). For large N,
equation (1.77) becomes impossible to solve numerically. Therefore it is imperative to
approximate linear N-body equations by (systems of) nonlinear 1-body equations. The
following diagram represents the asymptotic links between N-body linear and 1-body non-
linear equations.

h—0

linear N-body Schrédinger ‘ — ‘linear N-body Liouville
1 \J
N — 00 N — o0
1 \

1-body nonlinear Schrﬁdinger‘ h=9 ‘1—body nonlinear Vlasov

The Hartree ansatz for condensate of bosons, i.e. particles with symmetric N-body
wave function, is to assume that the inital data are factorized with the same wave function
for all bosons,

N
W@,y t = 0) = [ [ i) (1.79)
j=1

which trivially produces a symmetric wave function. This is valid for a boson ensemble
(i.e. if the system of bosons is in a condensed state). Note that the general Hartree ansatz
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for bosons would use different orbitals w?, ;- It was shown in [11, 92] that for factorized
initial data and bounded V, the N-body linear Schrédinger equation converges to the
self-consistent 1-body nonlinear Schrédinger equation or Schridinger-Hartree equation

iho" = —h;w + (Vs |9 2)p" (1.80)

This was extended in [9, 29] to the Coulomb potential

A

Vix) = Tl

(1.81)
which implies the convergence of the three-dimensional N-body Schrédinger equation with
Coulomb interaction to the Schrédinger-Poisson equation.

The combined limit &+ 1/N — 0 of (1.77) with Coulomb interaction to the Euler-
Poisson equation (1.58) was shown in [42] and to the Vlasov-Poisson equation (1.52)-(1.53)
in [41] by defining a quantum Wasserstein distance in order to measure the distance be-
tween quantum density operators and classical phase space densities. Recently, Golse and
Paul extended the results to define a quantum Wasserstein distance between two density
operators instead of a density operator and a classical phase space density in [43].

For fermions (i.e. for antisymmetric wave functions) a different ansatz has to be
chosen. The Hartree-Fock ansatz consists of taking an initial fermionic, i.e. antisymmetric
N-body wave function 9% ; € L (R3N) (the subspace of L? consisting of antisymmetric
wave functions) for the NV :body Schrodinger equation (1.77). In particular, one chooses
the Slater determinant

ﬂ)g(xl,...,w]\/,t) = \/ivildet(w?(a:j,t)), (1.82)

where {wf}évzl is an orthonormal system in L2(R3,C). The associated initial (pure state)
one particle reduced density matrix p%(}) should be close in the trace norm to the initial

one particle reduced density matrix pg ;= pg’ (0) of d)g ; in the sense that

tr(phly = k) <. (1.83)

uniformly in N. Let pf(¢) denote the (pure state) time evolution of plt ;. It satisfies the
time dependent Hartree-Fock (TDHF) equation

. . h? 1
i) = |~ A+ e Ahaslt) - X400 (1.8)
where
h Ly
P8 ding (%) = 77 P5(2, @) (1.85)
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is the density of pg’ and X denotes the exchange term with integral kernel

1

X(ey) = g ebln) (1.5

It is then expected that the time evolution p?\}(l)(t) of the initial one particle reduced
density matrix p?\}(}) should remain close to pli(t) and their distance in some (refined)
trace norm should vanish in the limit N — oo. The convergence of the fermionic V-
body Schrédinger equation to the TDHF equation was shown for bounded, symmetric
binary interaction potentials V' (boundedness excludes the Coulomb potential) in [10]. The
problem for the Coulomb interaction is hard due to the singular nature of the Coulomb
potential. In [82], the case of a simultaneous limit where & = N~/% was proved, in [S0]
for a different scaling linking potential and kinetic energy and in [32] for the same scaling
as in [11] where it is shown that the time evolution of the fermionic N-body Schrédinger
equation with Coulomb potential stays close to the Hartree-Fock equation in some trace
norm. The result in [82] holds for p?v representing a pure state, i.e. p?\, is given by an
orthogonal projection on the N-dimensional subspace spanned by antisymmetric wave
functions.

Notice that this is at odds with the semiclassical limit of the Schréodinger-Poisson
equation in R3 to the Vlasov-Poisson equation [59, 62] and the limit of the Pauli-Poisson
equation to the Vlasov-Poisson equation with Lorentz force in [71] where only mixed states
are allowed since the occupation probabilities have to satisfy conditon (2.37) in order for
the Wigner transform to be bounded uniformly in L?. A recent result for the Hartree-Fock
dynamics of fermionic mixed states is [16]. However this result does not include Coulomb
interaction. Moreover, in [82] the assumptions on the initial data for p?\, are restrictive in
the sense that one needs control over the commutator [z, p] for which the authors of [82]
did not find non-trivial sufficient conditions.

The N-body magnetic Schrédinger Hamiltonian with Coulomb interaction is given by

1N
SRR S B

Jj=1

The bosonic N-body wave function 1/117(, satisfies the N-body magnetic Schrodinger
equation
ihdppl = Hyl (1.88)

with initial data
e = (WHEN € L*(R*Y) (1.89)

It was shown by Lithrmann [61] that the linear bosonic N-body magnetic Schrédinger
equation with Coulomb interaction converges to the magnetic Schrédinger-Hartree equa-
tion in the limit N — oo for pure states and for h fized.
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The Pauli-Poisson equation should arise as the mean field limit of the N-body Pauli
equation given by
iho, Ut = HN WA, (1.90)

where H]F\’, is the linear N-body Pauli Hamiltonian with Coulomb interaction given by

0= LS A - o e+ LS L
K= =g L0~ A = 5 B+ gy 09D
with initial data
Ul = (UD€ (LA(R?)?)ON = (L*(R*M))% (1.92)
The following diagram should hold for the Pauli equation:
linear N-body Pauli ‘ h=9 ‘linear N-body Liouville w/ Lorentz force‘
\ 1
N — o0 N — o0
\ 1
h—0

1-body Pauli-Hartree‘ — ‘1-b0dy Vlasov w/ Lorentz force - Hartree

Since the Pauli equation holds for fermions the Pauli exclusion principle implies that
the Hartree ansatz as for the bosonic N-body magnetic Schrédinger equation is in fact
not correct. The correct ansatz is the Hartree-Fock ansatz. However, based on a an
approximation of the exchange term by a power nonlinearity |[¢"|>/3¢" due to Slater [89]
one may approximate the fermionic model. The corresponding equation is the Schridinger-
Poisson-Xa equation, introduced in [68] and studied numerically in [5].

1.4 Outline

The thesis is organized as follows. In section 2 we introduce the WKB ansatz and the
Wigner method and we give precise definitions for the density matrix and the Wigner
transform. In section 3 we prove global wellposedness of the Pauli-Poisson equation in the
energy space and the semiclassical limit to the Vlasov-Poisson equation with Lorentz force
using Wigner transforms. In section 4 we introduce the Pauli-Poisswell equation and prove
the existence of global finite energy weak solutions and the existence and uniqueness of
local strong solutions. Sections 5 is devoted to the semiclassical limit of the Pauli-Poisswell
equation to the Vlasov-Poisswell by the Wigner method and in Section 6 we prove the
semiclassial limit of the Pauli-Poisswell equation to the Euler-Poisswell equation using the
WKB ansatz where we also show local wellposedness of the Pauli-Poisswell and Euler-
Poisswell equations. The main results of this thesis are:
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Global-in-time semiclassical limit of the Pauli-Poisson equation by the
Wigner method: Theorem 1, cf. [71].

Global wellposedness of the Pauli-Poisson equation: Theorem 2, cf. [71].

Global weak solutions in the energy space of the Pauli-Poisswell equation:
Theorem 3, cf. [38].

Local strong solutions of the Pauli-Poisswell equation: Theorem 4, cf. [38].

Global-in-time semiclassical limit of the Pauli-Poisswell equation to the
Vlasov-Poisswell equation by the Wigner method: Section 5, cf. [73].

Local wellposedness of the Pauli-Poisswell-WKB equation and the Euler-
Poisswell equation: Theorem 5, cf. [97].

Semiclassical limit of the Pauli-Poisswell equation to the Euler-Poisswell
equation by the WKB method: Theorem 6, cf. [97].
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2 Semiclassical analysis: Preliminaries

We use a scaling where m = ¢ = ¢ = 1 and the small parameter is a scaled dimensionless
Planck constant, still denoted by A. In Sections 3.2, 4.2 and 4.3 we will use a scaling where
h =1 and omit superscripts altogether since we do not consider asymptotics there.

2.1 WKB vs Wigner

The limit A — 0 is not straightforward because of the nonlinearities in self-consistent mod-
els. For instance it is not obvious how the limit 7 — 0 of the nonlinearity V"¥" where
V" is given by the Poisson equation —AV" = |¥"|2] should be defined since the conver-
gence of U” will be weak in general and the product of weak limits is a priori not defined
(and not equal to the weak limit of the product) and additional compactness is needed.
Moreover, physical quantities like the density p”, the current density J” or the energy E"
are quadratic in the wave function and for the same reason the weak limit of these quanti-
ties has to be rigorously justified. There are 2 main techniques for such semiclassical limits:

The first approach to this problem is the WKB ansatz (Wentzel-Kramers—Brillouin)
[101], also called geometrical optics ansatz [91], which consists of looking for solutions of

the form -
Uz, t) = al(x, t)e @/h (2.1)

where a” is the amplitude and S™ the phase. In the case of the Dirac-Maxwell equation
or the Pauli-Poisswell equation a” is vector-valued. We always choose an ansatz where
the components of ¥ have the same phase S™0. If one would choose more complicated
initial data with two different phases S?’O, j =1,2, then also the solution ¥” would have
two phases and oscillatory cross terms like

)
x5~ 5D)).

would appear. Note that when dealing with matrix-valued Hamiltonians one usually
employs this multicomponent WKB ansatz by taking a vector-valued amplitude and a
scalar phase which is a sound mathematical choice that is also usually chosen by physicists
(see e.g. [56], [96]).

In general one assumes that A” admits an asymptotic expansion of the form

Al = A° 4 hAY + B2A? + O(R®)

Then one plugs this ansatz into the equation, e.g. the Pauli-Poisswell or Schrédinger-
Poisson equation and makes the substitution v = VS". For the Schrodinger-Poisson

22



equation (1.47)-(1.50) the corresponding WKB equation is given by
ih

da +ul - Va + %ahv = EAah, (2.2)
o +u - v + vV =0, (2.3)
a™(0,z) = a™%(2), (2.4)

u(0,2) = u%(x). (2.5)

where V" is given by the Poisson equation —AV" = |a"|2, cf. [21]. For the Pauli-Poisswell
equation we derive the corresponding WKB equation in Section 6 and prove an a priori
estimate which will allows to show local wellposedness and the semiclassical limit. The
WKB equation (2.3)-(2.5) converges to the Euler-Poisson equation, compare (1.58),

ata—l—u-VaA—%aV-u:O, (2.6)
Ou+u-Vu+VV =0, (2.7)
a(0,z) = a™0(z), (2.8)

u(0,z) = ul(z). (2.9)

There are limitations to this ansatz, the most important one that it is usually only valid
locally in time. This is because the WKB equation (2.2)-(2.5) does not admit global solu-
tions in time due to singularities, called focal points or caustics. There are generalizations
of the WKB ansatz to somewhat overcome these drawbacks such as multivalued phases,
cf. [91] and the references therein.

The second approach is the method of Wigner transforms, first mentioned by Wigner in
[95]. One introduces the Wigner transform f of the wave function 1" for the Schrédinger
equation or the 2-spinor ¥ for the Pauli equation. It is defined by doubling the number of
coordinates (”density matrix”) and a change of coordinates to center of mass and relative
coordinates on the scale & and by a subsequent Fourier transform to a “dual” (kinetic)

variable:
hy

, k
P@6.0) 1= s [ e+ e = Ty (210)

The Wigner transform is only a quasi probability density since it attains negative values
in general. It was shown in [53]) that in the case of a pure state, i.e. a single wave function
Y as in (2.10), it is positive precisely when the state ¥" is a coherent state, defined by

1 —x 2 i
U e(y) = 4(@)3/26@ )2/2h jigy/h (2.11)

The Wigner transform of a coherent state is the Husimi function f‘h(x, ¢) which is equiv-
alent to a Wigner transform ”smoothed” by a convolution in phase space in the variables
z and £ with a Gaussian kernel G(z,§), i.e.

fi(,€) = fM(@,€) %0 G"(2) % G(€), GM(2) = (ml)g/ze—'*/h. (2.12)
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It is easy to see that fﬁ defines a pointwise nonnegative function since the variance of
the Gaussian is chosen to be A. This is related to the uncertainty principle which states
that the product of the variances o, and o¢ of x and £ is always greater than h/2, i.e.
0.0¢ > h/2. Note that coherent states are precisely the states with minimal uncertainty,
ie. 0,06 = h/2. For more details on the relationship between the Husimi function and
the uncertainty principle see [94].

For the Schrédinger-Poisson equation it can be shown by straightforward computation
that f obeys the Wigner-Poisson equation aka quantum Vlasov-Poisson equation [62]:

oft+¢&-Vaofth+ o[V =0 (2.13)
—AV" = |92, (2.14)
fM(@,6,0) = f7 (2.15)

where 0[V"] is the pseudo-differential operator defined by

OV = Gy [ AV e O e Dy, (216

where the symbol is

hy

3(V(x+lf) V- D). (2.17)

SV (wy,t) = 5

Although it is not a proper phase space density one can verify easily that the moments
of f" define the densities of the conserved quantities of the Schrodinger-Poisson equation,
namely the position (or charge) density and the current density

o) = a0 = [ a6 00 (2.18)
T e, t) = W@ OV6 2,0)) = [ 62,600 (2.19)

and the kinetic energy density

() = B2V (2, 1) / €27 (2,6, 0)d (2.20)

which give rise to conservation of mass (or charge), momentum and energy, respectively.
In particular, the L?-norm of the Wigner transform is conserved. Note that the (positive)
Husimi function does not yield the correct moments, but rather smoothed moments. It
can be shown by several methods that the Wigner transform converges weakly to a non-
negative Radon measure f which is called Wigner measure [36, 59, 62]. It is related to
the semiclassical measures in [34],[36] and measures the loss of compactness in L? in [35].
One way of showing the positivity of the Wigner measure is by noting that the Husimi
function and the Wigner transform converge to the same limit [59] or by the Bochner-
Schwartz theorem [36]. As discussed in the introduction on can show under appropriate
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assumptions on f" and V" ([59], [62]) that (2.13)- (2.15) converges to the Vlasov-Poisson
equation

Of +€-Vof —VaVVef =0 (2.21)
—AV =p:= /fdf, (2.22)
f(x7§7 0) - fI (223)

The relationship between the WKB method and the Wigner method is apparent when we
define the monokinetic Wigner measure

F(2,6,8) = p(z, 1)5(€ — u(z, ). (2.24)
and the monokinetic initial Wigner measure
f[($,§,t) = Pl(%t)(;(f—ul(xat)), (225)

If we set p = |a|?> and use (2.25) as initial data for (2.21)-(2.23) we can expect that for
short times, f(z,&,t) remains monokinetic and obeys the Euler-Poisson equation (2.6)-
(2.9). We have the following heuristic principle:

The WKB method leads to local-in-time strong convergence to Euler equations (which
correspond to Vlasov equations with monokinetic data).
The Wigner method leads to global-in-time weak convergence to Vlasov equations.

2.2 Wigner transforms of mixed states

Mixed states in quantum mechanics represent a statistical ensemble of possibles states
and are the fundamental object of quantum mechanics since a pure state is a special case
of a mixed state. It expresses that, in general, we cannot prepare a quantum system in
one precise (pure) state, but rather with a certain probability A; in one of many possible
states ;. The mixed state formulation is necessary from a technical point of view when
dealing with the semiclassical limit of the Schrédinger-Poisson and Pauli-Poisson equations
since uniform L? estimates for the Wigner transform are only possible in a mixed state
formulation. A mixed state is represented by the density matrix which is defined as follows:
Let {\I/?}JEN, \I/? = (wﬁl, ¢§?’2)T be an orthonormal system in (L?(R3,C))2. We define
the density matrix p"
x J—
P,y t) = Z )\?\P?(SL‘, t)\IJ?(y, t) (2.26)
j=1
o0
= Z )\? (1/;5’;1(:6,75)1&?1(3/,75)* + 7/122(%75)1#?,2(%75)*) ;

J=1

where \ = {)\?}jeN is a normally convergent series such that )\? >0 and ) ; /\;jl = 1. The
/\?’s are the occupation probabilities of the states \I/;l If there is a k such that )\? =1 for
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j =k and )\? = 0 otherwise then p” represents a pure state. Otherwise it represents a
mized state. The reason why we write a superscript & denoting a dependence on A will
become apparent in Remark 2.

The density matrix p can be considered as the kernel of a Hilbert-Schmidt, hermitian,
positive and trace class operator " on (L2(R3))2, called density operator. We will often
identify p" and o". The diagonal of p"(z,y) corresponds to the particle density and is
defined by

Pling () = pl'(w,2) = > N|Wh(2)[* € L'(RY). (2:27)
j=1

Note that since \Ifjh € (L*(R?))? and since > )\? converges normally this expression is
well-defined. Indeed, consider

o
oo+ 2) = SN+ )W),
j=1

We can then let z — 0 since p(z + z,2) € C(R3, L'(R2)). The time evolution of the
density matrix p is given by the von Neumann equation:

op"
ot

The Wigner transform f”(x, €, t) of p” follows from definition (2.10) as

ih—— = [H, p"]. (2.28)

1 s hy hy
h _ &y by + W 0 W onay. 2.2
P@6.0) 1= g [ e e+ B = Ty (229)
More generally, we define the Wigner matriz F" (cf. [36]) as the Wigner transform of a
matrix valued density matrix R", i.e.

hy hy

U 1 —i&-
Fr(x7€)t) = (27Th)3 ~/R € §th(x + ?wx - ?7t)dy7 (230)

3
Y

where

o0
h IINTLL
Rz, y,t) ==Y N0z, 1) @ Uly, 1),
j=1
where ® denotes the tensor product of vectors. Then we can define the scalar Wigner

transform as f" = Tr (F h) and the scalar density matrix as p” = Tr (Rh) where Tr denotes
the 2 x 2 matrix trace. Similarly we can define Rgiag as

Rlj(2) = R (a, ). (2.31)

A simple calculation shows that

Phing(@) = [ f(x,€)dE. (2.32)
diag /Rg
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and

Rliog(o) = [ Pz, )0 (2.33)
€
This also implies that f" € L}(R3 x Rg’) uniformly in L'. We will also use the notation
f=whph F" = W"[R" (2.34)
and
fr=whph F' = W"R" (2.35)

Since {\I/?}jeN is a bounded family in (L?(R?))2, f resp. F" is a bounded family in
S'(R3 x Rg), resp. (S'(R3 x R?))QXQ (cf. [36], Proposition 1.1). Thus there is a sequence
{hx} going to 0 such that f" resp. F™ converges to a limit f, resp. F. Then f, resp. F
is a nonnegative (matrix valued) Radon measure, i.e. for all z € C2,

Z Fijzizj > 0.

.3

Note that one can also define the following test function space (in fact an algebra) .4 which
is more adapted to the Wigner transform f",

A= {p € Co(Ry x R): Felgl(z,m) € L' (R}, Co(R3))} (2.36)

Under the same assumptions one can show that f" and F” have a weak limit in A’
However, this technicality will make no difference to our analysis and we will either use
S’ or A'. The algebra A was introduced in [59] and used e.g. in [102].

The measure f is called Wigner measure and F' is called Wigner matriz measure, (cf.
[59, 36]).

Now we prove some crucial properties of the Wigner transform in the limit 7 — 0. First
we prove that f is bounded in L? uniformly in % if a certain condition on the occupation
probabilities )\? is satisfied. Moreover, the Husimi function f" is bounded in L uniformly
in A if another condition is satisfied. The results hold analogously for the matrix versions.

Remark 2. This also implies that a mixed state formulation is necessary since the con-
ditions imply that an infinite number of the )\;? is different from zero. Since (2.37) and

(2.38) imply that the sequence {\"} depends on % the reason for the superscript 4 becomes
apparent.

Lemma 2.1. Let {)\h} € /' be a normally convergent sequence of occupation probabilities
for a density matriz p" such that Zj /\? =1 and )\jf»” >0. If

IA"3 = i(&ﬁ)? < (2mh)’. (2.37)

=1
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then the Wigner transform f" is uniformly bounded in h in L?(R3 x Rg)
If the occupation probabilities {\"} satisfy the condition

A" oo = sup A} < (27h)%. (2.38)
JEN
then the Husimi function f" is uniformly bounded in h in L>®(R3 x Rg)

Moreover, both conditions (2.37) and (2.38) together with )\Jﬁ >0 and {\"} € £* imply
that /\jh-‘ % 0 for infinitely many j.

Proof. Tt is easy to see that the L? norm of f" is conserved. Then || f"|s < C implies that
h=3tr(pf) = h=3||A"|3 < C (use (2.29), Plancherel and a change of variables). Together
with the requirements Zj )\? =1 and )\? > 0 this implies that an infinite number of )\?

are different from zero. In fact, assume that there is a N € N such that )\? = 0 for all

j > N. Then
o0 N
A h
1= "M => )< N@rh)?
j=1 j=1
Letting A go to zero leads to a contradiction.
For the second part let 71’2,5 € L%(R3) be a coherent state with unit norm, defined by

d)h §(y) — (Wh)_3/26(y_m)2/2h6i£y/h.

T,

The Wigner transform of wg ¢ 18 given by
— (i —)2 ()2
WOl )y, m) = (wh) e W= e (1780,
Then the Husimi function can be written as

W (,6) = [ [ WHEWIh dayd.

where the dot emphasizes that the density operator is applied to the coherent state wz,g
By Plancherel we have that

WG, = (W + 0w = o+ vl - )
(gt

This shows that the Husimi function can be written as

W) = oy vkt (239
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We have that

= 1 1
hy h1 h h h _ § h h hy\ |2
w [p ] - (27Th)3 <,0 '¢x,§7¢x,§>L2 - (27Th)3 : )‘]me,@\:[/]”
J

<D WL TP =1.
J

By spectral theory,
= N0 20
J

The first equality is the definition of the Husimi function via coherent states. The second
equality uses the spectral decomposition of p”. The inequality follows from )\?‘ < (2mh)?

and the last equality follows from the fact that {\I/?} is an orthonormal system in L? and
that ngng = 1. Thus, we have shown that I € L>°(R%)2*2, O

Remark 3. The first condition (2.37) on the occupation probabilities of the initial mixed
state is known since 1993, when it was found independently in the work of Lions and Paul
[59], resp. Markowich and Mauser [62] on the limit of the Schrédinger-Poisson equation
to the Vlasov-Poisson equation.

The second condition (2.38) is new and was introduced in [73] in order to obtain more
regularity for the Husimi function and hence relax the required regularity for the time
derivative of the current density J” and the magnetic potential A" which is a major
difficulty in the Pauli-Poisswell case.

Now we state some results on the convergence of f and f. Let
P& ) = FalFylo" (. )]

= S k()
j=1

and

Phiag(©) = 516, €) = S NTI(E)?
j=1

A sequence of density matrices p” is said to be h-oscillatory if for all ¢ continuous with
compact support,

lim Sup/ @pgiag(ﬁ)dﬁ —0 (2.40)
h—0  Jig|>R/h

—

as R — oo. By cppgiag(g) we mean
oo

SN pu ()2

J=1
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It is compact at infinity if

lim sup/ pgiag(m)dm — 0 (2.41)
h—0  J|z|>R

as R — oo. For reference of these two definitions consider [36].

Proposition 1. Let ]ih and fﬁ be the Wigner and Husimi functions of a density matrix
p". Denote by f and f their respective limits as h — 0. Then

=7

In particular, f is a positive, bounded measure on Rg ng. Moreover, if p* is h-oscillatory,
then

pdiag(x) = /R3 f(:c,f)d&
13

Proof. Theorem III.1 and Theorem III.2 in [59] and Proposition 1.7 in [36]. O
A sufficient condition for (2.40) is provided by the following

Lemma 2.2. Let s > 0 such that

htr(—Aph> <, (2.42)

or equivalently,
> Nk / VI [Pdz < C.
j=1

Then p" is h-oscillatory.

Proof. By Plancherel, (2.42) is equivalent to
S [P < ¢
j=1

It follows that
[ Al < CR
|E|>R/R

Letting R — oo proves the claim. O
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3 The Pauli-Poisson equation: Wellposedness and semiclas-
sical limit

This section is based on [71].

As shown in Lemma 2.1 the density matrix formulation is necessary because uniform
L?-estimates for the Wigner transform are only possible in this setting. Therefore we
rewrite the Pauli-Poisson equation (1.60)-(1.63) in the mixed state formulation. The
electric potential V" depends on £ since it is coupled to ¥” via (3.2). The magnetic
potential A is externally given and does not depend on % which is why we write it without
a superscript.

Let {¥;}jen be an orthonormal system in (L?(R?))?. Then we have the mixed state
Pauli-Poisson equation

1 1
iho, Wl = —5(AV = iAW)+ VIl — Shlo BUh, j=1,...,0 (3.1)

AV = SN = plg (32)
j=1
Uh(x,0) = U} (x) € (L*(R®))*. (3.3)
where the mixed state Pauli current density is given by
T A) =3 A [Im@(w — AU — BV x (m?;?aqz?)] , (3.4)
j=1

or equivalently
o0

J"=3"NRe (@a(a (—ihV — A))q/;‘?') , (3.5)
j=1

It can be written as a first order moment of the Wigner matrix,

Jﬁ_/
R

[ Tr(a(a (- A)Fﬁ))dg. (3.6)
é
Similarly,
pgiag = /fhdf (37)
The continuity equation holds for the mixed densities:
OrPliiag + diveJ" = 0.

Let H be the Pauli Hamiltonian and Hy the free Pauli Hamiltonian, i.e.

"= _%((a (A —iA))? + VN, (3.8)
Hy = —%((a (WY —iA))2. (3.9)
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Recall that in three space dimensions the Poisson equation for V" is equivalent to

1 1
*ph

ViIwh = —ATLh = | Wh)2. (3.10)

- 4r|z|
Let us derive the Pauli-Wigner equation as described in Section 2.2. From the von
Neumann-Liouville equation (2.28) we obtain that the matrix valued density matrix R"
obeys the following equation with r = = + (hy)/2 and s = = — (hy)/2:

1

R (r,s,t) = = (Hy = HDRMr,s,1), (3.11)

i
where the subscript indicates that the Hamiltonian is taken with respect to the respective
variable and { indicates the conjugate transpose. This means (note that (o-B)f = (o B)),
]

QR (r, s,t) :%[E(Ar — Ag) 4+ 2(A(r)V, + A(s)Vs) (A(r)* — A(s)?)

Z. i 2h (3.12)
— (0 B) — 0 B(s)) — (V! (1) = V' (s, )R, 5,1).
Now we set T"(x,y,t) := R"(r,s,t). Then, using
1
divy(vah)(x? Y, t) = E(A'r - AS)RH(Tv S, t)a
and
1 1 1 1
V= gVe gV Ve pVe T gV
we obtain
O T" = ihdiv, (V,T") + B[A] - V. T" —id[A] - vV, T"
. ) 3.13
~ Lslavr - %5[0 BT — is[Vh T, (3.13)
where 8 and § are defined as
1 h h
Blgl = 5 (g + ) + gla — 1), (3.14)
and ] . 5
¢ Y Y
= Ny gle — 22y, 1
Slg] = + (g + )~ gz — ) (315)

Taking the Fourier transform in y for the first term on the RHS, using partial integration
and setting F" = F[u"] yields:

ihfy(divy(VrTh))(x,f,t) - _5 : vah(x7§7t)'

Moreover,
FylBIA] - VaT" = Fy[BA]] x¢ Vo F",
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and
—iFy[5[A] - V, T"] = F[5[A]] #¢ (£F).

Moreover,

Fyl8[1T") = —(0[1F"),
where

(OF1F") (2, €, 1) =

(27)3 /]Ra O )(, y, ) F" (., t)e ™"~ dndy. (3.16)

Then we obtain the Pauli- Wigner-Poisson equation for F",

O+ €V F" — F[BA] v Vo — 0[AEF") + L0 APIF"
(3.17)
—%9[0 BIF" 4 [V F" =0,

AV = g = [ s @)
3

FM'Mt=0)=F (3.19)

The initial Wigner matrix F' Ih is the Wigner transform of the initial matrix valued density
matrix R?, i.e.

1 . h hy
Fl = — &y ph o —-2)d 2
T (%h)g/ e YRz + o = 7)dy, (3:20)
Rz, y) § N (2 ®\W() (3.21)

We will always assume that F]h converges (after extraction of a subsequence) weakly™*
(S'(R5))? to a positive (or null) and bounded measure f;. The energy of the Pauli-Wigner
equation is given by

z,t , T
E(t) == tr HORh / / Plig (72 )Pl (¥ )dardy. (3.22)
R3 xR3 |z —

In fact the second term on the RHS is equivalent to
/ |VV2dz.

3.1 Main result

In the following we will give a rigorous proof by a nontrivial extension of the Wigner
measure analysis in [36],[59],[62] from the scalar case of a simple Schrodinger equation to
the 2-spinor case of the Pauli equation.

As outlined in Section 2.2 and Lemma 2.1 the uniform boundedness in L? of the
Wigner transform follows from a bound on the ¢2 norm of the sequence {\"} of occupation
probabilities. Therefore we make the following assumption.
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Assumption 1. Let R" or p" be a matriz valued density matriz or density matriz defined
by an orthonormal system {\I/?} C (L%(R?))? and occupation probabilities )\? € 1[0,1]. We
assume that

I h
j=1
IN'5 =D (A2 < (2xh)®. (3.24)
j=1

Theorem 1. Let {‘P?}jeN € C(Ry, (L*(R2))?) be a solution of the mized state Pauli-

Poisson equation (3.1)-(3.3) with associated matriz valued density matriz R" such that the
occuptation probabilities satisfy Assumption 1. Let F" be the associated Wigner matriz
solving the Pauli-Wigner equation (3.17) with initial data F7(z,p) = F"(z,p,0). Assume
that FIE converges up to a subsequence in S'(R3 x ]R%)QXQ to a nonnegative matriz-valued
Radon measure Fr. Let p=§& — A.

(i) Let A,V € CY(R3) such that B := V x A € C(R3). Then F" converges weakly* up to
a subsequence in (S')?*? to F € Cy(Ry, M2%2) such that F solves the Vlasov-Poisson
equation with Lorentz force

OF +p-VoF+(=V,V+pxB) - V,F =0, (3.25)

in (D')?*2 werifying the initial condition
F(z,p,0) = Fi(z,p) in R} xR} (3.26)
(ii) Let V" be given by —AV" = /)Ziag and suppose A € Wl’%(R?’). Moreover, suppose
that {F"} is a bounded sequence in (L*(R%))2*2 and that the initial energy F(0)

is bounded independently of h. Then F" converges weakly* up to a subsequence in
L>(I, L (RS x R3)?*2) to

F € Cy(Ry, M) N L®(I, L' N L*(R3 x R3)**?),
such that I solves
OF +p-VoF+(=V,V+pxB) - V,F =0, (3.27)
in (D')**2 and
AV = puigle). pansla) = [ Tl (3.28)
€
where f = Tr(F), verifying the initial condition

F(z,p,0) = Fi(z,p) inR3 xR (3.29)
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(iii) Let A € Wlé(R?’). The mized state Pauli current density J" defined by

Jh=3" A [Im@(w — AU — Y x (Thouh)] (3.30)
j=1

converges in D' to

J = /Rg pfdp. (3.31)

P

We will prove Theorem 1 in Section 3.3. We also prove the following global wellposed-
ness result for the mixed state Pauli-Poisson equation (3.1)-(3.3)in Section 3.2. Here,
U= {U;};eny and ¥; = {¥, ;}jen. The energy space H!(R3) will be defined in Section
3.2.

Theorem 2. Let A € L (R?), |B| € L*(R3). For any Uy € H'(R3) there exists a unique
solution to the initial value problem (3.1)-(3.3) in C(R,H'(R?)) N CY(R, H}(R3)*). In
particular, the solution is in (L*(R®))? for all times. If ¥, 1, ¥ € H'(R?) are initial data
satisfying ¥,, 1 — Yy in HY(R3) with corresponding unique solutions ¥, € C(R,H) N
CHR,H™) and ¥ € C(R,H') N CH (R, H™) then ¥, — ¥ in L=°(R, H!(R?)).

One can generalize the global wellposedness of the Pauli-Poisson equation to the Pauli-
Hartree equation (1.64) with slight changes in the proof (cf. [70]).

Corollary 1. Under the assumptions of Theorem 2 and assuming that W is even, W €
L™ (R3)+L>®(R3) for3/2 <1y < 0o and VW € L™+ L> for1 < ry < oo the Pauli-Hartree
equation (1.64) equation is globally wellposed in H(R3).

Remark 4. The question arises whether the Pauli-Hartree equation can be posed in
arbitrary space dimensions. The three dimensional magnetic field B = V x A has to be
replaced by its d-dimensional generalization VA A. In this case, following the result for the
M-SH equation [70], the conditions for W would be: W even, W € L™ (R3) 4+ L>°(R?) for
max{1l,d/2} <r; <oo (ry >1ifd=2) and VW € L™ 4 L*> for max{1,d/3} < ry < oc.

In the case of the linear Pauli equation with sufficiently smooth external electromag-
netic potentials we can use Theorem 6.1 from [36] in order to heuristically determine the
semiclassical limit equation of the Pauli-Wigner-Poisson equation (3.17)-(3.19). Write the
Pauli equation as

hoy U + P(x, hD)O" =0, zeR3 teR (3.32)
Oz, 0) = Uh(z) e (L3(R?))% (3.33)

where P(x,hD) is the pseudo-differential operator with matrix-valued symbol given by

P@@y:%w-@—A@»P+ﬂn¢
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The 2 x 2-matrix —iP(z,£) has one eigenvalue with multiplicity 2, given by
1
Ma, ) = 5ll€ - Ax)|? + V(2), (3.34)

where ||€ — A]|? = Z?:l(fj — A;)? and we can deduce that F" defined in (2.29) converges
to F solving
OF + {\F} = 0. (3.35)

where {h,g} = V¢h- Vg9 — Vih - Veg denotes the Poisson bracket. Using (3.34) we have
OF +§& -V F + (V, A) - VeF — (Vo A)A-VeF — AV, F -V, V(x) - VeF =0 (3.36)

We easily obtain after a change of variables p = £ — A and by using B =V x A,
OF +p-VuF 4+ (=V,V+px B)V,F =0, (3.37)

which is the Vlasov equation with Lorentz force for an electron (1.55). Note that for an
electron with negative energy (a positron) there would be a minus sign in front of the
Lorentz force term.

Remark 5. For the linear Dirac equation it was shown by Spohn in [93] and in [36] that
in the semiclassical limit 7 — 0 the Wigner matrix measure F' for the electron component
obeys

OF +{\_,F}+i[H), F]=0

where
H) = [l {1} — %H_ AT, T} — A {IT, T 1) TT (3.38)

where Ay are the two degenerate eigenvalues of the symbol matrix of the Dirac operator
and II+ the respective projections on the eigenspaces. This is in fact a special case of
a theorem from [36] where more general pseudodifferential operators are considered. In
[93], H. ) is called spinor Hamiltonian and it depends on the positron component as well
which can be seen from the last term in (3.38). For the linear Pauli equation the situation
is different: There is one degenerate eigenvalue (3.34) whose eigenspace coincides with
the whole space and the projection on the eigenspace is the identity Id. In this case, Hy
vanishes since
Hy = —i[ld, {\,1d}] = 0.

Therefore the Wigner matrix equation reduces to
O + (Ve -V FF =V A -VeF) =0

h
Also, Ry, converges to

Riag = / Fde.
B¢

The spinor u decouples into two independent Vlasov equations represented by the diagonal
elements of the Wigner matrix F. This is consistent with the fact that the Stern-Gerlach
term (1.27) which couples the spin components ; and 1y scales with % and vanishes in
the semiclassical limit.
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3.2 Global wellposedness of the Pauli-Poisson equation

In this chapter we will prove a global wellposedness result for the mixed state Pauli-Poisson
equation, given by

1 1
10,9 = —5(V - iAW+ VU, + S0 B)¥;, j=1,... 00 (3.39)
—AV = piag = — Y N[ T, (3.40)

j=1

U,(x,0) = U, j(z) € (L*(R%))?, (3.41)

where {U;} ;e is an orthonormal system in (L?(R3))? and {A\},ey is a sequence satisfying
Aj > 0 and

A= =1. (3.42)
j=1

Note that in this section we omit the superscripts. The global wellposedness in the energy
space for the magnetic Schrédinger equation with Hartree nonlinearity W * |¥"|2 for the
pure state case (1.70)-(1.71), was proven in [70]. The method is to establish an appropriate
energy space where the magnetic Laplacian defines a self-adjoint operator. Then one shows
that the Hartree nonlinearity is Lipschitz in the energy space and finally one uses energy
conservation to extend the solution globally. In [70], the magnetic potential A is assumed
to be in L2 (R3) which is sufficient for the magnetic Laplacian A4 to be self-adjoint
on L?(R?) due to a theorem by Leinfelder and Simader, cf. [58]. For the Pauli-Poisson
equation we will treat the Stern-Gerlach term as a perturbation of the magnetic Laplacian
as in [4].

The result in [70] is established for pure states. In [7] wellposedness is proved for
mixed states but only for bounded magnetic fields. Global wellposedness in H? of the
Schrédinger-Poisson equation without magnetic field for mixed states was obtained in
[20],[54] and in L? in [22]. We will prove global wellposedness in the energy space for
the Pauli-Poisson equation with rougher magnetic potential than in [7] for mixed states,
thereby extending the results from [7], [70]. We will use the notation

W= {‘I’j}jem v, = {‘l’j,l}jGN

Moreover, we have
oo (o]
|g| = Z)‘jmjﬂ |g|2 = Pdiag = Z >\j|‘1fj|2 (3.43)
Jj=1 j=1

and denote the mixed state analogues to (LP(R?))?, (H*(R3))? and (H}(R?))? (similary
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to [20],[22],[54]) by
L7 = {U: ) € (LP(R%)?Vj € N; (|7 := >~ A1 ¥517 < oo},
HY = {U: U5 € (H°(RY))*Vj € N; [[2)[F: = D N[5 7e < oo},
HYj = {¥: 0 € (H4(R)?Vj € N; [ W]7, = > Al 0,5 < oo}
where HY is defined as
Hy = {f: Ifl5, = I(V —iA) I3+ [ £]15 < o0} (3.44)

for given A. The usual inequalities also hold for mixed state spaces, e.g. the Holder
inequality, cf. [22]:
1P|, < [[€][p/|2]lq,

for 1/r = 1/p+1/q and ¥ € LP,® € L9 But also the Sobolev, Young and Hardy-
Littlewood-Sobolev inequalities can be easily generalized to mixed state spaces. When we
write ¥ € C§° we mean that ¥; € (Cg°)? for all j € N. Operators act component-wise,

e.g.

VU = {VT;}en. (3.45)

We now adapt the proof from [70] for the Pauli-Poisson equation. We define the energy
space H! for the Pauli equation and show that |z|~! % |¥|? is Lipschitz in H!. After having
obtained a local solution by a fixed point argument we extend the local solution globally
using energy conservation. The following lemma is based on [4].

Lemma 3.1. Let A € L2 _(R?), |B| € L*(R®). Then the sesquilinear form

loc
ho(f.9) = (Hof.g). f.9 € (C5°(R?))?, (3.46)

where Hy is the linear Pauli Hamiltonian defined by (3.9) is symmetric, closable and non-

negative in (L?(R3))2. The associated self-adjoint operator Ho has form domain Q(Ho)

equal to the completion of (CG°(R?))? with respect to the norm. || f||3, := [[(V —iA)f||* +
A

£

Proof. Let € > 0 and write |B| = By + By with ||By||;2 < € and || Bz||p~ < C. where C¢ is
a constant depending on e. Then

Moreover,
< || Bill2ll 15 + Cell £13

< Ce||VIfIII5+ Cell f1I5
< Ce||(V—iA)fl5 + Cll f113
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The third inequality follows from the Sobolev inequality and the last inequality follows
from the diamagnetic inequality. It is known (cf. [58]) that for A € L2 , —(V — iA)?

loc?
defines a non-negative self-adoint operator with form domain Q(Hy). Hence o - B defines

a relatively form-bounded perturbation of the form associated to —(V — iA4)? and by the
KLMN theorem on relatively form bounded perturbations of closed forms, hg defines a
closable non-negative form with form domain Q(H). O

Definition 1 (Energy space). Let A € L2 (R3), |B| € L*(R3). The energy space for the

loc
Pauli equation with magnetic potential A and magnetic field B is given by

H(R?) := {¥ € L2: (V—iA)¥ € L2, (0 - B)/*¥ € L2}
with associated norm
. 1/2
1W[20 = (V= iA)%[3 + (o - B)Y )13 + [[w)3.

Lemma 3.2 (Properties of H!(R3) and Hp). Let A € L2 _(R3), |B| € L*(R3). Then

loc
HY(R3) is a Hilbert space, complete with respect to || - ||g1. The norm || - ||l is equivalent

to || - HH%. Moreover, Hy is unitary on H'(R3), i.e.

le™* oW |31 = || X351,
for all f € H' and for allt € R.
Proof. The norms are equivalent because
1230 < IVAL]3 + [[(o - B)2E )3 + (1213
S 1+ a)|[ Va3 + (1 + )23
where a € (0,1) and b > 0 are the constants from Lemma 3.1 and
1213 < IVAR)3 + 123
< Va3 + [[(o - B3 + (| 2]3.
Unitarity follows from the fact that Hy is self-adjoint on H!(R3). O

Lemma 3.3 (Local Lipschitz property). Let A € L2 (R3), |B| € L*(R®). Moreover,
let HY(R3) be the energy space from Definition 1. Then for any ¥,® € HY(R3), the
nonlinearity (|z|~* * |¥|?)¥ is locally Lipschitz, i.e.

1 1

II(M 2~ (\?I #2) @l < CU1Z[50 + 12017012 — @31, (3.47)

where C' is independent of ¥ and ®.
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Proof. Assume that ¥,® € Cg° first. Rewrite the magnetic derivative part of the H!

norm as follows:

1 2 1 2 1 2 2
IV [P~ (o[22l < (7 V(2 - fo )l
1
+l(r * VIER) @ - D)l
+ u<|xl| c (L2 [B2)V 4,
+ ||<|961| « B2V AT — D)l
since Va(fg) = fVag+ (Vf)g. Notice that
1
H( sl < ErRIgl
’l’\ 2

(3.48)

(3.49)

where 2/p + 1/q = 7/6 due to the Holder and Hardy-Littlewood-Sobolev inequalities.
Choosing p = 2 and ¢ = 6 and using the Sobolev and diamagnetic inequalities yields

(< (g

2] S [ fll2llAll2]V agll2-

2

It follows that:

I

]

We now apply theses inequality to the terms in (3.48). The first term yields

« VI < ANV l2llglle S UA2IVafll2IV agll2

2

1
H(m * V(22— 122N ]2 < 22 VAT — @) ||2]|V 4T 2

+ 1 = 2[2[|Va22[[VaA¥|2.
For the second term we obtain similarly,

1
H(m « V|2) (L — ®)[|2 < | 22| VaLl2[ VAT — ®)]|2.

(3.50)

(3.51)

(3.52)

(3.53)

For the third term we have using Young’s inequality and the fact that |z|~' € L3/2 + L>®

1
II(E * (12— |2P)Valllz SIEP — 2]l VA2 + 12— 21|V 42|z

<% — 26/ Lfls + 12]l6)[V AL
+ 1% = 2 (12 + |12/12) [V ALl
<[Va = @)|2([[Va¥lls + [[Va2l2) [VaL]2
+ 1% = 22 (1Z]l2 + [ 2]2) IV A2
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For the fourth term we argue similarly and obtain

1
H(m [ )Va(¥ - @)z S Va2 VA(¥ - D)2 + |22 VA(Z — D)[2.  (3.55)

Finally, we have the spin term which is estimated in the same way as the third term above.

||(|$1| * (|2 = |[21%)) (0 - B)¥[2 SIVA = @)[l2(IVaL]2 + [[Va]l2) | (o - B)¥]|2

+ ¥ — @[]2([[ 2|2 + [|2][2)[| (o - B)E|2.
(3.56)

From (3.52)-(3.56) we deduce (3.47) for ¥, ® € C§°. It remains to lift the restriction.
Consider two sequences {¥,},{®,} C C§° converging to ¥, ® in H! respectively. It is
then easy to see that due to the Lipschitz property of the nonlinearity, (|z|~! % |¥, |>)¥,,
and (|z|~! % |®@,|?)®,, are Cauchy sequences in H! with respective limits U and V. Since
Il fll2 < C||f|l3 the convergence is also in L? and we can deduce that the convergence to U
and V is pointwise a.e. Then one concludes that U = (|z|~1 % |¥|?)¥ and similarly for V.
Taking limits allows to conclude that the Lipschitz property holds for all ¥, ® € H'. O

Define the Banach space
Xr ={¥ € C(I,H (R?)): | W] ooz 01 o)) < M W(0,2) = ¥ ()} (3.57)
with the norm

19| 57 = [[¥]| Loo (1,201 (R3Y) = ;&%(HEHQ + [[Ho¥||2). (3.58)

For every ¥ € Xp and every t € I we introduce the map ¥ — Y(¥) defined by

t
T(W) = citHoy, — i / e“t—s)HO(’xl‘ 10 (5) ) (s)ds. (3.59)
0

We will show that T is a contraction in X7 and conclude by a fixed point argument.

Lemma 3.4 (Local wellposedness). Let A € L% (R3), |B| € L*(R®). Let ¥; € H'(R3).
For every M > 0 there is a time T(M) > 0 such that for all V; with |V |y < M
there is a unique ¥ € C([-T(M),T(M)], H (R3)) solving (3.39)-(3.41). In fact, there
exist Toin, Tmax > 0 such that there is a unique solution ¥ € C([—Twmin, Tmax], H'(R?)) N
CH([~Trin, Tmax), HL(R3)*).  Moreover, the blow-up alternative holds: If Tiax < oo then

1E(t)|l3g1 — 00 as t T Tmax (resp. ast L —Tin of Tmin < 00).

Proof. Let us show that T maps Xr into X7 for the right choices of T = T (M) and M.
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Observe that for t € [0,T(M))

IT@)[lr < ™01y +/ [0 L ()2 (5) s

]

=WNw+/T(HW$WW$Mds
0 ’$| o

<1, s + 2%, TT)

< M + (2M*T(M).

where we have used umtarlty of e on H' and the local Lipschitz property. Finally,
choosing T'(M) ~ 1/(16M ) yields that

1T (@) [l30 < 2M,

and thus Y maps X7 into X7 for M = 2M. Now we show that Y(¥) is a contraction on
Xr. Given ¥,® € Xy and t € [0,T(M)),

\wwwm@mﬁsAwQ*W@WW$—f*@@Wwﬂmﬁ

2]
S/WM@@HWM$@JW@—¢@MMS
< T@AD (L)%, + |25 - @] x,
<&WT(NW By,

= S @l

A symmetric argument for ¢t € (—T'(M), 0] yields the claim. Finally, we have to check the
maximality of the time interval. Define

Tmax == sup{T > 0: 3 solution ¥ € C([0, Tinax), H'(R?))
Tin := sup{T > 0: 3 solution ¥ € C((—Tmin, 0], H*(R?)).

By definition, for any interval J = [T, T| C (—Tin, Tmax) there is a unique solution
¥ e C(J,H') N CH(J, H'*). The uniqueness follows since for any two u,v € C(J,H!) we
have by the Duhamel formula, the unitarity of /0 and the local Lipschitz property of
the nonlinearity,

wa—éwmpSAnqLHW@WW@—g;ﬂmgﬁﬂ@Mﬂs

t
S (10 7,30 + 1R/ e 7. 70)) /0 1E(s) — 2(s) |3 ds.

Applying Gronwall’s inequality we can deduce that W(t) = @(¢) on [0,7] and by an
analoguous argument on [—7", 0] as well. Finally we present the argument for the blow-up

42



alternative for Tiax (the case for Ty, follows analoguously). If Ty < 0o assume there
is a M > 0 and a sequence {t,} C R such that t,, T Tiax but [|[¥]|;1 < M for all n. We
can deduce from the wellposedness theory that there is a solution whose initial datum
has H'-norm below M with local existence time T'(M). Then we can construct a solution
@ € C((-T (M), T(M)),H') with initial datum W(¢;) with ¢; such that t +T (M) > Thax-
Setting ®(t) = ®(t — t),) we see that & € C((ty — T(M),t, + T(M)),H') is a solution.
Since it coincides with ¥ at ¢t = ¢ we can construct a solution with initial datum ¥; in
the space C((—Tiin, tr + T(M)), H') which is a contradiction to the maximality of Tiyax.
The claim follows. O

Lemma 3.5 (Continuous dependence on the initial data). Let A € L (R?), |B| € L*(R3).
Let W, 1,9 € H'(R®) be initial data satisfying W, ;1 — ¥ in H'(R3) with corresponding
unique mazimal solutions ¥, € C(J,, HY) N CH(Jp, HY*) and ¥ € C(J,HY) N CH(J, H).

If J' C J is a closed interval then J' C J, for n large enough and ¥, — ¥ in C(J', H').

Proof. W.lo.g. assume that 0 € J'. Set M := 2sup;c;{||¥(t)||31}. According to the
previous lemma, ¥ € C((—=T(M),T(M)),H') is a solution with local existence time
T(M) ~ 1/16M? and initial datum satisfying ||¥, |2 < M (since J' C J by assump-
tion). By assumption, ||¥,, /[[31 < M for n large enough, thus ¥, is a solution at least on
[—T'(M),T(M)], whence [T (M), T(M)] C JNJ, for n large enough. Evoking Duhamel’s
formula we see that for t € [0, 7(M)] (the other case follows analoguously),

1
19, (#) =¥l SN¥r — Yyllp + §”En = Y| poo (= (a), T (M) 1Y)

This implies that ¥,, — ¥ in C((—=T(M), T(M)),H'). Since T(M) depends only on M
an iteration of this argument covers the whole interval J'. We conclude that J' C J, for
n large enough and ¥,, — ¥ in O(J', H'). O

Lemma 3.6 (Energy and charge conservation). Let A € L2 (R3), |B| € L*(R3) and let

loc

¥ € C((—Tmin, Tmax)s HY) NCH(—Tin, Trmax ), H'*) be the unique mazimal solution to the
IVP (3.39)-(3.41). Then the charge

o
QW) = 1 = SN W1 = [ pasels (3.60)
j=1
and the energy
1 = 1
E(®) := / > Al(o - (V —iA) T, dz + / IVV|?da (3.61)
2 R3 j:l 2 R3

are conserved, i.e. Q(Y(t)) = Q(¥;) and E(Y(t)) = E(¥;) for all t € (—Tmin, Tmax)-

Proof. By the continuous dependence on the initial data and since (C§°(R?))? is dense
in H'(R3) we can assume without loss of generality that ¥ is smooth. Charge conser-
vation follows from multiplying the mixed state Pauli equation by %;, multiplying by A;,
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integrating and taking the imaginary part. For the energy observe we multiply by 0,V ;,
multiply by );, integrate and take the real part to obtain

Re 2% /(at‘l’j)(ff (V= id)*Wjde +Re ) /wtwwj -

J

This is equivalent to
1 — , 1
8,55 Zj: Aj /(8t\11j)(a (V —iA))?W,dz + 8t§ Rezj: Aj / IVV |2 =0.
Indeed,
Re/(atuj)vqxjda; = ;at/vmfj\?dx— /(8tV)]\IJj|2da:
1 1 —
= 50 [ 19V Pz = Re [ [ 00, 0) 9,019 o) Py

1
= 28t/|VV\2d:v — Re/(@tuj)V\I/jdx.

Thus, 9, E(T(t)) = 0. O

Proof of Theorem 2. By Lemma 3.6, sup;cg | V|41 < co. Hence Tinin = Tmax = 00 by the
blow-up alternative. ]

3.3 Semiclassical limit

In this section we prove Theorem 1.

External electric and magnetic fields

Proof of Theorem 1 (i). We identify the limits. Let us start with the spin term. We need
to show for all test functions ¢ € S that (hf[o - B]F", ¢) is bounded independently of
t € R and that it converges to zero when i — 0. Indeed we have

(h0lo - B]F //RS (z,n / Felel(z,y)

hy
Yo - (B(x + 5 ) B(x — ))dydxdn
]
:§<Fha¢?>8x5/-

Here,
hy

wlan) = [ Flel@)emo (Bla+ ) - Bla - P)a,

which is in S by the choice of ¢ and the assumption that B € C(R?). It is now clear that
Fp[¥] converges to zero in LY(R2, C(R3)) if h — 0.
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For the §[A%]F" term we use the same reasoning with (z,7) replaced by

wha) = [ Felello e A+ ) - Ao = Ty

Since 4 € C1(R?), also A% € C1(R3) and we can take the limit in . However we have to
be careful since we take the directional derivative with respect to a vector valued function.
In fact,

hy

3
1 hy
lim = A 2 _ A(x — 2)2 = AjypOpA;.
pim g A+ ) - Al =5 i%::l YO

Thus,

1 3 , 1

2(2n)° Jas Felel(, y) AiypOp Aie™ ¥ dy = o (AidpAi) Vyp (@, n).

where we use Einstein summation convention for clarity. We conclude that (A[A%]F", )
converges to

/ (AiBhAi) Vel )Af (1),
(R3)2

Next, we consider the i.F,[§[A]] *¢ (€F") term. We have

GFBA] 5 (€F").0) = s [ [ F@n) [0y )514) ) Felel o )ayeady
= (2717)3 (F" ) s,

where

uf = [ Feelwa) (T, oAy,

Since A € C1(R?) we can deduce that 1% converges in S to

/fﬁ [l (Vye™¥)y - Vi Ady.

Furthermore,

1 in- . 1 in-
(271')3 /(Vye K y)y : VIA(f§¢)dy = *vaA . vn / W}}[gp]vye n ydy
= iV A VyF [ Vy(Fep) (@, y)]

= VAL - Vyp(z,n).

We conclude that (iF,[5[A]] ¢ (EF"), ¢) converges to

Vo AL - Vep(z, §)df(1).
(R3)?
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Consider now Fy[B[A]] #¢ V,F". We have

(FylBIA] x¢ Vo F", )

(z,n / MY BA) Fele] (2, y)dydadn

= (27T) < a¢4>

where

ui= [ Felel(eneBlA1y

We easily see similarly to the reasoning before that 1/)2 converges in S to

[ Fdel(.p)A@)eay,

which is equivalent to
A(z)p(x,n).

Finally we consider the V-term we proceed as in the case for A? and observe that under

the assumption V € C!
OIVIF", @) = i(F" ) sxs,
where
wba) = [ Felel@n)em L (Ve + 5 = Via = D)),

converges to

[ v Veeta raso.
After a change of variables p = £ — A we conclude F" converges to F in the sense of
distributions and F' solves the Vlasov equation (3.36). O
Self-consistent electric field, external magnetic field

We now turn to the nonlinear case where V" is given by the Poisson equation (1.61). We
need the following observations.

Lemma 3.7. Let Hy be the linear Pauli Hamiltonian from (3.9). If

E(0) := tr Hth // pdlag[ pdlag ](y)d dy,
R3 xR3 |z — |

s bounded independently of h then the total energy

h h
1 jag \L ia
E(t) := tr(HoRh> +// Ping(*)Pd g(y)dacdy,
2 ) Jraxws

[z —y

s bounded independently of h.
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Proof. This follows from Lemma 3.6 by rewriting the energy in the density matrix formu-
lation. In fact,

1 :
tr(HoR") = 5 3 Xllo - (bW — iA) W3,
j=1

h h
1 jag\ ia; 1
1 // pd g( )pd g(y)dxdy _ / |Vvh|2d$
2 R3 xR3 lz —yl 2 R3

and

Now define
)= D M) ® T(y) paing () 1= D N[ T (a (3.62)
J

where A = {);};en is a decreasing sequence with A\; > 0 for all j € N and {¥;} is an
orthonormal basis of L?(R3)2. Let

— 1
Ho =50 (V- iA))? (3.63)
Lemma 3.8. Let B € L7/?(R3) and let
~HoR) : Z/\h (0-(V —iA))¥,|dz, A"l = (A2,
j
Then Rgiag, pgiag € L7/°(R3) with

3/7 (3.64)

(3.65)

AT (T
”Rdlag”7/5 < H)‘TH / (_HOR)

7 — 3/7
lpaaglizys < N2 tr (~HoR)Y

In particular, if \I satisfies Assumption 1 it holds that Rgiag, pgiag € L7/5(]R3) independently
of h.

Proof. The main ingredient for the proof is the following magnetic Lieb-Thirring inequal-
ity from [87]. Let Hy be the Pauli operator from (3.63) and denote by u; its negative
eigenvalues. Let v > 1 and ¢ > 3/2. Then

, 1/q
Sl < Ci(r.9) / VY4 + Ca(y, )| Bl ( / V2 dx) (3.66)
J

We will use an argument from [59] to prove the claim. Define the operator Hy—tR® where
t > 0 will be determined later. Then

tr((Ho —tR*)R Z)\h/| V —iA)T,[7 — R, da > Y N |p.

J
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By the Holder inequality,

_ N1
t/Rade < w(HoR) + [N, (X )

Now we use the magnetic Lieb-Thirring inequality (3.66) and obtain
_ A /P
] / R*Hda < te(HoR) + [M],C0 < / (tRa)3/2+p>

L\ V@p)
I Cal I, ( ey

where C7 and Co depend on ¢ and p’. Choosing p = p’ = 2 and setting a + 1 = 3a/2 + 2«
yields o = 2/5. Therefore,

o 1/2
t/R7/5dx < tr(HoR) + t/*|\"2C4 (/ R7/5>

. o AN
F N Tacal B ([ 77)

By assumption, B € L7/2, so we can choose ¢ = 7/3 > 3/2 and ¢ = 7/4. Together with

the choice
/4 1 7/5 ok
(A —— /R >
2C1 | A"|2 (

2/7
1t/R7/5dx < tr(HoR) + t[|\"]2C3 </R7/5> :

we obtain

2
where C3 depends on || B||7/2. It follows that

5/3 4/3 =7 4/3
IRIZE Scves 1IN tr(HoR) + Mol B2 (3.67)

Now since the power of the second term on the RHS is smaller than on the LHS we can
absorb it into the LHS and obtain
5/3 4/3 5
IR Sevos IAMS" te(HoR).

For the last statement of the lemma we use (3.65) and Assumption 1 to obtain

HRZiagH7/5 < Chﬁ/? tr(FOR)4/7
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Now

4/7
— \4/7 1 . 1 /
tr(HoR) /7 < WZA;./KU.W)\IJ]-PdHQZ/A;‘?KU-A)@]-PM
j j
4/7 47
1 ) '
S i ZA?’/KU-(hV@A))\IJﬂde + Z/)\§|(J-A)\Ilj\2dx
J j
1 1
=< WKM + 1426l pliagllos)
L a7 nool/4
< WK / +C”pdiag”7/5

where C does not depend on & and where K denotes the kinetic energy of the Pauli-Poisson
equation which is bounded independently of /& due to Lemma 3.7. By combining the last
two estimates and observing that the powers of & cancel yields the claim. Obviously all
calculations hold for pgiag =Tr (Rh) as well. O

Proof of Theorem 1 (ii). By assumption, ||F!||5 is bounded independently of & (this is due
to (2.37)). By conservation of ||F"|y we have that F" € L? independently of 4. Thus we
can extract a subsequence such that F" converges weakly* to some

F € Cy(R, M2 N L=(R, L' N L*(R3 x Rg)sz)'

Now let 1 € S(R2 x RZ’) With the notation of Proposition (i) we have to show that

U(x, z)gé[a -B] — 0, (3.68)
U, 2) 14T — (. 2)z - (Vo A)A(), (3.69)
izp(x, 2)0[A] — iz)(x, 2)z - VA, (3.70)
¥(z, 2)B[A] — ¥(x,2)A(x) (3.71)
U(z, 2)0[V — (z,2)z - V, V. (3.72)

2

i o For the second one

in L?(R%) as A — 0. The first one is immediately clear since B € L

we have to ensure that
(V. A)A € L} (R?).

loc

The assumption on A implies

A€ L2(RY), V,Ae L25RY),

loc loc

by Sobolev’s inequality. The claim follows from Hélder’s inequality. The third and fourth
convergences are clear since in particular A € HL _(R?).
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It remains to show that V" converges in H! (R3) which is equivalent to showing that
vV = (V]z|™) * pgiag converges in L2 (R3). Note that
V]|~ € L¥/*>(R?)

so in particular it is in L'*/11(R3) + LI(R3) for 14/11 < ¢ < oo since 3/2 > 14/11. By
Lemma 3.8, pgiag is bounded independently of % in L7/°(R?) and by Young’s inequality we
conclude that VV" € L2 (R3). In order to obtain convergence in L>((0,T), L2 (R3)) we

loc loc
use a compactness argument. By the continuity equation we have

HVV! =V (=A) " (0pliag) = J".

A similar argument for J" as for pziag in Lemma 3.8 implies that J” is bounded in L7/6(R3)

independently of %. Therefore ;VV" € L7/6(R?) and we conclude by the Aubin-Lions
lemma that V" converges strongly in C((0,7), HL_(R2)). The last part is to show that p"
is h-oscillatory. Observe that tr (H ,oh) < C implies that

[ #@.9l¢ - aw)Pasie < €
On the other hand,
[ hgande < [[ 116 - apasae + [[ faase
< tr(HoR") + 1,71 4°1)
where p’ is dual to p. Now take for instance p = 6,p' = 6/5 and observe that f" € L" for

r € [1,2] and A% € LS. Therefore we can evoke Lemma 2.2 and the last statement of the
Theorem follows from this and the last statement in Theorem 1. O

Current density

Proof of Theorem 1 (iii). One easily checks (using Vx (uou) = tr((V x ou) @ u)+tr(uv ® V X ou))

that
Jh = /
R

Let ¢ € C§° and set

(6 = Ala) " .0 =19, x [ tr(oF") (@)
13

3
3

= /]R e [era

Again, j" is bounded in L7/6(R3) independently of % and
//jhgodzndt — //jgodmdt,
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as h — 0. Since pl. € L7/5(R?) independently of h and A € L'2(R3) (by the Sobolev
diag

inequality) we have that
/ / A,oziaggodxdt — / / Apdiagpdadt.

since Ap € L7/2. By the same reasoning we obtain that the spin term is o(1) as h — 0.
O
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4 The Pauli-Poisswell equation: Derivation and Wellposed-
ness

This section is based on [38].

Consider the Pauli-Poisswell equation:

iho, " = —%(hv — i AM2Oh Lyl %h(a - Bhyw", (4.1)
—AVE = |0h2 = ph (4.2)
—AAM =", (4.3)
W (z,0) = UF(x) € (L*(R?))%, (4.4)

where the Pauli current density is given by
Jhwh AP = Im(BH(AV — i AP) B — BV x (Uho "), (4.5)

We can rewrite J" as

J" = Re (@a(a (—ihV — Aﬁ))qﬁ) . (4.6)

The analysis of the fully self-consistent Pauli-Poisswell equation is much harder than for
the Pauli-Poisson equation since the magnetic field is no longer external but now coupled
via the Poisson equation (4.3): For the semiclassical limit the regularity obtained from
this is not enough in order to use uniform L? bounds on the Wigner function (recall that
we needed A" (V® A") € L? for the Pauli-Poisson equation). Using the Husimi function
F"_ the uniform boundedness of F" due to Assumption 2 in combination with Lemma 2.1
and the fact that F" and F" converge to the same Wigner matrix measure F in the limit
B — 0, we can use F" and the corresponding Husimi equation, derived in Lemma 5.1, in
order to pass to the limit.

The uniform boundedness of F” due to Lemma 2.1 relaxes the required regularity for
A" since strong convergence no longer has to occur in Hﬁm but Wli’f.

However, there are still technical problems when proving the convergence of the mag-
netic potential A” since a straightforward argument using the Aubin-Lions lemma is not
sufficient since the required full time derivative 9; A" of A" cannot be defined in LP(R3),
p > 1 uniformly in & when A" is given by (4.3). One can relax the requirement on the
time derivative using refined compactness arguments (cf. [88]).

On the other hand we do not know how to obtain enough regularity for B” in order
for magnetic Lieb-Thirring estimates to hold. The magnetic Lieb-Thirring estimates are
necessary in order to prove uniform LP estimates for the density p" and the current density
J".

We give details on these issues in Section 5.

First we discuss the derivation and gauge of (4.1)-(4.4). Then, we discuss the existence
of global weak solutions and the existence and uniqueness of local strong solutions.
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4.1 Derivation and gauge

The Pauli-Poisswell equation is derived from the Dirac-Maxwell equation (1.2)-(1.4) as
follows. Write € := 1/c. First, the O(e) approximation of the Dirac equation is the Pauli
equation, cf. [66]. Therefore we have to calculate the O(e) approximation of Maxwell’s
equations. We present the derivation from [63]. The electromagnetic fields are given by

Ef = —VV*® — 0, A° B :=V x A° (4.7)
Consider a formal expansion in &:

Af = A%+ Al + O(e?), VE=V0 4V 4 0(?), (4.8)
B = B + B! + O(¢?), Ef = EY +eE' + O(£%).

Maxwell’s equations for the fields £° and B® read

eOsE* —V x B* = —¢J°, V-E°=)p°
c0,B° +V x E° =0, V. B =0.

For the terms of order O(1) this yields

V x E° =0, V-EY =, E°=—-vVv?,
V x B =0, V.-BY=o.

From this we can deduce
—AVY =Y BY =0.
For O(g) we have
OEY -V x Bt =—-J°, V-Bl'=0, V0=V x AL,
V x E'=0, V-E'=0.
From this we obtain (using B' =V x A' and V x (V x A}) = V(V - Al) — AAY)
—AAl = J°, El'=0.

From this discussion and the definition of the fields we obtain that up to first order in e
we have eA! = A° + O(e?) and V° = V¢ 4+ O(¢?). This gives the O(g) approximation of
Maxwell’s equations, i.e. the Poisswell equations.

—AVE(z,t) = p(x,t), —AA*(z,t) = eJ(x,t). (4.10)

Since the equation for the magnetic potential A° up to order O(g) resembles the electro-
static (Poisson) equation for V¢ one can consider it as a magnetostatic approximation.
We also remark that since B? = 0, the magnetic field B¢ is a relativistic object. Since the
Pauli equation is O(e) as well it is natural to couple it to the Poisswell equations (4.10)
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to arrive at the Pauli-Poisswell equation.

Another important question is the choice of gauge for the Pauli-Poisswell system. In
the derivation above we used Lorenz gauge for Maxwell’s equations. As it turns out this
fixes the gauge for the Pauli-Poisswell system, namely the Lorenz gauge (1.1). When
expanding the magnetic Laplacian

—%(hv _icA),

we are therefore not allowed to assume divA = 0. On the other hand when we choose
Coulomb gauge
divA =0,

Maxwell’s equations become
UA = —eJ 4+ €0, VYV, AV = —p.

Since V x (VV)) = 0, the second term in the wave equation for A is rotation-free. Since
any vector field can be decomposed into a divergence-free and a rotation-free part we can
introduce the Helmholtz projection [P onto divergence free fields and write

OA = —ePJ, AV = —p.

Now we can introduce the same Hilbert expansion (4.8)-(4.9) as above and plug it into
Maxwell’s equations, the Coulomb gauge and the field equations:

B =0, El =0,
vi=o, A% =0.
and
AV = —p, AAY = —J +9,VV°,
as well as
divAl = 0.

Again, —J + 9, VV? is the divergence-free part of .J, so
AV = p, AA" = —cPJ.

So we obtain a magnetostatic approximation of Maxwell’s equations with a divergence free
current as source term. Note that the electric field E in this approximation is given by

Ef = E° +0O(?) = —-VV? + O(?).

because there is no ;A term which means that E¢ is rotation-free. This is precisely the
difference between the Darwin and Poisswell approximation of Maxwell’s equations.
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4.2 Global finite energy weak solutions

In this section we will prove the global existence of weak solutions to the Pauli-Poisswell
equation (4.1)-(4.4).

Theorem 3. Let ¥y € (H'(R3))2. Then there is at least one solution to (1.21)-(1.25)
such that ¥ € BC, (R, (H(R?))?).

We will follow a compactness argument based on parabolic reqularization. This means
adding a "dissipation” (or "viscosity”) term €A which regularizes the equation, yielding
strong solutions to the regularized system by a contraction argument. Taking the limit
€ — 0 will be justified by obtaining suitable uniform bounds to the regularized solution.

We note that there is no natural scaling for the Pauli-Poiswell equation.

Lemma 4.1. The Pauli-Poisswell equation (4.1)-(4.4) does not admit a scaling that leaves
the equation invariant.

Proof. Define
Ty = AU (N2t ) Ay = NAN, M) Vy = NV (A2, Ax),

and plug this into the Pauli-Poisswell equation (4.1)-(4.3). We obtain

1 A2 j
iINTew = —§A2+amf +iNTATAL VT 4 Aa+2ﬁ‘2|\11 NV - %AM/@’“(U -B)V,

yielding
B=1n~y=2

On the other hand,
—AVy = —NT2AV = N2 2

yielding
24v=200 = a=2
But,
—AAy = —AT2AA = N2FLHTVE — V x (Tol)) — NP A0,
yielding

B+2=2a+1=2a+p

which has no solution. It is clear that there can be no other scaling (\°z, \*t) since we
always have 6 = 2k from the linear Schréodinger part i0; ¥ + AW of the Pauli equation and
doing the calculation for this case also yields a contradiction analogous to the one above.
Hence there is no scaling of ¥ that leaves the equation invariant. O
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In the spirit of [49] the regularized system can be written as

o — “;EA\IJZKE (4.11)
where ) ]
K =i(A¥R)0 + (o B)U - €24 VU 4 |APD). (4.12)
together with the Poisson equation for A,
—AA=J, (4.13)
J(U,A) =Im(¥(V —iA)¥) -V x (o), (4.14)
and the initial data
U(z,0) = ¥o(x). (4.15)

Here we represent the potential V as A~7!|¥|? i.e. the convolution of |z|~! with |¥|?
since we work in three space dimensions. The strategy is to solve the regularized system in
a suitable space and to use uniform bounds on A and V¥ in order to extract a subsequence
V. converging in the weak sense.

€n

Global solutions of the regularized Pauli-Poisswell equation

Formally (4.11) is solved by the integral equation
U = Gy, N(T), (4.16)

where N(¥) = K. and Gy, maps ¥ to & and where U“ is given by the integral equation
t

WO (t) = S(t)Tg + / S(t — s)W¥(s)ds, (4.17)
0

where S(t) := exp((i + €)tA).

Lemma 4.2. Let U € (H'(R3))2. Let A be a solution to AA = J. Then A satisfies the
bound

VA2 < Cl 9| 1. (4.18)

Proof. By multiplication of both sides of the equation with A, followed by integration we
obtain

/ AP+ [VAP = —i [ A(TVE — (VE)T).
R3
The RHS can be estimated by ||A¥|2||V ¥z due to Holder’s inequality. Then ||A¥||3 <

|AT|2||VT||2 so [|A¥||2 < [[V¥||2 which implies |[VA|2 < [[V¥||2 and the claim follows.
O
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Lemma 4.3. For all u € H*(R3)? the operator Kp defined by
Kpu = 2iA-VVU +|APu+ (o B)Y, (4.19)

satisfies the estimate
1K p®l e S (917, (4.20)

Proof. This is a simple application of Lemma 4.2 and Sobolev embedding:

IO iz S N A6Vl + (| Allol A¥]|2 + | B2l 2 ]ls
S Iz + 125,

since ||B|l2 = [|[VAll2 < || Y] 71- -

Next we show a priori bounds on the solution ¥. Define X* as the space of all functions
in C(I, H*) such that V¥ € L?(I, H*) with the norm

[l xx = ([ ooz, 1%y + IV L2 (1, 15y (4.21)

The following lemma is inspired by the analogous results for the Schrodinger-Maxwell
equation in [49].

Lemma 4.4. Let € > 0 and k > 1. Then Gy, (cf. (4.17)) maps L*>(I, W*3/2) to X* with
G Wk Se Wollge + T4 g ey (4.22)

Proof. Without loss of generality assume k = 0. Let U = S(t)¥ be the solution of the
linear initial value problem

thil —(i+ G)A\if =0, \i/(t =0) = U,.
We have the standard energy estimate of the heat-Schréodinger flow

t
1S(E) 0|2 + 2¢ /0 19 (s)Wo 3ds = [[Woll2 (4.23)

as well as the LP — L7 estimates for the heat evolution operator exp(etA)

1S Fll2 Se 74 Flla /2, (4.24)
IVS®) flla Se 724 I3 o- (4.25)

Using (4.24) and Holder’s inequality we deduce

t
<. /O (t — 8) 14 (5) 5 pds

t 1/2
< g/ ( / rrw<s>\\§/2ds) |
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from which we obtain W& € C(I, L?). Moreover, by (4.25), the Hardy-Littlewood-Sobolev
inequality and Hoélder’s inequality we have

/ot IV [ 8t = s)isiar < /Ot ( |- s>‘3/4||\1f<s>||3/2ds>2 dr

t s\
< ([ 1wenifar)
t
<072 [ pu() o
From the last two inequalities and (4.23) we deduce
H\I/G”LOO(I,H’“) + HV\IIGHLZ(I,H‘“) Se (MWoll v + T1/4H‘I’HL2(I,WH/2))7
which implies (4.22) for k£ = 0 and the lemma is proved. O

In order to set up a contraction argument in X* we need to establish local Lipschitz
properties of the nonlinearity K.

Lemma 4.5. The nonlinearity N(V) = K. maps X' to L>(I, W43/2) and we have the
estimates

IN(O) | g2 wrarzy Se (1+TY2)B(]x1) ]| x:, (4.26)
IN(®) = N(@)l| 27wz Se (L+TY2)B([E [ xr + | @] x0) 1]l x, (4.27)
where B(r) =r +r% + 3.

Proof. We abbreviate g1 = (A7 U|?)¥, go = A- VY, g3 = |A|?¥ and g4 = (0 - B)¥ such
that K. =ig1 +ig4 — (i + €)(2ig2 + g3). Then
lgillzse < IATHEPl6lll2 S 116502113
< 151913 S 1113,
where we used Hardy-Littlewood-Sobolev and Holder. Moreover,

IVhaillse < Y (VAT VP25

a+pB=k
STl VE T2+ S V22 Plg)s VA2
a+pB=k
a#0

SNl + D> | > IV ea NIVl o V7wl
+B=k Ls+r=
aaio s+r=a

SN e+ S V0ol [Vl

a+pB=k
a#0

S @ 12 e
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Taking the L?-norm in time yields

1
T 2
IV g1ll 21,02 = </O HI‘PH?pH‘I’Hm!) S TN oo,z 19l oo 1,100

For go, observe
lg2lls2 < ALl V2 S 12117,

by Lemma 4.2. We have the following estimates for the derivatives of go:

< aq By
IVg2llz/2 < % ) IvV=All 72y VeVl (EET)
o =

= [VA|2 V(s + [|Alls] V> ]|z
S I [V g

It follows that
Vg2l 2 zsr2y S N1 oo,y V¥l L2(7, 1)
Finally for g3 we obtain
lgallsrz < IAIGIVEls < (][50,
and

IVgsllae S IAIGIVE 5 + Al VAll2[1¥ o
SN IV

Thus,
IV 93l 2z, p22) S NN oo () IV ¥ N 221,101

Finally for g4 we have
lgallsse S IVAl201%lls S 12117,

and

1Vgalls/2 S HV2A‘1’H3/2 +[[VA- V|3
SN2 e + 1Y 2 [V
SIEIFAAIV 2 + 9]

From the estimates for g1, g2, g3 and g4 we obtain
1/2 3 2
1Kl pogr porzy S TN o gty + 11 oo (1.1
and from the estimate on the derivatives
1Kl 2 wrarzy S (L4 )@+ TYV2) (1] xr + [9]50 + [ 1] x1,

proving the claim.
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Next we establish local wellposedness for the regularized system using a contraction
argument. We will also show that the the blow-up alternative holds in the smaller norm
H' and that we can approximate solutions in X!.

Lemma 4.6. Let ¥y € (H'(R3))2. Then there is a Tyax > 0 such that the initial value
problem
U = Gy, N(T)

has a unique solution in Xl(T) for all 0 < T < Tyax and such that for Thax < oo we have

lim [ U(t)] 1 = oo. (4.28)

t max

Moreover, if ¥y ,, € H! with Yo, — Yo in H' and if 0 < T < Tmax then the solution ¥,
of ¥ = Gy, ,N(¥y,) is in X (T) for n large enough and ¥,y — ¥ in X1(T).

Proof. Combining Lemmas 4.4 and 4.5 we obtain

1Gwe N(®)|x1 < al|Coll g + TN (W) g2y w2
< o[ Woll o+ (T4 + T5*) BN | x0) 12| x1, (4.29)

and
IGwy N (W) — Gy (N(®) ]| x1 S (TY*+ T (1P| x1 + |9] 1) [ ¥ — @ x1.

Now choose R > 0 and Ty = Ty (R) > 0 such that | ¥o||;n < R and (T)/*+T/*)B(4aR) <
1/2. Define By = Br,(0,2aR) as the closed ball of radius 2aR with center zero. With
these choices, Gy, N(-) is a contraction mapping from B to itself and therefore admits a
unique solution ¥ in B;. Moreover T depends only on R and thus there is a Ty,ax such
that ¥ extends to a unique solution in X*(T) for all 0 < T' < Tiax. Moreover,

tThTfniT [ ()] x1() = o0

In order to show (4.28) assume the contrary. Assume there exists a constant L > 0 such
that |U(t||g1 < L for 0 < t < Tipax- By the theory developed above there is a T3 > 0
depending on L only such that the initial value problem ® = Gg¢,N(®) has a unique
solution ® € By for all @y € H'! with || ®o||}; < L. Let 0 < § < Ty and T} := Tyax — 0 and
let W, be the unique solution to W, = Gy 7. N (V). It is easy to see that W.(t) = W(t+T%)
for 0 <t < & whence ¥, € X!(T) and (4.29) holds for ¥, for 0 < T < §. It follows that
11X (T) = |G (ra N(Ts)l|x1 (1)
< Al W) g + (T + TS0 o)) 1
< al| (Tl + (84 + 6% B2aL)|| W] x ().

Choosing § small enough such that (6%/% 4 §%/4)3(2a.L) < 1/2 we obtain

IWullxr(ry < 2af[®(T5) | p
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with 0 < T < 4. Letting ¢t 1 ¢ in the equation above is equivalent to letting ¢ 1 Tinax for
1P (t)|| xx(T) since ¥ coincides with ¥, on [0,4). But then

im0 ey < 20 ¥(T) (4:30)

which is a contradiction to (4.6). Hence (4.28) is proved.

For the final part of the lemma we can restrict ourselves to showing ¥,, — ¥ in X*(7})
with T3 as before. Since ¥¢,, — ¥y in H! there is a n such that ||Wq .|z < R. It follows
that u, ¥,, € By. Using lemmas 4.4 and 4.5 we conclude

19 = Wl < @llWo = ol + (1" + BRI — Wallxir,)
Since (T1,4aR) is chosen to be smaller than 1/2 we obtain convergence of ¥,, to ¥ in
XUTy). O

We are now able to state the existence and uniqueness result as well as the a priori
uniform bounds on the solution of the regularized system.

Lemma 4.7. Let € > 0. Assume that the initial data o is in (H*(R3))2. Then there
is a unique solution ¥ to the regularized Pauli-Poisswell system (4.11)-(4.15) such that
U e C(R,HY) and V¥ € L*(R, H'). Moreover it holds that ||¥| g1 < C(||Wol|z1) where
C is independent of t and e.

Proof. By Lemma 4.6 there is a unique solution ¥ € C([0,T), H') with V¥ € L?([0,T), H")
for some T > 0. By (4.28) we deduce that T = oo if the H'-norm of ¥ does not blow up in
finite time. Next we show that the energy is bounded a priori at time ¢ = 0. First, observe
that ||(V —iA)%|13 < ([[VP0ll2 + |All6]|Poll3)%. All terms involved can be estimated by
| ol g1 Furthermore we have the estimate [|[VA[3 < [|¥o||f:. Finally,
(AT Wol) /2 Wol2 < [I(ATHWol*) 2 12/ Woll12/5
_ 1/2

< A o)l %ollizys

<1 Wollas
Now 2 < 12/5 < 6, so the last expression can be estimated by H\IIOH?I’LI1 by Sobolev’s

embedding. We conclude that
E(0) < C([[%ollg1)- (4.31)

One can achieve an a priori bound on [[V¥|[ together without smallness assumption:
IV¥[[2 < [(V = iA) T[]z + | AT
< E(0)" + | Alls|¥|l3
1210 111/2
< B(0)' + VAl 25
< B(0)" + Q) v ]3”,

61



where we have used Holder, Gagliardo-Nirenberg-Sobolev and Sobolev embedding. From
the definition of the energy we know that |[VA|2 < E(0) so eventually we obtain

IV¥[l2 < E(0)"/? + CQ(0)/*E(0)'/* = C(E(0), Q(0)) (4.32)

Together with || ¥]]3 < Q(0) = ||¥o||*> and (4.31) one obtains the a priori bound ||¥|| g1 <
C. The last part of Lemma 4.6 states that the smoothness assumption can be made
without loss of generality. O

Global solutions of the Pauli-Poisswell equation

Proof of Theorem 3. Consider a sequence {¢,} of parameters such that €, — 0 as n — oo.
Due to Lemma 4.7 there is a solution W,, for each n to the system

OV, — (i + €,) AV, = K, (¥, Ay)
AA, =—-J(¥,, Ay),

such that ¥, € C(R, H') and initial value ¥y. By the Hélder inequality and Sobolev
embedding we can estimate

1T (W, An)lsja < 1Wnlle[[V@nll2 + [ Anllo]| Cnld < 107 (1 + [Wnllm) < C.
Similary,

1K, (W, An)llazz < (05 llosl1Wnll2 + | AnllslV @nll2 + | Anllg ] ¥nlls
Sl < C.

The sequence {¥,} is bounded in H' by virtue of the uniform a priori estimate from
Lemma 4.7. The boundedness of these sequences allows us to infer weak™-convergence of
the terms involved (by the Banach-Alaoglu theorem), i.e. there is a subsequence which
we also denote by W, such that ¥,, —* ¥ in L>®(R, H'). Moreover there exist a,3 €
L>®(R, L*/?) such that

J(U,, Ap) = B K., (9,,A,) >~ «
in L>°(R, L3/2). Thus we can pass to the limit in the equation and obtain

T —iAT = o (4.33)
AA=—B, (4.34)

in D'(R, H~'). It remains to establish that the pair (¥, A) is the desired solution by
showing that the initial condition is satisfied and that a = Ko(V,A) and 5 = J(¥, A).
From (4.33) and the fact that AW € L>°(R, H 1) since A: H'(R3) — H~1(R? is a bounded
operator we deduce that ;¥ € L>°. Together with the weak*-convergence of ¥,, to ¥ in
L>®(R, H') we deduce that ¥ is weakly continuous from R to H'.
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To see that U satisfies the initial condition ¥;—o = ¥ we denote by (-,-) the duality
pairing. Then

/0 (Wn(5)0:f(s) + (1A, + Ke, ) f(s), X0 -1 = —(Yo, X) 1, -1

for all y € L? and all f € C°°(R) with f(0) = 1 and f(¢) = 0 (this follows from integration
by parts). Then taking the limit n — oo and using (4.33) and the fact that ¥,, — ¥ weak™*
in L>°(I, H') we obtain

/0 (W()01F(5) + pu(s) £ (), Xt g11 = — Vo,

implying that ¥(0) = ¥y,

Next, we show that we have convergence to the right limits by using a standard com-
pactness argument. First, observe that by Rellich-Kondrachov the embedding H'(Q2) €
L4(Q) is compact for Q C R? open and bounded. Moreover the embedding L*(Q2) C
H~Y(Q) is continuous. As ¥, is bounded in L>(I, H') and 8;¥,, is bounded in L> (I, H~!)
the same holds for ¥, in L*(I, H'(Q2)) and 8;¥,, in L*(I, H~(Q)). By the Aubin-Lions
compactness lemma (cf. [83, Section 7.3]) the embedding Wh44(I, HY(Q), H~1(Q)) €
LA(I x Q) is compact and W,, converges to ¥ strongly in L*(I x Q) up to a subsequence.
Moreover since ||¥,,(t)| g1 < C we have

N 21 505y < Il przssy < Ial3agr amy < oo

by Sobolev embedding. Next, A~': L6/5 — L is a bounded operator, hence AW, % s
bounded in L?(I, L?). Since ¥,, converges strongly in L*(I x ) and thus pointwise a.e. in
I xQ up to a subsequence we deduce that |¥,|? converges weakly to |¥|? in L(I, L%/°) and
thus A=W, |? converges weakly to A~1W|? in L2(I, L%). By Lemma 4.8, A,, converges
strongly in LY(I x ©). Thus we can conclude that K., converges weakly in L3/2(I x Q)
and J(¥,, A,) converges weakls in L%°(I x Q) completing the proof. O

Lemma 4.8. Let {U,} be a bounded sequence in L°°(I x H'(2)) solving the Pauli equation.

Then the sequence {Ay} defined by AA, = —2Im(V,(V — i4,)¥,) converges strongly in
L5(I x Q) to A defined by AA = —2Im(¥(V —iA)T).

Proof. Subtract the equations for A and A,, multiply by A — A,, and integrate by parts:
- /(V(A — Ap))%dx — /(A — A,)? |, |2dz ~ /(A — A)(YVY -0, VY, )dz
+ /(A — Ap)An(|9)? = |,]*)da.

The second term on the RHS can be estimated by [|A — Ay [l¢[|Anll6ll|¥[*> — [®]2]]5/2. For
the first term observe

/ (A= A)(TV — T, V0, )dz / (A— 4,)(T - T,)VUda

T /(A — AT (VY — VI,,)d

63



The first term on the RHS can be estimated by ||A— A,|6][¥ — ¥, ||3]|V¥|2. Now integrate
the remaining term by parts to obtain

/(A — Ap)V, (VU — VV,)dz = — /V(A — A0, (Y — U,,)dx
- /(A — AV, (U — U,,)dx
The first term can be controlled by ||V(A— Ap)||2/|[¥r|4]|¥ — ¥y ||4 whereas the second one

can be controlled by [|A — Ay[l6]| V¥ ||2|¥ — ¥, []3. By Sobolev embedding, ||Anl|rsms) S
1A || fr1(rs) Which concludes the proof. O

4.3 Local strong solutions

In this section we prove the unique existence of local solutions to the Pauli-Poisswell
equation (4.1)-(4.4). We use standard energy estimate techniques combined which lead to
an a priori bound on the H® norm of W. Local existence follows straightforward from a
standard fixed point argument.

Theorem 4. Let s > 5/2, T > 0 and ¥y € H*(R®). Then the Pauli-Poisswell equation
(4.1)-(4.4) has a unique solution ¥ € C([0,T), H*(R3) with initial data ¥y.

Proof. We apply V* to (4.1), multiply by V*¥ and integrate over R3:
/VS\I/-GtVSIIf—i/VS\I/-AVS\I/ = /VS\IJ-VS(A-W) —;/vsm-vsum%m
—i/vsw-VS(Vfo)Jr;/VS\IJ-VS(J-B)
Taking the real part and using 2 Re(fo.f) = 9| f|? yields
;at/\vsw —Re/vs\p-VS(AV\I/) —Re;/VS\I/-VS(]A\Q\I!)
— Rez’/VS\If- VE(VU) + Re;/vs‘lf- V(o - B)
Now we can write
Re/VS\II- V(A -VU) = Re/(VS(A -VU) — A-VVU)VU + Re/(A - VEVU) VAU,
By partial integration the last term on the RHS is equal to

1
-5 [V —o
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due to V- A = 0. The first term on the RHS can be estimated due to the Kato-Ponce
inequality,

V(A V) = A- VIV [Vl S (VAo [V s + NAN 7 IV o0) 1] s
(4.35)

This means we have to control V¥A in L2 or VA in H*~'. We can generalize Lemma 4.2
to H® as follows.

Lemma 4.9. Let A be defined by (1.23) and s > 0. Then
IV Allz < CCs, (1] o, 19 1z, 19 lloo ) lfual] -

Proof. Apply V* to (1.23) and multiply by V*A (recall that A is real-valued). By the
same reasoning as before we obtain

VAN S VARV ATl VE A2

By the trivial estimate |[VSAljz < [|[V*TLA|2 we can absorb this term into the LHS. By
virtue of the Kato-Ponce inequality the RHS can be bounded by

VAUV AV |2 S VU3V a6 + W]l [VZV 4T ]2
S sz (V6 + [A¥]l6) + 19 oo (1¥ ] gosr + [V (AV)]I2) S

By the Kato-Ponce inequality we obtain ||[V*(AV)|l2 S [[VZAl|2||¥||oc + || Allco[[¥]| 77« Which
implies together with the inequality above

IV Al S a2 (121 g2 + Ao [P ra) +
1 oo 12 gress + IV All2 2112, + [|Alloo [Pl 7. (4.36)

By the Gagliardo-Nirenberg interpolation inequality,

[Alloo < 1 All6 + 1 Allyir26 < (VA2 +[|7]l6
Sl + 125V + 9] )12,
Sl + 191+ 9] e 213

Now Gagliardo-Nirenberg interpolation for non-integer s (see Brezis-Mironescu) gives
-1
IV Alla S 11V Ao /* [ 9*FLAlJ 7

We combine this with Young’s inequality for products to obtain

s 1 1/s 1 s s—1)/s
IV Ao )| < ];<||VA||2/ 125 + IV |,

Now we can choose ¢ such that ¢(s —1)/s = 1 which implies ¢ = s/(s — 1) > 1. Therefore
we can absorb the second term on the RHS above into the left hand side. Then p = s and
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the first term on the RHS becomes (1/8)HVAH2H\II|]23 Combining this with (4.36) and
the trivial embeddings H® «— H*TY/2 — H5*! yields

IV All2 < Cls, 19, 191 a2, 12 o) 1Y s
proving the claim. O
Returning to (4.35) we obtain
V(A V) = A-VVYly S [[Allwree[¥]lms + VAl o [l
S OGS 1l s 192, [ oo ) 1| 5

We also need estimates for the other terms, starting with
Rei/VS\I/- VE(VW).

Here, we have to estimate
V2 (V¥)ll2
where V = (—A)71| |2
Lemma 4.10. Let V be defined by (4.2). Then,
I((=2) ) e S max{ [ W[5, [ ¥]o0) W[ s (4.37)
Proof. We use Kato-Ponce to estimate
I((=2) TP e S IHA) TPy 1wz + [[(=2) 7P frors [[ L]y,

where 1/2 = 1/p; +1/p2 = 1/p3+1/p4. For the first term on the RHS we have A=!: L™ —
LPr for 0 < 1/r =1/p1 +2/3 < 1. We choose p; = 00, po =2 and 1/r = 2/3. Then we
can use Sobolev’s embedding H' <+ L? to estimate the first term by |[¥||2, || ¥| 5. For
the second term we choose p3 = 2, ps = oo, yielding ||(—A) 7! U[?|| ;]| ¥||oo. Now we can
write

H(=2) 7P e = w0212 S 1 ge—a ¥l
Together with the trivial estimate ||W|| ;. < ||¥| gs we obtain
H(=2) NP U s S N7+ 1 o) 1] 1.
which is what we wanted to show. O
For the other terms we have to estimate
IV (| AP®)2 and [V*((co - B)Y)lla.
For the first one note

IV (AP 2 S [ Alloo (1N e[ lloe + I Alloo €11 172),
S OGN, 1] 12 l[wroe ) 9 s
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For the second one we have

IV*((o - B)W)ll2 S IV Al s [1W]loo + IV Alloo ] s
S Ol 1 s 1] 2, (19 oo ) [0 s

Now we can state the a priori estimate

Lemma 4.11. Let ¥ be a solution to (4.1)-(4.4) and let s > 2. Then,

t
1) 1Zs < 212(0)7 eXP(/O Cs 19 e, 19112, H‘I’levoo)H‘PHHsdT) (4.38)

Proof. This follows from the estimates so far and Grénwall’s inequality. O

The theorem then follows from a standard fixed point argument using the a priori
estimate from Lemma 4.11. O
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5 The semiclassical limit of Pauli-Poisswell to Vlasov-Poisswell:
Wigner

This section is based on [73].

In this section we discuss the semiclassical limit of the Pauli-Poisswell equation using
Wigner transforms. Similar to the Pauli-Poisson equation we first formulate the mixed
state Pauli-Poisswell equation. Note that now, also the magnetic potential A" depends on
h which is the reason why we write it with a superscript, like V.

Let {‘II?}JEN be an (L?(R3))2-orthonormal system solving the mixed state Pauli-
Poisswell equation

1 1
ihoy Ul = —5 (V- iAo Vil — Shlo BNt =100 (51)
_Avh = Z )‘?"II?P = pgiagy (52)
j=1

—AAM =" (5.3)
Uh(x,0) = ¥} (2) € (LX(R?))%
where the mixed state Pauli current density is given by
T Al =3 A [Im(\?;?(hv —iAMTh) — BV x (\17;@0\1/;‘?)} , (5.5)
j=1
or equivalently

Jh = i M Re (@a(a (—ihV — Ah))xpg?) : (5.6)
j=1

It can be written as a first order moment of the Wigner matrix,

Jﬁ:/
R

The Pauli- Wigner-Poisswell equation reads

Tr(a(a (6— Aﬁ)Fﬁ))dg (5.7)

3
3

HF" + € -V F' — F[BIAM] %¢ Vo " — i, [6[A")] %¢ (EFT)

+%9[(Aﬁ)2]Fﬁ - ge[a - BMF" + 9|V F" =0, (58)
—AV" = plings (5.9)

—AAM = J" (5.10)

F't=0)=FP, (5.11)
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where 0[] is the pseudo-differential operator defined by (3.16). The energy of the Pauli-
Wigner equation is given by

x,t ,
E(t) = tr HORE / / Pling (7 )Pl ¥ )dxdy+ / VA" (z,t)2dz.  (5.12)
R3 xR3 lz -yl

where the second term is equivalent to
/ \VV(x,t)]2dz. (5.13)
R

We will show below (Lemma 5.1) that the matrix Husimi function F solves the Husimi
equation

- A - - h - ‘ -
OF" + SV - Vel 4 & Vo P —is Fy [5[A"] 5¢ (V") — iy [0[A"] #¢ (EF")

FFIBIAN v V" £ 0AIE — ol BIF oV =0
(5.14)

We will use the Husimi equation to pass to the limit because the regularity obtained
from the Poisson equation for A" is not enough for an argument using the mere Wigner
equation.

As outlined in Section 2.2 and Lemma 2.1 the uniform boundedness of the Husimi func-
tion follows from a bound on the £>° norm of the sequence {\"} of occupation probabilities.
Therefore we make the following assumption.

Assumption 2. Let R" or p" be a matriz valued density matriz or density matriz defined
by an orthonormal system {\I/?} C (L?(R®))? and occupation probabilities )\;L € [0,1]. We
assume that

h h
A> o, ij =1, (5.15)

A" oo = sup Aj < (27h)?. (5.16)
J

Remark 6. The reason why uniform boundedness of F" in L? is not enough is because

it implies that §[(A")?] should converge to A-(V ® A) in L2 _. By Sobolev’s inequality we

would need that A" converges strongly in W112/5(R2). If A" has less regularity than this
we would need F" € LP uniformly in % for p > 2 but this is not possible in general.

We have the following conjecture (which is not a theorem yet).

Conjecture. Let {\If?}jeN € O(Ry, (L2(R2))?) be a solution of the mived state Pauli-

Poisswell equation (5.1)-(5.4) with associated matriz valued density matriz R" such that
the occuptation probabilities satisfy Assumption 2. Let F" be the associated matriz Husimi
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function and suppose it solves the matriz Husimi equation (5.14) with initial data {Flh}
bounded uniformly in (L' N L®(R%))2%2 where A" and V" are given by the Poisswell
equations

—AVMz,t) = pziag(:z,t), —AA(z,t) = Tz, t).

with pfjiag and J" as defined in (2.32) and (5.7), respectively. Moreover, suppose that the
initial energy E(0) in (5.12) is bounded independently of h. Assume that F! converges
weakly to Fr in (L' N L®(R®))2%2. Then F" converges weakly up to a subsequence in

Loo(I, (LY(R3 x R2))**?) (equipped with the weak™ topology) to
F € Cy(Ry, MPZ3) N L¥(I, (LY(RE x R3)**?),

for all 1 < q < oo such that F solves the Vlasov-Poisswell equation

atF—i—pVIF—(VxV—i-pXB)VpF:O, B=VxA (517)

—AV(.’E,t) = Pdiag($7t)7 pdiag($7t) = /]RS f(x)p)t)dpv (518)
P

—AA(z,t) = J(x,t), J(x,t) = / pf(z,p,t)dp, (5.19)
Ry

where f = Tr(F) in the distributional sense verifying the initial condition
F(z,p,0) = Fi(z,p), in R} xR, (5.20)
Classical solutions for the Vlasov-Poisswell equation where studied by Seehafer in [85]:

Theorem (Seehafer). For every non-negative f; € C2(R3 x RZ’) there exists a T* > 0 and
a classical solution f € C*([0,T*) xR3 ng) of the Viasov-Poisswell equation (5.17)-(5.20)
S(lt'LSfyZTLg f(l‘, 5’ O) = f](l’, 5)

Now we discuss the ansatz for the proof of the semiclassical limit of the Pauli-Poisswell
equation. The uniform boundedness of F" under Assumption 2 was proved in Lemma 2.1.
Conservation of energy is discussed in Lemma 5.2.

Lemma 5.1. If I satisfies the Wigner equation (5.8), then the Husimi function Fh ¢
LY (R%) satisfies the Husimi equation

- h - - h - -
OF" + DV Ve 4+ & Vo —is Fy[5[A"] w¢ (VeF") — iy [0]A"] #¢ (EF")

FEBIAN e Vo SO1(AIE — Dol BIE + 6V = .
(5.21)
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Proof. Consider the Pauli-Wigner equation

OF" + & -V, F" — F [BIAM] %¢ Vo F" — i F, [5[AM] %¢ (EF™)
5.22
+%9[(AE)Z}FE — g@[a - BJF" 4 gV F" = 0. (5:22)

Now take the convolution in z and ¢ with the function G(z) = (wh)=3/2 exp(|z[?/h)
(i.e. the Husimi transform). This operation commutes with the time derivative and the
potential terms, but one obtains an additional term when exchanging the &-convolution
with the multiplication by &. More precisely we have to calculate the commutator of
the operators C: ¢ +— G" ¢ ¢ acting on L'(R®) and M: ¢ — &). We claim that
[C, M](V1p) = (1/2)Vy - V(G #¢ ). Indeed,

G" % (EV1) — EG" % Vit = 1 3 / (€ =n)Ve(€ —n) — - V(€ — n))e"”|2/hdn,
(wh)? Jeg
1
S v, Inl?/hg
s /771/1(6 n))e n

Now replace 1) by G" x, F"" and we obtain, using CM = [C, M] + MC,
I _ ~
G xpg (€-Vof™) = 7 Ve VeF" + €.V, P,

which proves the claim. Following the same reasoning we apply Gh*%g to the term

—

—i0[A"] x¢ (EF™) and obtain
—ZS(@J v (V") — D[ AP #¢ (€F"),

The other terms commute with Gh*xé so that the first part of the lemma follows. O

G sy g (—i0[AF] 5 (€FT)) =

Remark 7. Note that the Husimi equation is not well-posed in any LP(R3) since the
resolvent set of the operator (—h/2)V ;- V¢ contains no real numbers, as can be easily seen
by taking the Fourier transform (if ((—h/2)Vy - Ve — XN)¥(z,§) = g(x,€), then TU(n,y) =
((R/2)n -y — X)"tg(n,y) for n,y € R3. Since n -y takes values in all of R3, the expression
((h/2)n -y — A\)~! is never surjective). However, if the potentials and the initial data are
in H*(R3) for s > 3/2 one can define a C-existence family for the Husimi operator which
produces a strong solution for the Husimi equation. See [27].

Lemma 5.2. Suppose {\I’?} is a L?-bounded family solving (5.1)-(5.4). Then the energy

1

E(t) = 5

00 : ' 1

/ Nlo - (hV — i A" U2 + 3 / VA ) ? + |VVI(t))?de,
j=1

is conserved, i.e. dE(t)/dt = 0.
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Proof. In the following we omit the calculations involving the V" term since it is anao-
loguous to the energy of the Schrodinger-Poisson equation and would make calculations
unnecessarily cumbersome. Let us take the time derivative of the first term

f A\ )2
dw/ZA - (hV — i A" U" 2 de,

and show that it is equal to —(1/2)9; [ |V A"2dz. We have

= Z M Re / (RV — iAM)Whoy (o - (hV — iA"))¥da,

- Z M Re / (W — i AN WA((o - (B — iA")0 0" — i(o - (9,AM) 1),

- Z Al Rei/ (0 (BY — iAM)2 W2z — Rei/(a TN — AR W(o - (0, A) Whd,
— _ZM Re / i(o - ANV)Uh(0 - (9,A")Widx + / Al9, AP Pz, (5.23)

where we used the equation and partial integration in the third equality and the Pauli
vector identity in the fourth step by observing that A x 9;A = 0. Observe now that

Rei®l(c - hV)W! = —ReiWl(c - hV) W,
and thus
—ReiWl(o - AV)U!(0-(9,A") = Rez( Mo AV W) —Wi(o - hV)¥h) (- (0,A")). (5.24)
Plugging (5.24) in (5.23) yields
1 T e ——
- 2Re/2(\II§?(a V)W) — Wh(o - BV) U (0 - (8;A")))da + /AhatAhmgde,
— Re / (AA" — ANl )0, Al + / Alg, AN 2 da,
1 1 1
-1 /8t|VAh\2 - /Ah(atAh)|\IJ§|2dx + /Ah(atAf)y\y;?de,
1
=—= [ 9| vAl?
2 / t’v ‘ 9
where in the second step we have used
h Eigph|2 — 55 (whogh A h Uhph
AA" — AMG) = zh(\I/jV\Ilj — VWS + AV x (\I/ja\I/j),
and in the third step we have used partial integration on the AA"9, A" term. O
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Lemma 5.3. Let J" be the Pauli current density defined by (1.24). Then
OpJ" = —VT" + (VV" — 9, A" = V(0 - B"))pl}jag + 2FJ"
where T" is defined by

(T") g = hZ)\hRe VoV @ Vgm0t — ApdlagCng,
J=1

and F" is defined by
(F" g == 9y AR — 5, Al

(5.25)

(5.26)

(5.27)

Proof. The term V x (\IT;ZU\IJ?) is of the same type as Im(\IT?V\I’?) and we therefore omit

it for the sake of simplicity. Now,

oo
J"= N Im (0, WV ) + 00,V 4 0
7=1

=3 N (9 WhV 40" + UV 40,07 — (9,A7) 7 w2
— j=1

Using the Pauli equation and its complex conjugate we obtain

1 o N Uk oh
o, J" = D N TIm(—iA VIV AT + WV 4 A 4 T
7=1

Z Y SO TA R G N il )
+ Z Al Tm { i(o - BMWIV 40" 1+ 0BV 4 (o - Bh)qjh} ~ (O Py

For the second term in (5.28) we have

1 & — — '
-5 > N Re(VMUAV U — UIVIV 0 - ROV EEP) = VL.
j=1
and for the third term in (5.28) we have

ZAﬁRe (0 BNV 40" — WiV (0 - B") W)
_Z)\hRe{ (0-BMU! — W0 - BM)V 40! - ﬁ\?;?(V(a.Bﬁ))qf;?}

=— hz N Re(U(V (o - B")Uh)
j=1
~ — V(0 - B")plig:
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since (0'73)\11? - \IT;?(U - B) = 0. We calculate (VT"), = V,,, T} |

VT =2 Z AV, Re {vA AR m\pﬁ} - *V@Apdlag
j=1

- 1 E—
_QZAhRe{ (Va, Vv )@VA,m\I/?thvA,gq:?@Aqug}

— Z ANV 4012~V Re(UEA 4 U1)

j—l
—2 Z A'Re {zmmqﬁw m ¥+

VAg\IJ AA\II — hw(xymA\Iﬁ)}
7=1

h 2h

where we used

1 R
ﬁ[vA,b Vam] =iF,

Now we combine the expressions for 9;J" and VT",

O I} + Vi Thy, =(VV" — hV (0 - B" — 04"l + 25" M Re {mgm\y?v Avm\pg}
7j=1

oo
Z X Re { AWV 4 08 4+ WV 40, 0

DFM—‘

~2 VWAL 4 RV (VI 0)) |

oo
h h h\ b h h wh h
=(VV" V(0 - B" — 94"l + 260, SN Im{\p;w,mqu }
j=1
which proves the claim. O
We now present an approach for a proof of the semiclassical limit. First we show that

if A" is regular enough we can pass to the limit. Then we show where and why some
regularity is still missing for the the full proof:

e Uniform estimates for the pgiag and J" seem unavaible using magnetic Lieb-Thirring
estimates due to missing regularity for B"

o Uniform estimates for 9;J" needed for compactness seem unavailable which is related
to the first item

Attempt of Proof of the Conjecture. Let now fh TrF" e L9, 1 < ¢ < oo where F' is a
solution of the Husimi equation (5.14). From the boundedness of the kinetic energy, i.e.
tr(HoRh’) < C, we infer

/ Mz, ©)|¢ — AP (z)]2dzd€ < C.
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Then,

[ Pigpasae < [[ e - atpasac+ [ [ 7atpasag
< O+ 1Ml IIAM13,
< O{||A"[3,)°.
where p’ is dual to p. Choosing p = 3 we infer from the fact that A" € L5 uniformly in

h (by Lemma 5.2 and Sobolev’s inequality) that the RHS is bounded uniformly in A. By
Lemma 2.2, pziag is h-oscillatory. Thus it converges weakly to pgiag € Cp(R¢, My+) and

pasnle) = [ (.61,
3

by Proposition 1.

The proof for the convergence of the term involving V" is analogous to the Pauli-
Poisson case. The terms

h
2

_ n N
Vo V", i Fyl0[A"]] e (VeF™),

converge to zero in any L9 since by partial integration the derivatives act on ¢ € § and
thus the terms are of order O(h) as h — 0. We also need to show convergence of

o(z, z)gé[a -B" — 0, izp(x,2)0[A"] — izp(x,2)2 -V, @ A,
p(z,2)B[A"] — p(z, 2) A(z), p(z,2)0[V" — p(@,2)z - VLV

for any ¢ € S in some LI(R%) as h — 0 for ¢ € [1,00]. All these convergences follow once
the strong convergence of A" in Wlig (R3) is shown. For the term 0[(A")?]F" we need to
show that

%5[(Ah)2](:v, y) —y- AN@)(V e A )

strongly in C([0,T), LP (R3)) for some 1 < p < oo since F" converges weakly in L' N

loc

L®(R3 x RE) to F. Then
1 ~
§<9[(AE)Q]FH7 ©)s'xS

will converge to

(F,(V® A)A) - Veg) = / / (V® A)A)(x) - Ve (w, ) F(, €)dade
— (~((V® A)A) - VeF, ¢)srvs, (5.29)

by partial integration with respect to &.
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If we can show this then we can conclude that F' solves
OF +&- Vo F+ (Ve ®AE-VeF — (Vo ®A)A-VeF — AV, F -V, V-VeF =0. (5.30)

in §’. After a change of variables p = £ — A and by using B = V x A we easily obtain the
following equation for F':

OF +p-V,F—(VyV+pxB):-V,F=0. (5.31)

The convergence of the current density J” to

Jz/pfdp

in the sense of distributions is also similar to the Pauli-Poisson equation. The spin term
7S of J" vanishes in the distributional limit since the curl acts on the test function by
partial integration and the integral with respect to £ over Tr (th) is bounded in L2. It
remains to show that

j = / £f'de —» / efde = j, (5.32)

and
Alpling — A / fd€ = Apdiag. (5.33)

in the sense of distributions. Then we can conclude by the change of variables p = £ — A.
Now let M > 0 and write

[ = ezt = [[ ("= Dedgpaa

/ / édépdadt + / / (ff — predepdadt.

§1>M lgl<M

for o € S. The second integral vanishes for every fixed M > 0 since f is the weak™ limit
of fMin L>°(I, L?(R3 x Rg)) For the first one we write

/ / f)edepdadt < — / / £)lePdepdadt.

€]>M |£|>M

By conservation of energy the integral is bounded independently of M. We conclude by
letting M — oo. Now write

/ (Ahpgiag — Apdiag)pdadt = / Ah(pgiag — Pdiag)pdadt + / (A" — A)pgiagipdadt

/ / AP — f)pdedadt + / / A) fedédzdt

76



Since A € L5 uniformly both in 4 and t we can conclude by the same reasoning as for 5.

The proof is not yet complete when trying to show strong convergence of A" to A in
some Sobolev space VVﬁj‘: with 7 > 3/2. The latter condition on 7 is necessary due to
Sobolev’s embedding and Holder’s inequality.

Our first attempt is the Aubin-Lions lemma. Therefore we need

o ;A" € L*(]0,T), X3) (L™ in time could be replaced by L" with r > 1) such that
WL (Bpg) is continuously embedded into Xs,

o A" € L>([0,T),X;) such that X is compactly embedded into W7 (Bg).

Then we obtain a compact embedding of V = {A" € L>°([0,T), X1), 9, A" € L>=([0,T), X2)}
into C([0,T), W' (Bg)) and thus strong convergence of §[(A")?] in C([0,T), L"(Bg)) with
r = 3r/(6 —r) by Sobolev’s embedding.

Problem 1: Magnetic Lieb-Thirring estimates

When we try to prove a uniform estimate for R" in L?/3 using B = VxAand —AA = J
we run into several problems. Indeed, with the notation of Lemma 3.8,

1/p'
t / RoHdz < tr(HoR) + |A],C1 < / (tRa)3/2+p’>

1/(a'p")

] 3/2 avp'a’

a1, ( [y
Choosing a« =2/3, p=o00,p' =1, ¢=5/3, ¢ = 5/2 we have
5/3 T7 Y 5/3 3 3/2 2/3
HIR() < tr(HoR) + Crt™ 2N [oo | RIS + Cat [N loo | BI 5 | RIIZ3- (5.34)

Using B~ VA and A ~ (—~A)~1J we have

B~ |V = |V ((tr R)2k}/?) (5.35)
where kp is such that
k%)% = /kpdac = Kp := tr(HoR) (5.36)

is the kinetic energy (without %) of the Pauli equation. By Hardy-Littlewood-Sobolev and
Holder,

3/2 1/2,,3/2 3/4 1/2,,3/2
IBIZ)5 < li(tr RYY2R2 (30, < RIS I35

4 4
< |[RIYL), e (HoR)"

77



Set

1
R — 5.37
201V (5:37)
Then (5.34) becomes
SHIRIZS < tx(FoR) + CoIN' IR w(FoR) | RIZ: (5.38)
3/4 - 3/4 2/3
< tr(HoR) + Cahl|RILL), r(HoR)™ | RIIZ)5, (5.39)

< k3. By Sobolev’s inequality,

~

where in the second step we used Assumption 2, i.e. |A\"||
|R|ls < tr(HoR) (5.40)
Then we interpolate HRH%% between L°/3 and L? to obtain

1 5/3 27/56 1 512/3 1 75 N34, oy 14/56
575||R||5j3 < tr(HoR) + Cah|[RIZ5 | RI1Z) tr(HoR) ™ tr (HoR) ™

< tr(HoR) + Cahl|R| 33 ** tr(HoR)
It does not seem possible to obtain a power smaller than one for ||R|5/3 in the second
term above.

Problem 2: Bound for h(—A)_l(JhpZiag) in LP.

Supposing we were able to prove J" € LOO([O,T),LfO/f (R3)) uniformly in A. Then

we can deduce that A" € L>([0,T), WS/ 4(]RS)). By the Rellich-Kondrachov theorem,

loc

w2 5/4(R3) is compactly embedded in W (Bg) for 1 < r < 15/7. Now we have to

loc

address the choice of X,. We take the time derivative of —AA”" = J" and obtain
QAN = (=AY Lo, g

That means we have to investigate 9;J". By Lemma 5.3 we have that 9; A" = (—=A)~19,J"
has the following structure:

O A" V[TV 4+ Yl + (—A) ((vvh 4 V(o B") + 8tAh)pZiag> 4 (=A) L (ER M
o0
= S NI VA @ VAWl + (~2) 7 (V] g + BT+ Aol
j=1
4 (—A)LE

Even if we obtain the uniform in % bound for J" is L%/* and L%% for p" this can’t
produce a bound for Jhp?hag in LP, p > 1.
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Observe that we can ”lose” one power of h, i.e. it suffices that J hpg'iag = O(h%) in

n

some LP for o > —1. However in order for J ﬁ’pdiag

and J" € L3/2. Indeed,

to be in L' we need to put pﬁiag € L3

K
||pgiag||3 < ﬁ (5'41)

K
7= 2 [ IVudPae = S [ 1 ada
J J

by Sobolev’s embedding. Similarly,

since

171372 < (5.42)

But then )

K

But even L' would not be enough since we need at least .J h’pgiag e L3/2t¢ in order to use
Hardy-Littlewood-Sobolev.

Note that Problem 2 could be circumvented by using a relaxed version of the Aubin-
Lions lemma where no longer a full derivative in time of A" is needed. However, the
problem of the magnetic Lieb-Thirring bound remains.

A possible way to complete the proof by gaining the missing regularity could be the use
of a quantum kinetic (Wigner) version of the averaging lemma of classical kinetic theory,
cf. [40]. O
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6 The semiclassical limit of Pauli-Poisswell to Euler-Poisswell:
WKB

This section is based on [97].

In this section we prove the semiclassical limit of the Pauli-Poisswell equation to the
Euler-Poisswell equation (1.32)-(1.34) via the WKB method which was discussed in section
2. We assume that the initial data ¥ = (w?’h,@bg’h)T and the solution ¥/ = (7, )T
of the Pauli-Poisswell equation are of the form

v(2) = a(2)er®" @), =12, (6-1)

and -
w?(t,x) = a?(t,x)e%S (t2), (6.2)

The density p” is then given by p" = |a”|2. Substituting ¥" from (6.2) into (4.1) yields

h? 24 i oh
h h _ h h h h h h|2 h\_+S
h((?ta + ha]ats )eh =— ?(Aa- + %Va- -VS"+ h JAS h2\VS [“aj)en
0 h i qh
—ihA" . (Val + ha§vsh) i = Sdivaafer
A pisth i p s
+ ( 9 V L) 5 7 a; e en= .

Here B'=¢-B"= Zk 1 akBk is a 2 x 2 matrix and we use summation convention for

B] a;. Rewrite the equation above as
. n2 A" h n h
aj | S +fyvs y +(T+V )+ A"-VS
1
—ih <8ta - 53’ al — (hAa;? +2iVaj - VS" +iafAS") + SdivAaj + A" w?) =0

Then we have the following system:

+ A"V 1 ih n
Oraly + A" - Vad + Va] - VS" + §a?(ASh + divA) = %A ZBZ a,
ho Lioone h s |AM? 5
08"+ VS + AT VS (v =, s

ali(z,0) = a?’(2),

S™(z,0) = S"0(z).

Let now u™0 := VS™Y and «" := VS”. By differentiating the second equation in (6.3) we
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obtain the Pauli-Poisswell-WKB equation

1 A ) B
oua) + (A" + ) - Va] + Saldiv(u’ + A") = T Ad) + SBlal
Al?
" + (A" + ") Vuﬁ—i-uh-V@Aﬁ—l-V(’z +Vh =0 (6.4)

where
—AVI =l
—AA" = ! — " — pul — ph AR,
and
1 N N N
o= §V x (aho1a”, ahoqya, aloga™)T, (6.7)
.2
i _ _
wh = 5 Z(Q?Va;‘ — a?Va;?). (6.8)
j=1
Then J is given by
J = hw' — mo" — pl (Ul + AM). (6.9)

There is a one-to-one match between each solution U" of the original Pauli-Poisswell
equation (4.1) (up to a constant e) and each solution (a",u") of (6.4). Given (a",u")
solving (6.4), we can construct ¥" solving (4.1) by (6.2). Inversely, if one has ¥" solving
(4.1) one needs to calculate V" and A”. Then u" is obtained through the second equation
in (6.4) and then a" through the first equation in (6.4). This is where existence and
uniqueness of solutions to (6.4) are needed. However this approach is only local in time
since (6.4) has the following characteristics

i@=u"+ A" 2(0) = zp.

The characteristics will intersect in finite time which means that caustics appear (cf. [91]).

6.1 Main result

Define the normed space X by
X0 = HHQ(O) x B2, l(ayw)|lxs = llall s + [lull z=R)

We also frequently write ||(a,u)| xs instead of ||(a,w)(t)| xs for simplicity.

The following two theorems are the main results of this section. The first theorem is
about the wellposedness and blow up of the Euler-Poisswell equation (1.32)-(1.34) and the
Pauli-Poisswell- WKB equation (6.4)-(6.6). Theorem 5.a will be proved in Proposition 3,
Theorem 5.b will be proved in Proposition 4.
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Theorem 5.a. Local wellposedness of Euler-Poisswell and Pauli-Poisswell
Let U" satisfy (6.2) and W0 satisfy (6.1). Let s > 7/2 and let

"l zzs + lla™ N s + el + @l < Q.
where Q > 0 is independent of h. Assume that (a™° u™9) converges to (a®,u®) in X*72.

Then:

(i) There exists a unique local solution (a,u) € C([0,T°), H*~1) x C([0,T), H®) to the
Euler-Poisswell equation (1.32)-(1.34) with initial data (a°,u°) € H* x H*~'. Here
T% > 0 is the mazimal (possibly infinite) time of existence.

(i) There exists a unique local solution (a",u") € C([0,T"), H®) x C([0,T"), H®) to the
Pauli-Poisswell-WKB equation (6.4)-(6.6) with initial data (a"°,u"0) € H® x H®.
Here T" > 0 is the maximal (possibly infinite) time of existence.

(iii) There exists hg > 0 such that T" has a uniform positive lower bound T for0 < h < hy.
In other words, there exist hg > 0 and T > 0, such that

inf Th>T. (6.10)
0<h<hg

Theorem 5.b. Blow up alternative for Euler-Poisswell and Pauli-Poisswell
Under the assumptions of Theorem 5.a, either the time of existence is global, or finite
time blow up occurs. In the latter case it holds that:

(i) If T° is finite, then the solution (a,u) of (1.32) blows up at T° such that

lim  (fla(t)l|zee + lu(®)llw.00) = oo
t—T0—

(i) If T" is finite, then the solution (a™,u") of (6.4) blows up at T" such that

t_ljjlf%_(uah(t)HHl + " @) llwree + lla" @) llw2s + [lu" (1) i) = oo

Furthermore, although |[u(t)||w1.. + [|a"()||L may not blow up at T" like in the
Euler-Poisswell equation, we can still show the following nearly singular behavior:
For h small enough, there exists a K = K(h), such that

lim sup ||uh(t)HW1,oo + ||ah(t)”Loo > K.
t—Th—

Here, K goes to infinity as h goes to zero.
The second result is about the semiclassical limit.

Theorem 6. Semiclassical limit of Pauli-Poisswell-WKB
Let T? and T" be the maximal times of existence of the Euler-Poisswell equation (1.32)-

(1.34) and the Pauli-Poisswell-WKB equation (6.4)-(6.6). Under the assumptions of The-
orem 5.a we have:
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(i) Suppose that T < T is a lower bound of T" satisfying (6.10). We have the following
semiclassical limit
H(ah—a, UH_U)HLOO([O,T],XS*) }‘H—g 0. (611)

where X*® is defined by (6.1).

(ii) For allt < T the Wigner transform f" satisfies

iz, &) = F@p,t) = px,)3(p — w(z, 1)) in A

where A’ is the dual of A defined by (2.36). In particular, f is the solution of (5.17)
with initial data

£0,2,6) = p°(x,1)6(& — ul(x,1)). (6.12)
(iii) For the density p and the current density J" it holds that
p'=1a"? — p=la)? in L=([0,T], H*"*(R?)),
h—0

Jh = hw" — " — pl(u + AP — J=—(pu+pA) in L>=(0,T], H*3(R?)),

where A is given by —AA = —pu — pA.
(iv) If s > 6, then the asymptotic behavior of the mazimal time of existence T" satisfies

liminf 7" > 79, (6.13)

t—Th—

Theorem 6 will be proved in Section 6.6.

Remark 8. We can generalize our results to cases in higher dimensions. In d > 4 we just
need to replace the assumption s > 7/2 by s > d/2 + 2 (due to Sobolev’s embedding).
However note that the Poisson equation for V" is then no longer equivalent to the Hartree
term.

Remark 9. We draw our inspiration from three different papers in which the semiclas-
sical limit of different nonlinear Schrodinger equations was discussed. In [45], Grenier
showed the semiclassical limit for the nonlinear Schrédinger equation with A" = 0 and
the nonlinearity given by f(|v|*)® with f € C*°(R,,R). In [100], Zhang established the
semiclassical limit of the Wigner-Poisson equation and in [1], Alazard and Carles showed
the semiclassical limit of the Schrédinger-Poisson equation with doping profile in d > 3
dimensions.
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6.2 A priori estimates

In this section we will prove an a priori estimate for (6.4). We will omit the h-superscript
in this section in order to maintain readability. For

a € L¥([0,T], H(Q,C)), wue W>([0,T], H(Q,R?))

we define the following functionals. Let pu, i1, e > 0.

Es(t) := ||(a,u) ()| xs, (6.14)

E¢(t) := Es(t) + phlla(t)| s, (6.15)

B (t) == B () + pel|Ovu(t) || s, (6.16)
M(t) =1+ [[u(®)|lwreo + [[a(t)| Lo + Blla(®)|[ 1 + hlla(t)lwre + hlla(t)lw2s,

(6.17)

N(t) := OigEtM(s). (6.18)

Note that by Sobolev’s inequality, when s > 7/2, we have
M(t) < EX(t). (6.19)
Proposition 2. Suppose u and a solve (6.4). Then we have the following estimate
EL(t) < CN(#)>» 3 EL(0)eNO* (6.20)
EL(t) is defined by (6.15) with = 1. C is some constant that only depends on s.

Remark 10. This proposition is very important for the following two reasons. First, it
allows us to prove local wellposedness as well as establish the semiclassical limit i — 0 of
(6.4). In fact, the proof of Theorem 5.a is following the spirit of the proof of Proposition
2. Second, this proposition leads to the second part of Theorem 5.b simply by a bootstrap
argument. (See Section 6.5)

The remainder of this section is devoted to the proof of this proposition which we
split into four steps. The first step (Lemma 6.2) is based on charge conservation (i.e.
the conservation of [|a||2) and is similar to the proof of Lemma 2.2 in [100]. It yields the
following estimate

%Es(t) S (M) + [|Allwroe)(Bs(t) + VAl ms) + [IVV ]| s

If ||Allp,ee, [[VA| s and ||VV ]| = would not appear on the RHS one could use Gronwall’s
inequality directly. Therefore we have to bound these terms: In the second step (Lemma
6.3) we will bound ||A|lwi.e, ||VA| s and ||VV | gs by M(t), Es(t) and A||a||gs. This is
achieved by some standard elliptic estimates. We obtain

d
9B £ MO BN

in Lemma 6.4. Since El(t) = Es(t) + hlla(t)|| g contains ||a(t)|| s we will prove a bound
for Ai|lal|gs (Lemma 6.5). Combining it with Lemma 6.4, we can close the argument and

prove Proposition 2.
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Estimate of F(t)

In this part we will use charge conservation to obtain a first estimate of F4(t). By multi-
plying the first equation in (6.4) by @; it is easy to show that

h 1 |
Orlaj)® + (u—+ A) - Viag|® + |a;|2div(u + A) = %(Aajaj — A7ja;) + 5 Im(Bla;a).

Sum with respect to j and obtain

th

Op+ (u+A)-Vp+pdiviu + A) = 5 Z(Aaﬁi — Aa;a;). (6.21)
Integrating over ) and by parts yields
d
Zlalz =0, (6.22)

which is the conservation of charge. In general we have ||a||;2 = 1. Combining (6.22) with
(6.17), interpolation and Holder’s inequality yields the estimate

lallze S llallzz + llallze S M(#), 2 <p < +o0, (6.23)
where M(t) is defined by (6.17).

Remark 11. There are two key observations concerning the estimate above. The first
point is that although we are not able to obtain good estimates for Vp we can use inte-
gration by parts to transfer the derivative from p to (u+ A). The second point is that the
term (¢h/2)Aa cancels due to Green’s second identity since Aa has constant coefficients.

Since we need higher regularity for a later we need to extend the argument above to
0¢a; and 0fu which can be done by similar reasoning. To clarify the analogy between the
charge conservation and our estimate for d5a;, we first show the following lemma, which
is inspired by the two observations in Remark 11.

Lemma 6.1. Consider the following equation,
ih
oa+ (A+u)-Va= EAaJrF,

with a complex-valued, u real vector-valued and F' is a source term. Then,

d
2l :/ div(u—i—A)\a|2+2/Re(F~a), (6.24)
i A 0

and
d
%IICLI!L%(M(??) + [[Allwre)llall 2 + | F| g2 (6.25)

hold. If the term (ih/2)Aa is absent, the two conclusions still hold true.
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Proof. Similar to (6.21), it is easy to see that

Olal® + (u+ A) - Vl]a|* = %(Aa& — Aaa) + 2Re(Fa).

Integrating on € and by parts, we obtain (6.24). Again, by integrating by parts, we get
rid of the terms Va and Aa, for which we do not have good estimates. Noticing that

d d
aHaH%? = 2||a||L2a||a”L2a
\ [ rer ) < alla Pl

< (IVA| e + l[ullw.eo)llall72

/ div(u + A)[a]?
Q

< (M(#) + [[Allwoo)lla] 72
(6.25) immediately follows.
Applying Lemma 6.1 to system (6.4), we have the following estimate.

Lemma 6.2. Suppose u and a solve (6.4). Then we have the following estimate

%Es(t) S (M(#) + [[Allwro ) (Es(t) + [[VA| ) + [V V| s

Proof. Apply 0% to the first equation of (6.4) for 1 < n(a) < s —1 and find
A
00%a; + (u+ A) - VOCa; = %Aagai ~ R,
with

1 ) ;
R = (divd (u+ A)a;) — (u+ A) - VOZa;) = 508 (aidiv(u + 4)) - %ag(Bgaj)

::ZFj

Jj=1

(6.26)

(6.27)

(6.28)

for i = 1,2. It is easy to see that R® does not contain s-th order derivative of a;. Then

due to the Kato-Ponce inequality, we have the following estimate for Fj:
[F1]l2 = (divoy ((u + A)ai) — (u+ A) - VIai)|2
S llall i IV (w + A)llzee + llal|zeo[lu + All g,
S (M) + [[Allw.o ) (Es(t) + VA 5).
For F5 we have
[1F2ll2 = (|07 (aidiv(u + A))|12
S lallga-a V(w4 A)llzee + llal[zoeflu + Al
S (M) + [[Allwr.o ) (Es(t) + [IVA| 5).
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For F5 we have

|1F3]l2 = (102 (Bay)|2
S IB e llall ot + [|af| o< | B o
S (M(E) + | Al ) (Es(t) + [ VA| ).

Here, we used the fact 1 < n(a) < s — 1. In the estimate for the last term, we also used
the following fact,

Bl -1 S IVAllrs—1,  [Bllzee S IVA[ Lo (6.29)
It follows that for R, we have
IR7 [z S (M(2) + [[Allwr.ee ) (Es(t) + [[VA| 15 (6.30)

For (6.27), we can apply estimate (6.25) in Lemma 6.1 to obtain
d
gpl0zaillce S (M(2) + [[Allweo) 107 aill 12 + 1R 2,
Adding up with respect to ¢ = 1,2 and plugging in (6.30), it follows that
d
lozalle S (M) + [|Allwree ) (Es(t) + VAl ).

Summing for all 1 < |a| < s —1 yields

%HCLHHs—l S (M) + [[Allwr.ee)(Es(t) + VAl ). (6.31)

The estimate for ||u||fgs is similar and we obtain

d
gl S (M) + [[Allwree ) (Es(t) + VA=) + VY]] 12+ (6.32)

Combining (6.31) and (6.32) finishes the proof. O

Estimates for the Poisson equations

In (6.26) we need to eliminate ||VA| s and ||[VV| gs in order to use Gronwall’s inequality.
Thus in this part, we will estimate ||V A| s and ||[VV||gs. Recall that V and A are given
by (6.5) and (6.6). The result is following.

Lemma 6.3. Let s > 0. For V and A given by (6.5) and (6.6), we have the following
estimates,

IVVgs S M(2)|lal gs—1, (6.33)
IVA|ms S M@#)*EL(¢), (6.34)
Al S M(2). (6.35)

where EL(t) is given by (6.15) with p =1 and M(t) is given by (6.17).
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Remark 12. Unfortunately, we have no estimate for ||A||;2, which means we have to
avoid using ||A||z2 to bound other terms in the analysis.

Proof. We divide the proof into three steps.

Step 1: Estimate of ||[VV | gs. By definition, we have
IVViEs = IVVIize + V2V s

For ||[VV|| .2, we need the help of Sobolev inequality and then use the W?? estimate for the
Poisson equation. For |[V2V||fs-1, we use the W?2P estimate directly. Sobolev’s inequality
gives

IVViize S V2V zers-
By Holder’s inequality, we have

5/6 1/6
V2V es < Nal?llpors S (lal 35 llall 122)2 < M(t)||al| 2 (6.36)
Moreover,
V2V (g S MalPllger S llallgerllalle S M(E)||a] o (6.37)

In the second step we used the Kato-Ponce inequality. From (6.2) and (6.36), we get
IVVIlr2 S M(t)allz2.
Combining the equation above and (6.37), we get (6.33).

Step 2: Estimate of || A|[yy1,«. By the Gagliardo-Nirenberg inequality,
1Az < IAIGEI Al IV AL S IANZE ANl
For some ai,as € [0,1]. Then ||Al/y1, is bounded by
[Allwree S 1 AllLs + [ Allyir2o
From (4.3), (6.9) we know that

[Ally20 S 11 e
S Bllwlizs + Allollzs + llpullzs + [lpAll Ls-

Recalling (6.7) and (6.8), with the help of Holder inequality, it follows that

[Ally20 < Rillallzsllallwce + llpll o llullze + Mol e[| All Lo
= hllal s llallwre + llalZoallull e + llalZ< || Al s
S M()*(1+ || Alls)-
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In the last step, we use (6.23) to bound the norms of a and u. By the Sobolev inequality,
[Allzs S IVA] L2, (6.38)

which leads to
IVA| Lz S [[A(v —w) + pull 1o/5-

Thus ||A||y1. is bounded by
[Allwree € M @)L+ 170 = w) + pul poss).
Since

[h(v = w) + pullposs < [lpullLo/s + hllv —wl[Le/5
S Mal?llposslull e + Allal 3| Va2
< M(t)3.

we can conclude.

Step 3: Estimate of ||V Al gs. Multiplying (4.3) by A and integrating by parts yields

- v —w u — X v —w u X
IVAI2, = /Q (h(v — w) + p(u — A))Ade < /Q (h(v —w) + pu) Ad

S (v = w) + pull poss | All -

Recalling the Sobolev inequality (6.38) and the definition of v and w via (6.7) and (6.8),
by Holder inequality, we can get

17(v = w) + pul| pors < [lpullpo/s + hllv = wl| /s
< Walllzsllullz2 + Rllall s Vall 12
< M(t)*Eq(1).

In the last step we used (6.23). It follows that
IVAlLe S M(#)*E;(1). (6.39)

We obtain the estimate of ||V A|;2. The next step is to estimate |[VA| gs. For s > 1 we

have

IV Al s IV2All -1 + [V All 2

hllv = wlgrs=1 + [lpull =1 + Al =t + [V All 2.

AN

IVA||12 is bounded by

—

6.39). hljv — wl||gs-1 and ||pul|| gs-1 are bounded by

hlv = wllgs—1 < hllallze[|Val gs—
< M@®)ELN(), (6.40)
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and

lpull grs—1 S llpllpoe [Jull grs—1 =+ [Jul|Loe || pl] grs—1
< llallZee el =1 + Jull o< |al| Lo ||l grs—1
< M(t)?ELt). (6.41)

We still need to estimate ||pA| s—1 and the key point is that we should avoid ||A||z2, for
which we have no upper bounds. Since

oAl a1 S > 10°p0° All 2+ D~ [10%pA| 2
n(a)+n(B)<s—1n(B)=1 n(a)=s—1
SIoVAlgs—=+ Y 10%plellAl L=,
n(a)=s—1

by the Kato-Ponce inequality, ||pA| gs—1 is given by

oAl e S IV Allga-2llplliee + IV Al o< llplle-2 + lloll o1 [[All os

S VAl g2 llallZee + | Alwroollall < llall s

By the definition of the H® norm via the Fourier transform and Hoélder’s inequality, we
obtain

s—2 1

—_ 522 S
IVA[ o2 < [[{€)* 2V A 2= [IVA* la(s-1) S IVAN 2 VAl

Then we get

s—2 1

lpAll s S IVAIL VAN lallZee + [ Allwree lallzeolla] go-a. (6.42)

Plugging (6.40),(6.41) and (6.42) into (6.2) yields
IVAlzs S Bllo = wllgs— + lpull s + VAl 2

s=2 1
IVAl ;L0 VAN R lallZee + ([Allwroe llall oo llal| o
2(s—1
fillv = wll e + llpullro—s + (1 + lal 7SIV Al 2 + [|Allwr.oo lall o llal] s
M(t)(||Allwr + M) Eg (t) + M(£)* %V Al| 2.

NN+

In the second step we used the following fact (which is just Young’s inequality for prod-
ucts),

s—2

= 2(s—1) L. _ 1 2(s—1
CUIVA L IV A 2 lall 25 0) 5T < IV Al + Col| VA 2 lal 777,

Moreover, we absorbed (1/2)||VA| gs-1 into the LHS by the trivial estimate ||[VA| gs-1 <
|IVA| frs. Then we can apply (6.39) and get

IVAIzs S MO ([ Allwroo + M) E; (1) + M()* B (t). (6.43)
To finish the proof of (6.34), we only need (6.35). O
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Combining Lemma 6.2 and Lemma 6.3 leads to

Lemma 6.4. Suppose u and a solve (6.4). Then we have the following estimate

4
dt
where Es(t) is defined by (6.14).

E,(t) S M@)* T ELN1), (6.44)

~

Estimate of ¢||a||gs in EL(t)

To apply Gronwall’s inequality to (6.44) we need to estimate the term Alla| s in EL(t).
We have the following lemma.

Lemma 6.5. Suppose S and a solve (6.3). Then we have the following estimate. For any
vector a with n(a) = s,

2
d
h2$||8§‘a||%2 —2hn) /Q 9250, Tm(@;0%a;)dx < M(£) > 2 EL(¢). (6.45)
=1

where EL(t) is defined by (6.15).

Lemma 6.5 in combination with Lemma 6.4 will yield Proposition 2 which will be
shown in the last part of this section. In the following section we will motivate Lemma
6.5 by an analogous result for the Schrédinger-Poisson equation.

Consider the case A =0. Then (4.1) becomes

h2
i =~ AV + VT, (6.46)

where U = (¢1,12). By abuse of notation we use ¥ and all other original notations for
the respective quantities of the Schrodinger-Poisson equation. For the Schrédinger-Poisson
equation the WKB equation (6.4) becomes

1 h
Owa; +u-Va; + §ajdivu = %Aaj
atu+u-Vu+VV:0h0 (6.47)
a]($70) = aj7 (‘T)a
u(z,0) = u°(z).
While p and w are still defined by (4.2) and (6.8), the current density J becomes
J = —Re(¥(—ihV)¥),
or equivalently
J = hw — pu. (6.48)
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Then (6.21) becomes

Op + div(pu) = % Z(Aaﬁi — Aa;a;). (6.49)

Then with the help of energy conservation, we will show the following lemma.

Lemma 6.6. Suppose u and a solve (6.47). Then we have the following equation
2 d 2
—2h | w-Opwdx + h*—||Val|7. = 0. (6.50)
Q dt

Remark 13. To see why Lemma 6.6 motivates Lemma 6.5, replace v = V.S by 95 and
Va by 0%a on the LHS of (6.50) where « is some vector satisfying n(a) = s. Recall that
w is defined by (6.8). Then w should be replaced by %Z?Zl(ajﬁaaj —a;0%a;). The LHS
of (6.50) becomes

2
h2%||6aa||%2 — Zh/an‘S - O Z(ajaaaj o (ljaaaj)dl’. (651)

J=1

This is exactly the LHS of (6.45) in Lemma 6.5. In fact, inspired by Lemma 6.6, we tried
to estimate (6.51) and finally obtained Lemma 6.5. The difficulty is now that for the
Pauli-Poisswell equation, A # 0 and we have to modify our calcuations in the proof of
Lemma 6.6.

Proof. The proof is split into three steps. First, we show that the energy of the Schrodinger-
Poisson equation (6.46) is conserved and obtain (6.52). Then we will use the WKB system
(6.4) to obtain a similar conclusion (6.53). Finally we combine (6.52) and (6.53) and finish
the proof.

Step 1. First let us show energy conservation. Let
E(t) = || = ihV Y72 + [VV ]2,

denote the energy of the Schrodinger-Poisson equation (6.46). Multiplying (6.46) with
0;¥ and taking the real part, we will get

M
2Re <at\1f [2(—mv>2 + V] \11> =0.
Using 2 Re(VO, VW) = VO, |¥|? yields

0 = Re(0;U(—ihV)2W) + Vo, |¥|2.
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Now, —AV = |¥|? and integration by parts yields
0= / Re (0, ¥ (—ihV)*W)dx +/ V oy | V|2 dx
Q Q

~ Re / (= iRV ) (—ihV D) dx + / (V) - VVix
Q Q

1
= -9, </ ]hV\IJ|2d:B+/ |VV|2d:n>
2 0 Q

1
= SOE().

We can plug our ansatz (6.2) into E(t) and it follows that
E(t) = / pluf?dz + | VV |2, +2h1m/ a(u- V)adz + 12| Val 2.
Q Q
Recall w defined by (6.8). Then (d/dt)E(t) = 0 becomes

d d d d
@/, plu|®dz + aHVVH%Q — 25@ ; u - wdz + ﬁ2%HVaH%2 = 0. (6.52)

Step 2. Now we consider the WKB system (6.47) and try to get another form of energy
conservation. From (6.47), we know that

O|ul* +u - V|u|? +2u-VV = 0.

Together with (6.49), we get

i
Auplul? + div(|ul2pu) + 2pu - VV = % S (Aaia; — Agag)|ul.

i
Recalling the expression of J (6.48), we can rewrite the equation above as

ih
dplul?® + div(|u|?pu) — 2J - VV + 2hw - VV = % Z(Aaﬁi — AG;a;)|ul?.

Integrating on €2, it follows that
ik
at/ plul?dx — 2/ J-VVdxr = / —2hw - VV + = Z(Aaﬁi — AGia;)|ul? | da.
Q Q Q 2 =
By the continuity equation we obtain

/J-VVda: - —/ div(J)Vdz = —/ ,pVde — / HAVIVdz = — L vV 2.,
Q Q Q Q dt
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Then (6.53) becomes
d { _ _
7 p\u\ dx + —HVVHLQ = /Q (—211) -VV + B ;(Aaiai - Aaiai)]ul2> dz. (6.53)

This equation could be seen as an analogy of the energy conservation.

Step 3. Combining (6.53) with (6.52), we can easily see that

h/Q (—Qw -VV + ;;(Aaiai - Aaiai)|u|2> dx — 2h% /Q u - wdr + hQ%HVaH%g =0
Integrating by parts, we will get
—2h/ w - (VV + 1V\u\2) dx — 2hd/ u - wdx + hQEHVaH%Q =0
Q 2 dt Jo dt
Since

1
vv+§vm+AF=—@%

it follows that
d 2
2h | w-Owudr —2h— | w-wdzr+h —HVaHLQ =
Q dt Jg
This immediately leads to (6.50) and finishes the proof. O

Proof of Lemma 6.5

Now we return to the original system (4.1), which means that A # 0.

Proof of Lemma 6.5. We need to estimate two terms in Lemma 6.5 which we denote by
I, and I5:

= —zh/ 0“S - 8,52 (@j0%; — a;0%a;)dx

7j=1
and

ﬁ?47H5“ a7z

It turns out that when estimating I; and I separately, two terms will cancel each other
when adding I; and I5. This leads to an estimate for [|[0%al|3.

Estimate of I>. First, we rewrite (6.27) as

1 h
Ordfai + (ut A) - Voa; + Saidfdiviu + A) + Ry = LAW%, (6.54)
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with
R, =(9((u+ A) - Va)) = (u+ 4) - VOta;) - 507 (Blay) -
+ %(8§(aidiv(u + A)) — q;0%div(u + A)).

Applying (6.24) in Lemma 6.1 leads to

2
d
Clogalzs + Y /Q Re(a;00div(u + A)9%;)dz
=1

2
:Z (/ |8§ai|2div(u + A)dx — / Re(Raagai)dm> .
i=1 8 Q

Using the Kato-Ponce inequality and (6.29), (6.34) gives the following estimates. For the
second term on the LHS of the equation above we have

2
Z/ Re(a;00div(A)0ya;)dx < Jla||pee||05al| r2]| 05 div(u + A)| 12
=1 Q

S M(t)||all a2+ ][V Al g,
M(t>23+1

<
~ h

ELt)%
For the first term on the RHS we have

\ [ 1ozeiaivtu+ | < ol + Al

5
- M)
~ hg

EXt)%

For the second term on the RHS we have to consider R,, cf. (6.55). We can write
Jo Re(R,9%a;)dx as

/ Re(R,05a;)dx = / Re((03((u+ A) - Va;) — (u+ A) - VOja;)05a;)dx
Q Q
41 / Im (9% (B a;)0%a;))dx
2 Jo

+ / Re((0 (a;div(u 4+ A)) — a;05div(u + A))0ya;)dx
Q

3
= ZFj
j=1
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The estimate for Fj is given by

|F1| = ‘/Q Re((07 ((u+ A) - Va;) — (u+ A) - VOJa;)05a;)dx

S (lallzsllu 4+ Allwree + [Ju 4+ Allgs[[VallL=)]| 07 all 12
2s+1
_ M)

For F5 we have

7l = | [ mm(o2 (Blazaas

< (lallzIBll s + Bl 0l

< (lall- 1V Al + [V Al ) 5l
M(t 2541

< MO gy

And for F3 we have

|F3| = ‘ / Re((0% (aidiv(u + A)) — a;0%div(u + A))0%a;)dx
Q
S (lallas|lu + Allwree 4+ llu+ Allas[|Val <) [ 05 al| L2
Mt 2s5+1
5 (FL)QESI(t)Qa

Applying the estimates above and multiplying by #? yields
d 2
h2%|]8§‘a||%2 +02) /Q Re(a;0%div(u)d%a;)de < M(t)* L EL ()2 (6.56)
i=1
Since the term )
> / Re(a;02div(u)0%a; ) dx
=179
contains a (s + 1)-th order derivative of u, we cannot apply the Kato-Ponce inequality.
Otherwise, we will get ||u||gs+1. But if we add (6.56) to the estimate of I, which we will
show in the next step, this tricky term will cancel with another term in the estimate of I;.
Estimate of I;. Multiplying (6.54) by a;, we get
1 ih
@005 a; + @i (u+ A) - VOfa; + 5laiOfdiviu + A) + @R, = %EiAE)ﬁai.
Multiplying the first equation in (6.4) by 0%a; and complex conjugation yield

1 T .
agaiatﬁi + ag‘ai(A + u) -Va; + §E¢8§aidiv(u + A) = —%Aazﬁ‘;ai — %Bgajﬁgai.
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Adding the two equations above together yields
— ha i 1, 9nns. th_ ., ith .,
0(@;0ya;) + (u+ A) - V(@05 a;) + §|ai| Opdiviu+ A) + Ry = EaiAﬁz a; — EAaiax ai,
where Ry is defined as
1 s
R, = a;R, + §aia§aidiv(u + A) + %B{ajé‘gai.
Recall that R, was defined as
R, =(0%((u+ A) - Va;) — (u+ A) - VO%a;) — %ag(Bg’aj)

(03 (a;div(u + A)) — a;05div(u + A)).

1
2

Now take the imaginary part and multiply with 9%'S:

0980 Im(@; 05 a;) + 03 S(u+ A) - VIm(a;05a;) + 95 S Im(Ry)

h
= — 53?5 Re(aiAé?g‘ai — Aaié?ﬁai).

Integrate by parts:
/Qagsat Im(a;05a;)dx — /Qdiv((?;“S(u+A))Im(a18§ai)d:ﬁ +/Q(9§Slm(Rb)dm
__ g /Q 028 Re(@ A a; — ATO%a;)dx
=— g /Q A0y S Re(a;05a;)dx — h/Q VoyS - Re(Va;05a;)dx
= g /Q Oy div(u) Re(@;0% a;)dx — h/Q Ovu - Re(Va; 05 a;)dx.

The first term on the LHS is the term we want to estimate. The first term on the RHS is
the term that will cancel with the tricky term in Is. That means we have to estimate the
remaining terms. For the second term on the LHS we have

/ div(9%S(u + A)) Im(a@:0%a;)dw
Q

S 10z aill2|aillol|div(95 S (u + A)) 2

S 10z aillzllaillool| 05 Sl llw + Allwroe
M(t)°

<

ELt)2.
~ h 8()
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The next five inequalities give the estimate for the third term on the LHS, i.e. [, 05S Im(Ry)dz.

/9335 Re(@;02 (B ay,) — B¥ap02a;)dz| < 1|02S2(aslloc |05 (BFar) |2 + (05| 2|BF akll )

S Ml as llaslloo (1B &5 l|aslloo + llas]| s [|Blloc)

S lullasllailloo (VA 15 lail oo + [laill 4]V Alloo)
S M2 |ull s ([l s + llasl|ae)

M(t)25+2

<
~ h

El(t)2.

S 1Aail| L3107 Sl Lo |07 aill

/ 09 S Re(Aa;05a;)dx
Q

S [1Aail g3 [V S|2110; aill2

< 20 gy

S [ldiv(u + A)l|ool@illoo |07 aill2[] 05 Sl2

/ 09 S Im(a;0%a;)div(u + A)dx
Q

_ M)

EL(t)?
~ h S()’

' /Q 098 T (@ (0% (aadiv(u + A)) — as0%div(u + A)))dz

105 Sl 8 (adiv(u+ 4)) = i div(u -+ A)]
Sl e [ o )7 + v+ A) o)
()
~ h
MO gy

[ull s (Clull s + [V Al s-1) + Bllail z+)

/Q 025 Tm(@y (0% ((u + A) - Vay) — (u+ A) - VO%a,))da

S102Sl2llailloo 107 ((u + A) - Vai) — (u+ A) - VOZaj|2
SN0E SV (u + Dl Vaill o1 + ([ Vailloollu + All )
<M(t)25+1

EL(t)2.
~ h 8()
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For the last term on the RHS we have

| o2 Re(Va02ads | < ull || Vasl o o
Q

M(1)
< 2wl )
_ M)

~ hQ

ELt)2

Combining all estimates yields

2 2
—2h) /Q 0950, Im(@;09 a;)dw — h* > /Q d%div(u) Re(@;0%a;)dz < M (t)2T2EL ()2
=1 =1

(6.57)
Notice that the second term of the equation above will cancel with the second term of
(6.56). We can use this observation to finish the estimate of ||a||%..

Combining I; and I. Adding (6.56) and (6.57) immediately yields (6.45). O

6.3 Proof of Proposition 2

Now we will use Lemma 6.4 and Lemma 6.5 to derive the a priori estimate in Proposition
2.

Proof of Proposition 2. Notice that
d 2
ﬁz@!\aﬁauiz —2h) /Q 9250, Im (@;0%a; ) da
i=1

2 2
d d e _
:h2£Ha§a”%g - QH% ;—1 /Qag‘SIm(ai@z a;)dz + 2h ;_1 /QﬁtﬁgSIm(aiagai)dx.
First we estimate the third term. By the second equation in (6.3), we have

2
th/ 0,00 S Tm(@:0%a:)dz < K002 12 0% al| 12| al|
i=1 7%
S Dl|Owul| s ||all ms llal| o
Using

10l grs—1 S (A +w) - Vullgeor + [Ju - VA| gro—1 + [|VIAP | grs—1 + |V V] goma
S (lullzee + [[All s ) (ullzs + 1Al gs) + IVV [ s
< M@O)*TELNY). (6.58)
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yields
2
QHZ/ ;00 S Tm(a;0%a;)dr < M(t)* T2 EL(t)%
i=1 7

Now we use Lemma 6.5 and rewrite (6.45) as
d d <
2L 02a)2 — 2L 3 / 098 Tm(@dai)dz < M ()% +2EL ()2,
dt dt — Jo
Integrating from 0 to ¢, we get
2
n)|0%al. — 20 / 998 Tm(a@;0%a;)dx
=179
2 t
1202012, + 20 /Q 92 50 T (@092 d < /0 M2 EN () 2dr. (6.59)
=1

It is easy to see that

S llallze< 10751 2107 all L2

/ 8?5 Im(ﬁiag{ai)dl’
Q

S M (@)l ga—rllallas
S M)(Bs(t)* + Es(t)all ),

and similarly that

12)0ga™|72 + h < Al -1 lla™ s [l oo

2
> / 928" Im(a] " 0% a"*)dw
=179

+ 12O

< M(0)E;(0)*.

Plugging the two estimate above into (6.59), it follows that

R0%al72 S M(0)E;(0)% + hM (8) Es(t)||all 7. + M (1) Es(t)* + /t M (r)**2E; (r)*dr.
0

Summing over all « such that n(a) = s, we get
t
Rllall%. < M(O)ESI(O)Q+ﬁM(t)Es(t)||a||Hs+M(t)Es(t)2+/0 M(r)***2 B (r)*dr. (6.60)
Noticing that for any constant C' > 0, we have
1 1
ChM (1) Es(t)all 7 < 5 [lallfy, + 5C*M () Es(t)?,
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it follows that
t
h2||a||2- . S M(O)E;(O)2 + M(t)QES(t)2 + / M(r)25+2E;(r)2dr. (6.61)
0

From Lemma 6.4, i.e. (6.44), it follows that

d
Bt S M) ES(1)".

The integral form of this inequality is
Ey(t)* < M(0)* EL(0)? + /Ot M(r)*t Bl (r)?dr. (6.62)
Plugging (6.62) into (6.61), we get
P?llall%. < M(t)>M(0)* T EL(0) + M(t)? /Ot M (r)**T EL(r)?dr. (6.63)
Adding (6.62) with (6.63) and recalling the definition of N(¢) given by (6.18), we get
BY0? S N (Bl + [ Bloyar).
By the Gronwall inequality we can conclude that (6.20) holds. This finishes the proof. [J

6.4 Existence and Uniqueness of Solutions

In this section we discuss existence and uniqueness of solutions for the Pauli-Poisswell-
WKB system (6.4), i.e. Theorem 5.a. Proposition 3 is equivalent to the last two parts in
Theorem 5.a. By the same argument, we can easily prove the first part in Theorem 5.a,
i.e. the local wellposedness of the Euler-Poisswell equation (1.32). The proof of this part
is even simpler because we don’t need to deal with the H® norm of a.

We use a fixed point argument to show existence and uniqueness in the space Y:I’,SM
defined by (6.64) for some subtly selected p1,ua. For the fixed point argument we need
that the solution map T is an involution on a suitable subset of YHTI’ZQ and that it is a
contraction on that set. The first part is shown in Lemma 6.7, the second part in Lemma
6.8.

Proposition 3. Under the assumptions of Theorem 5 there exists a unique solution (ah’, uﬁ)
of (6.4), such that a" € L>([0,T], H®),u" € WH([0,T], H®) for some T > 0 that only
depends on Q, s in Theorem 5. In particular, T is independent of h.

We will close the argument the space Y,};’,ZQ:

vl = L®([0,T],H*(Q2,C)) x Wh*([0,T], H*(Q, R?)), (6.64)
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equipped with the following norm:

1@, w)lly,rs = Sup Egrre(t)
= sup ([[(a,uw)(t)]x= + mhlla®)|ms + p2l|0u@)l zo—),
te(0,7)

where 0 < 1,2 < 1. In order to improve readability we will simply write ||(a,u)||y.
Define the operator T as:

TZﬁ’O,uh’O . Yl;?,;’i@ — Y};";’j&g’ (&, ﬂ;) = (a, u)7

where (a,u) is the solution at time ¢ of the following linear system

) 1 ) ) »
Owaj + (A+a)-Va; + §ajdiv(ﬂ +A) = %Aaj + %Bjai,
_—_ - A2 -
8tu+(A+u)-Vu+u'VA+V(T+V):0, (6.65)

Here, A and V are given by
p=lai|* + |aaf?, —AV =, —AA = b — hi — pii — pA,
and

-1 ke aw e e~
0 ==V x (a*o1a,a"02a, a*aga)T,

\]

W (Edej — Eljvaj).

I
IR
[

1

<
Il

with B defined similarly. Let B = B, ,,; u,, 7, denote the ball of radius L in Y:

Boyars = { (@) : [(a,u)yre < LY.

H1sH2

Proof of Proposition 3. Lemma 6.7 shows that T maps B into itself and Lemma 6.8 shows
that it is indeed a contraction. Then we can conclude by Banach’s fixed point theorem. [

Lemma 6.7. Under the assumptions of Theorem 5 there exists L > 0 only depending on
Q and s in and po > 0 such that for all py, po € (0, uo) there is a Ty = To(p1, po, L, s) > 0
independent of h such that for all T € [0,Tp)

h
Tah707uh10 (Bs,,u‘lanaT?L) C BS7IJ'17)U'2)T7L'

In other words, TZE’O,’Uﬁ"O maps By o, .1 iNto itself.
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Lemma 6.8. Under the assumptions of Theorem 5 and for any L > 0, there exist pig =
p10(L, s) > 0 and pog = p2o(p1, L, s) > 0 such that for all 0 < p1 < p1p and 0 < pg < 2o
there exists Ty = To(p1, po, L, s) > 0 independent of h such that for oll T € [0,Tp) and
(a,al), (@%, a%) € Bsyy up. 1.1 we have

T o (@, @) = T o (@, @)lyzrs, <T@, a") - @ @)y . (6.66)

Here, 7 € (0,1) is a constant.
Proof of Lemma 6.7. We need to show that for (a,u) such that ||(a,@)|ly < L the image
TZ;L’O Lo (@, 1) also satisfies ||TZ,370 wio(@; @) [ly < L. We have
o ih ~
00Sa; + (u+ A)-Voga; = EAOffai - Ry,

with

- _ s 1 5 ; o

R = (divg (i + A)ay) — (@ + A) - VOa;) = 507 (axdiv(a + A)) - %ag (BZ aj) .

Step 1: Estimate for ||(a,u)|xs. Let us first look at the X*-norm of (a,u) which

we have to estimate in terms of the Y-norm of (a,a). Similarly to (6.31), we can apply
Lemma 6.1 and prove that

%Hallm—1 S (M@, a) () + Al wiee) (@ w) [ x + M(a,w)(t)(|@, @)l x= + VA2

< (Bi(@a) () + [IVA] m)ll(a, w)llx--

The second inequality follows from (6.19) and Sobolev embedding. Similarly to (6.32), we
can prove that

%H“”Hﬁ SUV Al zs + llall ) llull oo + lallms (l@llwree + [ Allwree)
+ VAl + 1VV e
SUVA g + Eg (@, @) (1) (a,w)llx + [VAIFs + [V V]|
Now we have to estimate the potential terms. Due to Lemma 6.3, we know that
IVV iz S M@, @) t)l|a) g S @ )3,
IV Al S M (@, @) ()* B (@,a)(t) S —————,

1Allwroo S M(@a)(t) < (@ @)l

Here we used (6.19) and the fact that

ENa,a)(t) S H(a’;‘)‘y, Vo<t <T.
1
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Now we get a first estimate for ||(a, u)]|xs:

25+l 4s+2
Cjin(a,u)nxsﬁ(”( ol )|r<a,u>||Xs+(”< Il )
M1 lu’l

Multiply both sides with ||(a,u)||xs and get

~ o~ 2s+1 o 4s+2
Sl 5 <”( oy )||<a,u>u§(s+||<a,u>uxs<“< Il )

dt 21 ﬂl

< <||<~ )3+ + )H(a,u)‘&ﬁ(nr Dl )
M1 /h

Writing the estimate in integral form and under the assumptions of Theorem 5 we obtain

~ ~\(125+1 ~ ~ 85+4
|r<a,u>u%(ss@2+(”( Dlly “)/ () () o +t<”( )’L ) (6.67)

1

Step 2: Estimate for ||a||gs. Applying the proof of (6.56) and (6.57) to system (6.65)
yields

2
d
h2%|!8§‘alli2 + h? E /Q Re(a;0%div(a)0%a;)dx
i=1

S (@D +1) (lallae + (@, u)1x)?
<||<a DT+ 1) B (a, ) (12,

N

Ml

and
2 _ 2
—QHZ / 0230, m(@0%a;)dr — 1Y / 09 div(i1) Re(@:0%a:)da
Q

< (Il u)H?S+2 +1) (hllall g + [l(a, w)|x+)*

< (H(a u)‘zwl + 1) BH (a,u) (1),

In the last step of both estimates, we used

Ef (a,u)(t)
M1 '

Adding both estimates leads to the following estimate

E(a,u)(t) S

(@, N)HQS+2

2
h2%”6§a||%g —2FLZ/Q(9§5’6¢ Im(@;0% a;)dz < < )Egl(a,u)(t)Q’
i=1

1
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which is the analogue of (6.45). Since

2 2 2
%Z / 02 SIm(a@;0ga;)dz =) / 0990, Im(@;03 a;)dz + Y _ / 0;02 S Tm(@;0% a;)dx
=179 =179 =179

and
2 ~ ~
h Z/ 0,05 S Im(a@;07 a;)dx| < 0005 S|| 2107 all L lal| Lo
_ Q
S W0kt o1 ||all e[|l Lo
1
< ——||(@, @) ||y E* (a, u)(t)?,
< @)y (o, w)()
we have

- (@ a7 + ) EL (a,u)(t)®

2
d d .
R2—0%al|?, — 2h— / 98 Im(@;0%a;)dx

Integrating from 0 to ¢ yields

2
n?[0%al%, — 2h2/ 0% Im(@;0%a; ) dx: — h2]|0%a™°||2,
1
+2h /aa 5(0,t) Im(@*0%a*Ydx S ——————(||(a, @)||>+2 + /E’“au )2dr.
Z ) G A )i (@ @)y
Similar to (6.60), we can use
Rl|allFs < (Bll(a™0, @) | xs 1@, @) (0) ]| x[|la™
. (@ )37 + pr
+ hllallg= (@ @)y l[(a, w)l|x= + E (a,u)(r)*dr.

(1 A p2)

h
Ha Ol s)

Due to the assumptions of Theorem 5 we know that

Rz < Q%(lI(@,a)(0 )Hxs + 1) + hflalla: (@ @)lly[l(a, w)| x-

+ @ I + / EPvH2 (g ) (r)2dr. (6.68)
(p1 A pr2) pen

Step 3: Estimate for ||Oyu|| gs—1. For du, a similar estimate to (6.58) is given by

NOull s S (lallzee + ANz ) Qlullas + 1Al ) + lullze (1@l e + 1Al o) + IV V] o
< (lallas + 1Al + I Allee) (lullzs + 1Al ) + (@ D)5
< (@@l +1) (@ a)IF + 1+ (@ w)lx:) - (6.69)
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Step 4: Estimate for |(a,u)|y. Since ||(a,u)|ly = sup, E5""*(a,u)(t) we have to
combine (6.67), (6.68) and (6.69):

B2 (a,u) (1) Sl (@, w) i + pih?|lallEs + p3ll0cull 7

a,q) 8+
5Q2(M%H(d,ﬂ)(0)uxs+1)+t(H( )5 +1>

M1
@ a3 +1  m(@aIF?+ 1)\ [ . 2

+ pihllal [l @, @)y [l (a, w) | x:
+ 3 (1@ @)y + 1) (@ @) |57 + 1+ (@, w)[%-) -
Using

@ a3 +1  wm(l@a)F=+1) _ @ a)3+> +1
p1 (1 A o) Y A e

yields

B2 (a,u)(t)? SQ*(uill(@, @) (0) | xs + 1) + (

~ ~\ (12542 t
1
(@, )H/\ + /Eghlﬂ(a,u)(r)QdT’
H1 /N 2

+ pibllallz (@ @)y | (a, ) x-
+u5 (1@ DI+ +1) (1@ D[y + 1+ [[(a,w)]%) -

Now suppose that ||(a, )|y < L. Then the estimate above leads to
t(L85+4 4 1)

1@, @3+ + 1)

1

B2 (a,u)(t)® So Q*(uiL + 1) + I
Hy
L23+2+1>/t
4+ | — EEvHE2 (g u r)2dr
(St [ )

+ (L8724 1% 4 (L + p3 (L2 4 1)) U2 (a, u) (1),
for some constant Cs. If we choose L large enough and 1, s small enough such that

Cs(mL+p3(L* 2 +1)) < 1/2,
Co(@(WL+1) + p3(LP2 +1)%) < L*/4,

we can get

L2s+2 + 1)

t t(L83+4 + 1)
EPvr2 (g u)(r)2dr + ) .
p1 A p2 / (@)

L2
Bea, (o2 < g+ 20, ( :
2 0 My
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By Gronwall’s inequality, we get
I2 20 L88+4 1 2512 1
— 4+ (5)( 7 i )t> exp (205 <+> t> .
2 I M1 A 2
Then there is a T small enough such that

B (a,u) (1) < (

(@, w3 = sup BE2(a,u)(t)? < L.
t€[0,T7

It follows that ||(a,u)||y < L. O

Proof of Lemma 6.8. We want to estimate the difference between the image of two solu-
tions (a', ') and (a2, @?) to the linearized system. Let

(aj’uj) = TZE,O,UE,O(&j,aj), 7 =1,2.

By definition, (a’,u’) satisfies

. ~. . . 1 . ~. h . )~ i
Oraf, + (A + @) - Va + Jajdiv(id + A7) = %Aa; + %B?C al,
, o , . . |A7)2
Ol + (A9 + ) - Vol 440 - VA + V(- +79) =0, (6.70)

ai(m,O) = aZ’O(aj), k=1,2

u(z,0) = u0(z).

where A, B’ and V7 are defined as above with every variable added with a superscript j.

Define

da :=a' — da>.

The quantities du, 54,8V, 6B, dp and da, 5, 6 A, 8V, 6]§, 6p are similarly defined. Now sub-
stract (6.70) with j = 2 from (6.65) with j = 1:

Oyda; + (SA+ 61) - Vaj + (A* + @%) - Via,
1 ~ 1 ) i ) ~2.i 1)
—l—ﬁajl»div(éa +30A) + iéajdiv(zﬂ + A?) = %5Bjaz1 + %Bj da; + %A&Lj,
O0u + (6A + o) - Vu' + (A% + @%) - Véu

- - A (Al + A2 -

+ou - VAL 4 u? - VSA + V((S(QH +6V) =0,

daj(z,0) =0,

du(z,0) = 0.
(6.71)

Here, 6V and 6 A are given by

~ASV = §p, (6.72)
—ASA = héw — hov — (6pat — pPou) + 0pA% — pLoA. (6.73)
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Again we have to split the proof into multiple steps since we have to estimate the difference
in Y, so we have to estimate ||(da, ou)||xs, p1h||0allgs and po||00u|| gs—1.

Step 1. Apply 0% with 0 < n(a) < s — 1 to the first equation in (6.71) which yields
0,0%3a; + (A% +@?) - VO*Sa; + Ry, = %A@O‘(Saj,
where Ry ; is defined as
Ry = 0%((6A + 6a) - Vajl) + 0%((A% + @?) - Véa,) — (A% + @?) - VO*Ja;
+ %aa(a}div(aa +64)) + %8a(5ajdiv(u2 +A?)) - %aa (5]§§ag) + %aa (ﬁ?iaai)

=Y F,

j=1

Then Lemma 6.1 implies

d o ~2 ~ A o
T 10%0ajllr2 S (M(@Z, @)(#) + [|4%|lwr.) 100012 + [Ray

L2
Spnpa L [10%6a;] 2 + [ Rall 2

In the second step, we used (a?,4?) € Bsy upr,- With the help of the Kato-Ponce
inequality and (6.29) we obtain the following estimates. For F} in Rg4; we have the
following estimates. If n(a) > 1,

1F1l 22 S 164 + 6all oo [V ajllzoe + [laj | o216 A + 5] o
St 04 + 6] ey + (|64 + 0t Lo
S [[VOA| o + (|00 1.

If n(a) = 0 then

1Pl e S llajll 164 + 6a =
S L [[VOA| o + (|08 1.

Now consider Fy — F3. If n(a) > 1,
1By = Fsllze < 1A% + 2| prucor [ V0as | oo + 1100 o= [ A% + @2 yyr1.cc
Sura,L 10| s
And if n(a) = 0 then ||Fy — F3||;2 = 0. For F; we have
1Eullze S 118 + 8A gucen [Vl 0w + llaf || s 160G + 6A] 1
SJMIyMQyL HV(SAHHS*1 + Héﬂ’”Hs
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For Fy we have
1Fsl 22 < lu? + A%|| e [V oo + [[6aj]| grs—1][u? + A®[lyp1.c0
Spipn,L [0a | grs—1-
For Fy and F7 we have
1Fsllz2 S 0Bl ga-1llat o + lla' || o1 [|dB|lyr.00
S IVOA[| gallat Lo + [lat || a1 [ VA oo

gm,M,L HV(SAHHS*%

and
1Fr |2 < 1B || rsslldall oo + [|0al ot ||B?(|ypr1.c
SMhM%L ”(SGHHS*M

For ||0%((6A + 6@) - Vaj)l| 2 and 10%((A2 4 @2) - Véa;) — (A2 4+ 42) - VO*Saj|| 12, we used
two different estimates in two different cases, i.e. n(a) > 1 and n(a) = 0, because we
need to avoid the term ||A| ;2 (See Remark 12). Collecting the estimates above, similar
to (6.31), we can easily prove that

d ) ~
£H5a||Hsfl Sy a L 100 grs—1 + (|68 s + [[VIA| s

For du, similar to (6.32), we have
d ) . -
—loullrs Sy o, 10wl s + 168 s + [[VOA[ v + [[VOV ] 115
dt

For 6V, similar to (6.33), we can prove that
IVOV e Sy aa, 2 N[00l o1
For 0 A, similar to (6.39) and (6.43), from (6.73) we can derive
IVOA L2 Spapua,z |0l 2 + [0l 2 + B[V da] L2,
and

IVOA| st Sy o,z 100l s + (|00l ga—r + Al|dal[ s + [[VOA] 2
S, L 00| s + [|6al| -1 + Rl[dal s

It follows that

100, 00|l xs Sy 1 (18, Su)llxcs + [ (0, 5@) |y

The integral form of this estimate is

t
1(6a, du)llxs Sm,m,L/O 1(6a, du)(r)||xsdr + t[|(6a, 6u) |y (6.74)
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This completes the estimate in X°.

Step 2. Similarly to (6.56), we can prove that

hQ%HagaaHiz + hQiz: /Q Re(a;00div(a?)0%6a;)dx
Supezr |00, 6u) % + /(9 511)!!35,?“2-
Similarly to (6.57), we can prove that
2 2
- 2712; /Q 950, Im(6a;0%6a;)dx — h? Z; /Q Re(0a;0%div(a?)0%6a;)dx
Sprpa . 180, 8u) | %s + [[(9a, 53) I3

Then similarly to (6.45), adding the two estimates above yields

2
d = <
nP 103 0all — 207y /Q 07 50,1 (0,05 00:)dx Sy o, 1. [1(9a, 00 [3e- + (9@, 63 13-
i=1

It follows that

2
d, .. d NEe o
ozt~ 20 S [ 085 T(6a,0260,)dn Sy 60,500l + (676 -
=1

Integrating from 0 to ¢ gives
2 ~
B2l0%6al2, —20'S / 028 T (07,0%0 a;) da
=179

t
L /O 1 (8a, 6u)(r)| o dr + £]|(5a, 6) 3.

Notice that the second term of the LHS is bounded by

< Cpshll(da, 6u)(r, )| x|z 0a] L2

2
2y / 08 Tm (67:0%0a;)dx
=1 Q

CL,S a
< I(H(M, o) + uih||0gdal72),

for some constant C7, 5. Then if we choose p; small enough such that

1

mClfa:na) = s} < 5.
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we have the following estimate,

Zﬂl

7’L

2712 / 98 Tm(8a;0da;)dx:

[\ \

Summing (6.75) with respect to « yields

1
12 |éall%. — ﬁ(ll(5a,5U)(T)||§<s + pih?|0g0al72)

Z ?||096all7. — 20 > Z/ 9% S Tm(8a;0%8a;)dx:

n(a)=s =1
Sm,uz,L/O (8, 6u) (r) %< dr + t]| (0@, ) |3

Combine this estimate and (6.74) and it follows that

10a, du)1%s + pih?(|050all7e Spurpio.t / 1(6a, 6u)(r) | % dr + tl|(da, 6a) 3.

Step 8. For 0;0u, we have the following estimate
100l frs—1 < Cpy i ([|(6a, du) | xs + [|(0a, 6u)[|y)

We can choose p2 small enough, which depending on p; and L, such that

p2Cly L < 1
Then it is obvious that
15| 0sdul o1 < 5 (H(5a su)[1%s + 11(6a, 6a)|15) -

Step 4. Combine this estimate with (6.76) and get
(5, 00)1%ex + 302 020al2a + 13 0r0ul s
<1680 + oy [ 106050000 e + 116350017 ).
By Gronwall’s inequality, we know that

1 Y e
I(60.80)13 < (5 + Cpa o) X0(Co s T80 E-

By choosing T" small enough we can get (6.66).
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6.5 Behavior at Blowup Time

In this section, we are going to prove Theorem 5.b. We only prove the second part of 5.b,
i.e. the blow up of the Pauli-Poisswell-WKB equation (6.4). It is equivalent to Proposition
4. Again, by a similar but simpler argument, we easily obtain the first part in Theorem
5.b, i.e. the blow up of the Euler-Poisswell equation (1.32).

Proposition 4. Under the assumptions of Proposition 3 there exists a unique local solution
(a",u") to the Pauli-Poisswell-WKB equation (6.4). Suppose the solution is defined on a
mazimal time interval [0,T%). Then we have

lim M (a",u")(t) = 4.
t—=T*—

where M is defined by (6.17). Furthermore, when h is small enough, there exists a
K = Ky q 1+, such that

limsup [|u" () |y + ||a" ()| o > K.
t—T

Here, for fived @Q and T™, Ky g1+ goes to infinity as h goes to zero.

Proof. Suppose that T* is the maximal time of existence of the solution. Then E(¢)(a”, u")
blows up as t T T*. If N(a”,u")(t) would remain bounded when ¢ 1 T*, then by Proposi-
tion 2 and under the assumptions of Theorem 5, E!(a”,u") would remain bounded when
t 1T 1™ which is a contradiction. Thus,

lim N(a" u")(t) = .
Jim (a”,u")(t) = +oo

On the other hand, it is obvious that N(a",u")(t) remains bounded when ¢t < T*. It
follows that

lim M (a", u™)(t) = .
lim M (a®, u")(t) = +o0

For the second part we are going to use a bootstrap argument. If for all times
lu"@)llwree + lla" ()| < K, (6.77)
for some constant K to be assigned we also assume that
la®) I + lla@) w0 + [la(t)lw2s < K/h, (6.78)
for all times. Here we also require that

la" s + lla" e + lla" llw2s < KB (6.79)

Then it follows that for all 0 < ¢ < T,

N(a",u")(t) < 2K +1.
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Since s > 7/2, by the Sobolev embedding, we can immediately get
la@®lgr + la()llwree + lla(®)lwzs S llallms,
where the constant only depends on s. Due to the a priori estimate we know that

la@®) [ + lla®) lwre + la(®)lwas < Ey(a",u")(2)
< N(ah, uh)(t)25+3Q60N(ah,uh)(t)25+3t

< C(2K + 1)¥13QeC R+ 11" (6.80)
where C' = C,. If we have
S £ K
C(2K + 1)213QeC R+ T = (6.81)

then (6.80) is a stronger estimate than (6.78). By the bootstrap argument, we can actually
obtain that (6.80) holds true all the time. Then (6.77) implies that N (a”, u")(t) is bounded
for all times, which contradicts the fact that 7™ is maximal. Thus we only need to show
that when £ is small enough, there exists K = K(h, Q,T*) such that (6.81) holds true.
And we also require that K > CQ. It is easy to see that such a K exists. In fact, we can
take

1/(25+3)

—1

Vh

K==
CT*

2

log

Then the LHS of (6.81) is

cQ ‘log (}{Fﬁ*
\/ﬁ )

and the RHS of (6.81) is
1/(25+3)

-1

1], VR
on | |'°® e+

It is obvious that when A is small enough, (6.81) and (6.79) hold true and K goes to
infinity as i — 0+. This finishes the proof. O

6.6 Semiclassical limit

In this section, we are going to prove our main result, Theorem 6. Note that in equation
(6.4) the semiclassical parameter i only appears in the terms (ih/2)Aa; and hw — hv. In
Proposition 2 established the regularity of ¢ and u in X® = H*™! x H® by the a priori
estimate. Now we can directly pass to the semiclassical limit 2z — 0 by taking the difference
between (a”,u") and (a,u) in X*.
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Proof of Theorem 6. We split the proof into three parts. In the first part we estimate
the difference between the solution (a”, u") of the Pauli-Poisswell- WKB equation and the
solution (a,u) of the Euler-Poisswell equation. Here we use the machinery developed so
far (i.e. charge and energy conservation and the Poisson estimates). In the second part we
show the semiclassical limit of the density p”, the current density J” and the monokinetic
Wigner transform f". In the third part we prove the statement about the time of existence
in the theorem.

Let (a”,u”, A", V") denote the solution of (6.4) and (a,u, A, V) the solution of (1.32).
Let

da :=ad" — a, du =" — u, §A = A" — A,
5V::Vh—V, 0B ::Bh—B, 5p::ph’—p.
Subtracting (1.32) from (6.4) yields
Oyda + (§A + du) - Vaj + (A +u) - Véa;
1 1 P . ih
+5adiv(du+ 0A4) + Sda;div(u+ A) = %53;@? n %B;-(Sai n %Aa?,
Odu + (6A + du) - Vu' + (A + ) - Vou + du - VA"
1
+ul - VEA + V(504 (A+ Al £ 5V =0,

daj(z,0) =0
du(z,0) = 0.
(6.82)

Similarly, §V and §A are given by

—ASV = dp,
—ASA = hw" — " — (5pu” — pdu) + pA — pS A.
Apply 0% with 0 < n(a) < s — 3 to the first equation in (6.82), we obtain
0y0%0a; + (A+u)-V0%a; + Ry =0,
with
Ry = 0*((0A + 6u) - Va]) + 0 (A +u) - Vda;) — (A+u) - VO“da,
+ %60‘(a§’div(5u +04)) + %80‘(5ajdiv(u + A))

i e’ i h i o8 » Y} ih o
- 50%(0Bja;) + 50%(Bjda;) — - A0%aj.

::ZFJ-

J=1
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Thanks to Lemma 6.1, we obtain

d _

060,13, = /Q div(A + u)|0°6a;2da — /Q Re(Ry0°3a;).
Step 1: Estimate for Ry. With the help of the Kato-Ponce inequality and (6.29), we get
the following estimates. If n(a) > 1,

1F1l 2 = 10((0A + 6u) - Va) [ r2 S [16A + 8ull grue) [ Vafll oo + a5 || rs-2l10A + bul| oo
SQr 184 + dull grae) + [0A + Gul|
Sa.r VoAl gs-s + [|oul g,

and
[1F2 = F3l 2 = [[0%((A +u) - Via;) — (A +u) - VO baj]| 2
S A+ ull g IV8ajl Lo + 110a] go—s || A + ullyre
Q.1 1100l rs-s.
If n(a) =0,
1P 2 = 0% ((6A + bu) - Va) |2 S lla] | 1 |64 + dul|
S [IVOA|| s + [|ul 7,
and
[F2 = F3|[12 = [|0%((A + u) - Véaj) — (A +u) - VO¥aj| 2 = 0,
Moreover,

1Fall 2 S 10 (aldiv(u + 6A)) |2 S 1I6A + 6ull o V0 oo + [0l o154 + Sullyr.
SQ.r [IVOA| s + ||oul| g
For Fy we have
1E5] 2 < [|0%(8azdiv(u+ A))l2 S 1A+ wll o IVEag | Lo + [10a;| rs—s ]| A + ullyr.e
So.r l|6a;]|ms-—s-
For Fg we have
1Fsll2 S 110%(6BSal) |2 S 16B a-slla’zoe + [la"]| ro-3]|16B w10

S IVEA| geslla”| e + ||a™|| o | VA 1o
So.r [IVOA| grs-—s.

For F; we have
1722 S 10%(B0ai)|| 2 < I1Bllars-slldal o + [|0al| ga-s Bl

§Q7T ”(SQHHS*L’H
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And for Fg, by Proposition 3, we have
1Fsll2 S BllAOa]| L2 S Blla®|| gt S P

For ||0“((0A + du) - Va?)HLz and || 0*((A+u) - Viaj) — (A+u) - VO%a;| 12, we used two
different estimates in two different cases, i.e. n(a) > 1 and n(a) = 0, because we need to
avoid the term ||A||;2 (See Remark 12). Similar to (6.30), we can combine the estimates
above together and get

IRallz> Sor IV6Allmss + lI6ull oz + 5all ro-s +

Step 2: Estimates for ||dul|gs—2 and ||dal|gs-3. It is obvious that

/ div(A + u)|0°6a;2dz| <o 160l Zes.
Q
Similar to (6.31), it follows that

d
%HdaHHks <o 19allgs—3 + |[oul| gs—2 + || VIA| gs—3 + . (6.83)

Similarly, for du, we can obtain

d
Z8ullizes Sor I18ullgs—2 + VoAl gos + [ V6V o (6.84)

Step 3: Estimates for 0V and 0 A For 0V, similar to (6.33), we can prove that
VoV =1 Sq.r l16al ga—s. (6.85)
For 0 A, similar to (6.39) and (6.43), we can prove that

VoAl L2 Sor ll0ull e + llall 2 + 7,
IV6A| -5 S b+ [|6ull gre—s + || s + | VIA]| 2.

It follows that
VoA s S b+ ||6ul gs—s + [|al| rs—s. (6.86)

Combining (6.83), (6.84), (6.85) and (6.86), we finally get
d
—(0allggo—s + [|0ull gro—2) S@.r 0l a3 + [[0ul a2 + A
dt
Applying the Gronwall inequality, we immediately get
8allzss + l6ull o> Sour a0 = algres + 4" = uO a2 + .

Due to the the assumptions of Theorem 5 (6.11) immediately follows. This finishes the
proof of the first part of Theorem 6.
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Now we turn to the second part of Theorem 6, which is the semiclassical limit of the
density p", the current J" and the Wigner transform f". Recall that p" and J" are given
by

pl=la"?,
J = hw' — mo" — pl (WP + AP,

Since a” and u" are uniformly bounded in H*~! and H* respectively, we can pass to the
limit A — 0, which yields

B 2
— —
Pl p=lalt
Pl + A" — = —(pu+pA),
h—0
hw® — " — 0.
h—0

in H*~3. The semiclassical limit J" — J as h — 0 immediately follows. Finally, we come
to the semiclassical of f". First, by [36], for any fixed t < T, there exists a subsequence
{f™} (we still denote it by f” for convenience) and a non-negative Radon measure f, such
that

fh = f i A

It is easy to see that
1AV ¥ 2 < C,

for some constant C' independent of A. Due to [59], it follows that

/ f(z, &, t)dE = lim ph(x,t) = p(z, ).
R3 h—0

It is easy to see that
|(u(zx,t) — ihV)\IthLz — 0.
h—0

Then using the argument in [100], we know that

/ € — ule, ) (2,6, t)dedz = 0,
R3xR3

and that
It is easy to see that f satisfies (5.17) and (6.12).

The last part of Theorem 6 is proved by a bootstrap argument. For any T < T9, there
exists K = K(T') > 0, such that for all 0 < ¢ < T,

(@, u)(®)[lxs + N(a,u)(t) < K.

Suppose that
Ela", uM(t) < K, (6.87)
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for all 0 < t < T with K’ to be determined. By virtue of the first part of Theorem 6, it
follows that for all 0 <t < T,

I(a,w)(#) = (", u") ()|l xo—> Sk icr,7 B
Using Sobolev’s inequality, we obtain
lu = Ml + lla = a"|[ g1 + lla = a"wroe + a — a"l|lw2s Sk he
When £ is small enough, this estimate yields for all 0 <t < T,
IV (@, u")(T)|| x+ < 2K,
By Proposition 2 and the assumptions of Theorem 5 we know that for all 0 <t < T,
E;(ah,uh)(t) < C(QK)25+3Q60(2K)23+3T‘

If we take K’ larger than C(2K)25+3Qec(2K)25+3T, then the above estimate is sharper than
(6.87). By the bootstrap argument, we know that (6.87) holds true and (a",u") does not
blow up at T. It follows that for all T < T°,

liminf 7" > T,
t—Th—

which immediately leads to (6.13) and finishes the proof. O
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A Glossary of notations

I = [-T,T] denotes a time interval.

For a vector space X we use X™*" to denote its matrix-valued analogue, i.e. F € X"*™
means that F' is a n X n matrix with components in X.

M(R?) denotes the positive and bounded measures on R%. A subscript w# indicates
that the space is equipped with the weak star topology. We denote the LP norm by || - |[,.
If M is a n x n matrix with values in (LP)"*", then || M|, denotes }_, ; || M;;|, and similar
for the Sobolev spaces W*P, s > 0, 1 < p < co. We denote the local LP spaces by Lfoc,
similarly for the local Sobolev space H}} .. LP**° denotes the weak LP space. WFP(R?) are
the usual Sobolev spaces and D’ is the space of distributions. S is the Schwartz space of
rapidly decreasing functions and S’ the space of tempered distributions and BC,, is the
space of bounded weakly continuous functions. The expression V_ denotes the negative
part of V. Tr denotes the trace of a n x n matrix and tr denotes the trace of a trace class
operator on a Hilbert space H.

We denote the L? inner product by (f,g) := [ fgdz. The Fourier transform of a
function f is denoted by F|f] or 7. (z) denotes the Japanese bracket (1 + |z|?)!/2.

Let A be a vector with components A; where ¢ = 1,2,3. Then V ® A denotes the
matrix with components 9;A;. We use div or V- for the divergence and Vx for the curl.
For a m x n matrix A and a n-dimensional vector x we use summation convention, i.e.

n
Tpo o .
Ajxj = E Ajjx;.
Jj=1

For two vector-valued functions f,g : R — R?, if f is differentiable, we use g - Vf to
denote the vector (¢’ f;g;)1<i<d. For a vector of indices o = (a1, -+ , ) € N™, we denote
its length by n(a). For f € H*(Q) and a vector a we denote its derivative by

0%f(x) =0 ...0% f(x).
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