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1 Introduction

1.1 Many body and semiclassical limits

& Lower densities of 1t Higher densities of bosons
~ bosons and fermions N = N-1/3
N=' =0 (h=1)
Schrodinger Hartree(-Fock)
b0 h—0
- (N = o)
Newton Vlasov

1.2 Notation / Review of Functional Analysis

In all the course, we will work on functions from R% to C (or as a special case R), for
some d € N that can be thought to be either the dimension of the physical space d = 3,
the dimension of a particular subsystem d = 1 or d = 2 or the dimension of some
bigger system containing several particles or more complex generalizations.

1.2.1 Function spaces

Lebesgue spaces. In Lebesgue spaces, we will consider only functions in L{ . =

L (R4 C), the set of locally integrable functions from R? to C, with the identifications
of functions that are equal almost everywhere. The Lebesgue spaces LP are then defined
as the functions such that the norm

1
nmup::(/ mp) ifp € [1,00)
Rd

is finite (or ||u||; := supessga |u| when p = o0). They are Banach spaces. If
(f,g) € LP x LP with p' the Holder conjugate! of p, we will denote by

= [ 19 wd (1o = [ Fa

Continuous functions C". The space of (possibly unbounded) continuous functions
is denoted by

CO:={u:R*—= C|Vz e R u(y) — u(z)}

Yy—x

1p’:ﬁifpe(1,(>o),p’:ooif]u=1ancl;u’:11fp:c>o



while the space of bounded continuous functions is denoted by Cp := C° N L. This
latter space is a Banach space for the norm [jul/o := |lu| . More generally, for
b

n € N ={0,1,2,...} we define the set of functions such that their n'" derivative is
continuous by C" = {u € C° | V"u e C°} and by C} := {u e CY | V'u € C} }.
It is a Banach space for the norm

HU“cg = ||u||L°° + anUHLw .

We define C' as the set of functions in C™ that are compactly supported. In particular,
C2° denotes the set of infinitely differentiable (smooth) compactly supported functions.

Sobolev spaces. Combining derivatives and Lebesgue spaces leads to the definition
of the (inhomogeneous) Sobolev spaces WP := {u € LP,V"u € LP }, where the
gradient is taken in the weak sense. They are Banach spaces for the norm

[ellwns = llull o + [V ull 1o -

We will also define the homogeneous Sobolev seminorms by |[w| i n., == ||Vl 1.
In the case n = 2 we write H" = W2,

We refer the reader not familiar with these notions to books such as [Bre83, LLO1,
AF03, Mazl11, Tar07]

1.2.2 Distributions.

The purpose of the theory of distributions (created by L. Schwartz [Sch66]) is to provide
a generalization of functions where all functions can be differentiated. The space of
distributions D’ is defined as the set of linear forms over the set? D = C¢°. For a
distribution f € D’, we denote by

(f, ‘P>D/,D = f(p)

the action of f on a test function ¢ € D. Noticing that every f € Li. . defines a linear

form given by ¢ — f]Rd f ¢ and that this linear form characterizes completely f, we
will identify functions f € L] . with distributions by defining in this case

<f7‘P>D/,D = /Rdfﬁo-

There are however other distributions that are not associated to any locally integrable
function, such as the famous Dirac delta §y defined by (o, ¥)p, p := ©(0). More
generally, to every measure 1 € M, one can associate the distribution defined by
(s 0)pr p i= Jpa () p(da), the integral of ¢ with respect to this measure. To
generalize the notion of derivative, we define

<Vf7 QP>D’,D = <f7 vSD>'D’7D )

and this defines for every distribution f a new distribution V f. In the case when
f € CL, it corresponds to the usual gradient.

2The notation D is actually usually used because D is endowed with the topology requiring convergence
on each C*(Q) for each k € N and each compact  C R?



1.2.3 Fourier transform.

If f e L', we take the convention that its Fourier transform is defined by

Flu(a) = ita) = [ e u(y)dy.

More generally, for any tempered distributions f € S’, where S denotes the dual of the
Schwartz space S, one defines the Fourier transform by the formula

<f’<p>s/,s ={Pss-
With this convention, the Fourier transform satisfies the following relations.

* Fourier inversion theorem: F ' (u) = U(—x) (or equivalently 5(30) = u(—x).

* Affine transformations: u(\y) = ﬁ u(z/\) and F(u(z + a)) = e*m =2 4(z)

)
* Product and convolution: F(u +v) =00 and w0 = U * 0.

4

* Derivatives: F(Vu) = 2im x u(x), or equivalently®, F(z u(x)) = 5-Vu
* Integral: 1f u € L', 4(0) = [pouorifa e LY, [, 0 =u(0)
* Scalar product: (i, v) = (u,v) and (u|v) = (u]|0).

This last property implies that the Fourier transform is an isometry on L2. On other
Lebesgue spaces, we have the Hausdorff-Young’s inequality (see e.g. [LLO1]), which
tells that if p € [1,2] and g = p/, then

1/p d/2
falle < (=) Jullg,-
La ql/q Lr

Bounds on L? norms of the Fourier transform with p < 2 cannot be obtained with the
only information that v € L?. A sufficient condition* to have % € L' isto have u € H®
with s > d/2.

A fundamental example of Fourier transform is the Fourier transform of a Gaussian

1 2
—Arlyl?) — —mlz*/A
F (e ) =iz €

if A € C and Re(\) > 0. In particular, e=7l#I” is its own Fourier transform. Another
example is the case of the function K, (z) = ﬁ with o < d, for which?3

1 1
‘F( a> = d—a
wa Y| Wi—a |Z]

3In particular, F (ha u(z)) = ih Vau since i = h/(27)
“4For people knowing Besov spaces, one has some slightly more precise embeddings

me c By? c ByP c F(LY) ¢ B, c C°

5The formula remains true for « € R\ ((d 4+ 2N) U (—2N)) with the correct interpretation of |z|~
as a distribution, using the Hadamard finite part. In the other cases, some logarithm appear. For example, if

o = d and one defines ﬁ = div (%) with the divergence taken in the sense of distributions, then

(0) _
it is a good exercise to prove that ]-'(w \ly\d ) =¥ (d2/2> Y In(|mz]) with (0 = 1% the digamma
d

function.



27d/2

with® wy = - It explains in particular why the Coulomb potential, solution
of the Poisson equation —AK = p, or equivalently 472 |y|> K = p, is given by
K(z) = ;22— ﬁ Let us finally also mention that in dimension d = 3, the Yukawa

potential, which appears in plasma physics as a screened Coulomb potential, gives the
the integral kernel of the operator (1 — %) ! thanks to the Formula

1 —27|z|
F S =5 ,
1+ |y ||

General definitions. We will denote by £(X,Y") the set of (possibly unbounded)
linear operators A from some domain D(A) C X to Y and by £L>°(X,Y") the set of
bounded operators from X to Y (i.e. continuous operators). We write L2(X) =
L>°(X, X). The operator norm is defined by

Ay
sup 29y o gy,
vex\fo} 1llx  julc<t

1.2.4 Operators

”A”LOO(X,Y) =

If Ae L2(X,Y), then” D(A) = X.

The set of compact operators from X to Y will be denoted by K(X,Y) (again,
K(X) = K(X,X)). Itis aclosed ideal of £>°(X,Y’) and if X is an Hilbert space,
then K(X) satisfies the approximation property: compact operators are the limit of
finite rank operators in the operator norm. The set of isometries is the set Z(X,Y) =

{U e LX), [Uzly = llzlx }-

Hilbert space setting. Let H be a complex separable Hilbert space. In general we
will look at H = L?(R¢, C) with scalar product

wlo= [ vo.
Rd
We will denote by K := K(#H) and L := £°°(H) with the norm

[Alloe = 1Al £ (34) -
If A € L(H), then its adjoint A* is the operator with domain

DA*)={peH: e HVpc H{p|Ap) = (d]|p)}

satisfying

(pAd) = (A"p|0).
and an operator is said to be self-adjoint iff A* = A (in particular, it implies D(A) =
D(A*)) and positive iff Yo € D(A), (¢|Ap) > 0. We then write A > 0. More
generally, we will write A < B if B — A > 0. Self-adjoint operators can be seen as
the analogue of real numbers among complex numbers. For instance, bounded positive
operators are self-adjoint. Notice also that

(Y| AY) = (AY|¢) = (| A*Y) = (Y| AY) € R.

SThis is the volume of the unit sphere of R% when d € N
7This is not true in general in £(X, Y'). Think for instance to the Laplacian operator, defined on H2 C L2.




We also define |A| = v/A*A as the positive operator such that [A|> = A*A. Notice
that isometries preserve the scalar product (i.e. (U¢|Uyp), = (¢|¢);) and so
I:=7Z(H)={U € £=,|U| = 1}. Finally, the set I/ of unitary operators is defined
as the set of invertible isometries, that is

U:={Ue€ZUisinvertible } = {U € L=, |U| = |U*|=1}.

It follows that U~ = U* € U.
Examples:

* Multiplication by a complex number of norm 1.
* Dilatation: let a > 0 and h,¢(z) = a¥/?¢(az). Then ||hap| ;2 = [|¢l; and
hy! =h,-1,s0h, €U.

Spectrum. The spectrum of an operator A € L(H) is defined by
o(A):={ X e C,\— Aisnot invertible }

where A\ = Aldy. If A is bounded, then o(A) is a compact set and o(A) C
B(0, ||All.)- The point spectrum is the set of eigenvalues, that is

op(A) = { X € C,\ — Aisnotinjective } = { eigenvalues } .

If H is finite dimensional, o (A) = 0, (A). The diagonalization of symmetric matrices
as the following counterpart for compact operators.

Theorem 1.1 (Spectral theorem for compact self-adjoint operators). Let A € K be a
self-adjoint operator. Then there exists a sequence of nonzero real numbers (\;);cy
finite or converging to 0 and an Hilbert basis (Y;)jes U (V) jen\ s such that

* 0(4) = (N)jes U{0},

* (¥))jen\ s is a basis of Ker(A),

*VjeJ AYy =Ny,

e VA eo(A)\{0},Ker(X — A) is finite dimensional.
Remark 1.2.1. Notice that A can still be injective, in which case 0 € o(A) \ 0, (A).
Remark 1.2.2. If A > 0, then the eigenvalues )\; are also positive.

We will be using Dirac’s bra-ket notation. If ) € #, then |¢) and (3| defined by
) = (Wl =(¥]p)

are, respectively, the bra and ket of v, so that |1) (¢ is the operator defined by

) (Dl () = () (Y [¢) = P(z) /Rd () wly) dy.
By the above theorem, compact self-adjoint operators can be written

A= 01 (W (1)

jeJ



In particular, the functional calculus tells us that we can define the function of an
operator, which in this case can be defined by the formula

g(A) =" g(0) ;) (Wl
JjeJ
The fact that v); is an Hilbert basis gives that
Idy = > |1h;) (tby] -

jEN

Trace of operators. For a compact operator A, one can define the trace when it exists
(we will see later in more details) by the formula

Te(A) =Y (¢ | Adw) )
keN

where (¢x)ren is an orthonormal basis. It does not depend on the basis. In the
particular case of self-adjoint compact operators of the form (1), taking ¢, = ¢y, yields

Tr(A) = > A;.

jeJ
Hilbert-Schmidt operators. The Hilbert—Schmidt norm is defined by
1AI5 = 1 Adwlz: 3)
keN
where (¢ )ren is an orthonormal basis. Notice that
JAI5 = " Aok | Adw) = 3 (ox] A" Ade) = Tx(1AF) .
keN keN

In particular, it does not depend on the basis. In the particular case of self-adjoint
compact operators of the form (1), the Hilbert—-Schmidt norm is simply given by

2
41l =5
jet
If K € L?(R?%), then the integral operator given by
Ko@) = | Ky)ey)dy
R

is called an Hilbert-Schmidt integral operator. By the Cauchy—Schwarz inequality,
itis bounded and || K||, < [[K| ;2 (g2a)- By abuse of notation, we use the same letter
for the operator K and its integral kernel. Notice that taking the adjoint yields

K*(z,y) = K(y,z).

Sometimes, in analogy with matrices, one defines the transpose K ' (z,y) = K(y, ).

Then the adjoint is the transpose-conjugate K* = FT.



Proposition 1.2. Hilbert—Schmidt integral operators are compact Hilbert—Schmidt
operators satisfying
1K1y = 1K 2 (goay -

Proof. Let ¢; be an Hilbert basis of H = L?*(R?). Then ¢; ® ¢y, is a basis of
H @ H = L*(R*). Let; := K ¢, and

Ckj = <¢k | K¢]> = <¢k |"/}J> = <¢7J®¢k | K>L2(]R2d)'

Therefore, by the Parseval identity

o0

oo
2 2 2 2
KI5 = Z 15172 = Z ek = [ K72 gaay < 00.
j=1 jk=1

Now noticing that
oo

K=Y "K|¢;)(d;] = > ;) (&5
j=1

Jj=1

we can define the finite rank operator K, by restricting the above sumtoj € {1,...,n }.
Then by the Cauchy—Schwarz inequality

(o} o oo

I = Ka)ellze < | D0 Kol | D0 slle < llellze D Il

j=n+1 j=n+1 j=n+1

- 1/2 . _ .
and so || K — K, | < (Zj:nH ij||L2) — 0, implying that K is compact as a
limit of finite rank operators. O

Remark 1.2.3. If A is a self-adjoint compact Hilbert—Schmidt operator in the diagonal
form (1), one gets that its integral kernel is given by

Az,y) = Z Aj¥i(@) ¥;(y)
jeJ
and so, at least formally, its trace is given in terms of its kernel by
Tr(A) = Z Aj = / A(z,z)dx .
jel R

One can associate integral kernels to more general operators thanks to the following
theorem.

Theorem 1.3 (Schwartz kernel theorem). The operator A € L>(S,S’) iff there exists
A(-,) € 8'(R? x RY) such that for any (¢, ) € S(RY)?,

(A9, <P>s/,3 =(4,¢® <p>8’(]Rd xR?),S (R xR%)

which can be written more informally

Ag(x) = y A(z,y) ¢(y) dy in the sense of distributions.



Let us give examples of generalized kernel:

Id +— do(z—vy)
V +— Vi(z—y)
F o e Wmry
(A = m (in dimension d = 3)

2 Classical and quantum mechanics

2.1 N interacting particles

We are interested in the case of NV particles with positions z1, ..., z, and velocities vy,
..., vy and, to simplify, with a common mass m. They can be thought of as microscopic
particles such as electrons in a plasma, but could also correspond to stars in a galaxy. In
the context of classical mechanics, the movement of these particles is given by Newton
laws and leads to the following system of ordinary differential equations.
i?k = Vg
mi)k = Fk(itl, cee ,SL'N) .
where the dot indicates the derivative with respect to time and Fj is the force applied to
the k™ particle. The number of particles is however usually very large. A good example

of the order of magnitude is given by the Avogadro number N4 = 6.022 14076 x
1023 mol ~*. This prevents to perform exact numerical computations.

2.2 Kinetic Models

In the limit of a large number of particles, we want to simplify the N particle system
by looking at the distribution of particles in the phase space f (¢, x,v), i.e. the number
density of particles which are located at the position x and have velocity v at time ¢.

2.2.1 Averaged quantities

Using this distribution of particles, one can then express the typical observables of
statistical mechanics. For example the proportion of particles with positions in £2 and
velocity in V is given by

/ f(t,x,v)dedv
Qxy

and the total kinetic energy is given by

E(t) = %//Rmm|v|2f(t7x7v) dzdv.

One can also consider local quantities defined at each point x € R? such as

* the (spatial) density of particles

pr(t,x) = flt,z,v)dv,
Rd

10



¢ the local mean velocity

u(t,x) = flt,z,v)vdv,

pf(ta I) Rd

e the temperature

S L _u?
H(t’x)_SkBpf(t,x) /Rdf(t,x,v) v —u|”dv.

2.2.2 Volume preserving dynamics

We define the flow
Z :t e (X(1),V(t) = (X(t, o, v0), V (£, 0, v0))
solving to the Newton differential system of equations

X(t)=V(t)
mV(t) = F(t,X(t),V(t))

with initial conditions (X (0, g, v0), V(0,20,v0)) = (z0,v0). For any Qy € R,
define Q, = { (X (¢),V (¢)), (w0, v0) € o }. Thenif there is no creation or destruction
of particles and the flow is volume preserving,

/ f(to, zo,v0) dg dug =/ f(t,x,v)dzdv
Qu Q
=/ £ X(8), V(1) da do.
O,

Since this holds for every Qy € R?%, the number of particles does not change on the
trajectories of the particles and so in the sense of measures

f(t,X(@),V(t) = f(to, w0, vo) -
Therefore, taking the derivative with respect to time, we find the Liouville equation
Ohf+v-Vaf + L5 -V,f =0 “4)

also called the Vlasov equation when the force depends on f.

Hamiltonian system case. In the case when the force is derived from a potential,

then F' = —VU and one can write the Vlasov equation as
where the Hamiltonian is given by
2
=y ©)
2m

with p = m v and the Poisson brackets are defined by {g, f} = V,9-V, f—V,9-Vo f.
In the case of a pair interaction K (z, y), the mean-field model consist in assuming that

11



the potential (or the force) at a point x is given by the average over all the other points
y of the potential due to the point y, and so the mean-field potential is given by

Ua) = [ K prlo)dy.

In the particular case where the pair interaction is translation invariant, we can write
K(z,y) = K(z — y) and then U = K * p;. Since the force is independent of the
velocity, integrating Equation (4) with respect to time yields the conservation of mass
(or continuity equation)
Opy +divy =0,

where the flux j is given by j = pyu. The Hamiltonian system structure also leads
to the conservation of the Lebesgue measure, as can be seen as writing Equation (4)
in divergence form in the phase space and noticing that the flux is divergence free.
This leads to the conservation of the so called Casimir invariants: for any function @,
quantities of the form

/ O(f)dzdo,
R2d

are conserved. Interesting examples are the Lebesgue norms || f{| ., (g2a) Withp € [0, oc]

or the entropy
/ fIn fdzdv.
R2d

More precisely, the associated conservation law can be written as 0, ®(f) = {H, ®(f)}.
which is the central point in the construction of renormalized solutions by R. DiPerna
and P.-L. Lions [DL88a, DL88Db].

The Vlasov-Poisson equation. In the case of gravitational interactions between par-
ticles of mass m

K(x)(imr'n

where G is the universal gravitational constant. In the case of interactions created by

charged particles of charge g,
¢ 1

K(z)= 1~
() dmeqg |x]

so the mean-field potential is given by

Ut z) = ¢ / rr(y) dy

 dmeg Jpa |z —yl

Taking units such that ¢ = ey = 1, or G = m = 1, we see that the pair potential solves
in dimension d = 3
—AK =

and so the mean-field potential solves the Poisson equation

and so Equation (4) is called the Vlasov—Poisson equation in this case. Another
way to write the above identity is div I’ = py, which is known as the Gauss law in
electromagnetism.

12



The Vlasov-Maxwell system. There are cases where the force is not the gradient of
a potential, such as the case of electromagnetic interactions. In this case the force is
called the Lorentz force and is given by the formula

F=q(E+vxB)

where the electric field £ and the magnetic field B are solutions of the Maxwell
equations

divE = Pr (Gauss’ Equation)
€0

divB=0 (No magnetic charges)

curl B = —0;B (Faraday’s equation)

1
curl B = poqj + — O F (Ampere’s equation)
c

where ¢¢ is the permittivity of vacuum, p is the vacuum permeability and c? =
1/ (o €0) is the speed of light.

Other Vlasov models. In the same spirit, one can build other Vlasov-type models.
One can find for example relativistic Vlasov Maxwell models to take into account the
effect of the relativity. The Vlasov—Navier—Stokes equation models the dynamics of
particles immersed in a fluid.

2.2.3 Other Kinetic models.

All kinetic models are not mean-field models. This is due to the fact that the assumption
that the force is given by a an average over a continuous distribution of particles is
sometimes not well satisfied. One of such cases is the case of short length interactions.
In this case, one expects that the local interactions might become dominant, which leads
to the apparition of collision at a macroscopic scale.

The Botlzmann Equation. The most famous example of collisional kinetic equation
is the Boltzmann equation. It is an equation of the form

O0f +v-Vof =Q5(f,[)

where the quadratic form @ g is given by

Qo(f.N)= [ [ B0 (F0/) £0) = 1(0) F(0)) do .

with f(-) = f(t,x,-), and where the post-collisional velocities are defined by

v,:v—;v*_’_h) 2v*|0 v;:U-;U*_h) 2v*|’0

for some unit vector o, so that they satisfy the conservation of momentum v’ + v/, =
v+, and kinetic energy [v/|*+|v.|* = |v|*+|v.|*. The operator Q s is a local function
of the x variable and indicates the changes in the distribution of velocities at this point
due to collisions. The kernel B of the operator depends on the chosen microscopic
interaction potential. We refer to [Cer88, Vil03] for more details on this equation. One
sometimes also considers the linearization of the equation around a steady state, called
the linearized Boltzmann Equation, having in mind the fact that it should represent
the behavior of a typical particle when the system is close to equilibrium. More
simplifications lead to equations sometimes denoted as linear Boltzmann equations.

13



The (Linearized) Landau Equation. The Boltzmann equation does not make sense
in the case of the Coulomb and gravitational potentials. In this case, another equation
can be used, called the Landau equation, where the quadratic form appearing in the
Boltzmann equation is replaced by

Quff) =V [ alv =0 (1(0:) VF0) = ) VF(0) do.

with a(v) = % (Id — %). Again, we refer to [Cer88, Vil03] for more details on this

v
equation.

The Linear Fokker-Planck Equation. Another simplified model for collisional
models is the Fokker—Planck equation, where the quadratic collision operator is re-
placed by a linear differential operator

atf"'vvuzf:Auf‘Fvu(fv)

2.3 Quantum mechanics

The goal of this section is to summarize a simplified way of understanding the axioms
of quantum mechanics that we will use during the course.

2.3.1 Quick history

+ In the beginning of the XX century, several problems in physics are solved by
the hypothesis that the energy of the light can only exist in quantified quantities
depending on the wave length v in the form of

E=hv,

the constant A in the above relation being known as the Planck constant. These
problems are the study of the black body? radiation with its ultraviolet catastrophe
solved by Planck in 1900, the Photoelectric effect® solved by Einstein in 1905,
and the problem of the hydrogen spectral series solved by the atom model of
Bohr in 1912. This suggest that light is made of particles, but it was also already
known that light behaves like a wave as it produces interference patterns.

* In 1923, de Broglie makes the hypothesis that the quantization is due to the fact
that every particle behave like a wave, with momentum given by

h
= =—. 7
Ipl = mlo| = 5 ™
The next years see the rapid development of the basis of the quantum theory
(Schrodinger, Heisenberg, Born, Bohr, Dirac, Pauli, Hilbert, Von Neumann ...
1925-1927).

8]dealized physical body that absorbs all incident electromagnetic radiation. The black body radiation is
the thermal electromagnetic radiation emitted when in thermodynamic equilibrium with its environment.
9Emission of electrons when electromagnetic radiation hits a material.
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* At the time, the classical theory of interference was already well understood in
optics. Interference of waves can be understood by associating to each wave a
complex amplitude A, and then looking at the intensity obtained as the square
of the sum of the complex amplitudes: I = |A; + A2|2. Since the light (and
other particles) also produce interference patterns, the analogue of the complex
amplitudes, called the wave functions, usually denoted by the letter ¢ are as-
sociated to particles, and the probability of finding the particle at point x is
py(z) = [(x)]>. A particle is therefore described by a complex wave function

Y € L? = L?(R%, C) such that
[ o=t
Rd

In light of the above quick history, it is already not difficult to understand the appearance
of the free Schrodinger equation, that is the case without interactions. Let us look at
the special case of a plane wave, that is a wave with a prescribed wave length. By the
de Broglie relation (7), this correspond to choose a prescribed momentum. These de
Broglie waves can be written

2.3.2 Free Schrodinger equation

bla) = (S 0)  ier-Eom, ®

For a free particle, the kinetic energy is given by Ef = %, sothoy = B = % Y.
But one observes that Ay = |p|2 1), so plane waves corresponding the free particles

solve the free Schrodinger equation
h2
thoywp = —— At )
2m

2.3.3 Position-momentum duality

The above analysis was made using plane waves, but in the general case, we can obtain
any wave function¢) € L? as a combination of such plane waves by the Fourier inversion
formula, which can be written in terms of the de Broglie waves (8) with ¢ = 0,

) = /Rd By erimerhdp,

Interpreting the above integral as a decomposition in terms of waves with fixed mo-
mentum, we can thus define the momentum wave function by

b(p/h) I

o) = i e Y

where we chose the normalization so that ||¢|| > = 1, so that again lo(p)|? can be
interpreted as the probability distribution of the momentum. Therefore, defining h,, the
L?-isometry hou(z) = a?/? u(a ), we see that space and momentum variables are
linked by the scaled Fourier transform' 7, :=h,,, F.

10Also called sometimes the semiclassical Fourier transform
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2.3.4 Observables are self-adjoint operators.

From the above considerations, one can compute the expected value for the position

2
= d — .
@y = [ @l do = (@] 0v)
Similarly, the expected value for the momentum is given by
_ 20 _ p-d ~ o[ ~ 2
o= [ ple@Pa=n [ o] ar= [ o]
— [ 5w (hy3w) dy = (0] -inv ).
Rd

More generally, the same computations show that if a(z) is a function of the position
and b(p) a function of the momentum, then

(a(z))y, = (Y lalz)y) and  (b(p)), = (Y [b(=ihV) V)

where b(—ihV) is defined by functional calculus, or as a Fourier multiplier by the
formula b(—ihV )y = F*(hy @(y))

This leads to the more general idea that observables are associated to self-adjoint
operators, whose expected value is given by

(), = (] Ap).

The requirement that the operators be self-adjoint correspond to ask for real-valued
expected values. Indeed remember that for any self-adjoint operator A, (v | Ay) =
(¥ | Ay) € R. In particular, we have the following correspondence principle.

* Anobservable a(z), that is a function of the position, is associated to the operator
of multiplication Ay (x) = a(z)¥(x). We will in general abuse of notation by
writing A = a(z).

* Anobservable b(p), that is a function of the momentum, is associated to the oper-
ator B = b(p), defined by functional calculus, where the momentum operator
is defined by

p = —ihV.

In RY, the fact that it is a Fourier multiplier can be written in terms of the
semiclassical Fourier transform as p = F ,:1 pFh.

Remark 2.3.1. This allows to associate to an observable of the form a(z) + b(p) the
operator A = a(x) + b(p). However, as will be discussed further below, this does
not give a good prescription for products of operators since in general, a(x) b(p) =

b(p) a(x) but a(z) b(p) # b(p) a(x).

Observe that p € L(L?(R%), L?(R4,CY)) is a vector-valued potential. On the
Hilbert space L*(R?,C%), the natural scalar product is (u|v) = [p.% - v, and the
adjoint of p is p* = —ihV-, where V- is the divergence operator. In particular
p|> =pp= KA.
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2.3.5 The Schrodinger equation

According to the previous section, to the classical Hamiltonian givenin (6), H (¢, z, p) =

% + V(t, x), with potential V, is associated the Hamiltonian operator
2 2
h
o By
2m 2m

where V is the operator of multiplication by the function V (¢, ). By analogy with the
free Schrodinger equation (9), one obtains the general Schrodinger equation

2
thoyw = —;—m A+ Vi (Schrodinger)

which we will better understand below.

2.3.6 Density operators.

If ¢» € L? is a wave function, then we can associate to it a density operator

p=v) (.

If ¢ is a solution of Schrodinger equation, then its associated operator solves the Von
Neumann equation
ihoyp=Hp—pH=[H,p]

to be put in parallel with the Vlasov equation in Poisson brackets form (5). From this
analogy, one infers a correspondence principle telling us that for product of operators,
one should have 1
% [AaB] = {avb}
for two classical quantities a and b associated to the operators A and B.

In general, instead of considering only one wave function, one can consider mixed

states of the form

1 -
p = \ilby) (] = ﬁz)\j 1) (5] (10)
j€J jeJ
representing a statistical incoherent superpositioNn of pure states, the states associated
to only one wave function. In the idea that each ); indicates the probability of the state
;, we choose

dYoA=1 A >0 > oa=ht
jedJ

We will see later why there is a factor h~% appearing (see Equation (19)). By the
spectral theorem, this is equivalent to considering operators p that are compact self-
adjoint operators on L. In particular h? Tr(p) = 1 and p > 0 in the sense of operators.
The expected value of an observable A in the mixed state p is then just the average over
all the pure states

<A>p = ZS‘J (; | Apy) = ZZS‘] (V| ¥;) (W) | Agy) = thr(Ap).

JjedJ keNjeJ
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3 The Weyl quantization and the Wigner transform

In the rest of the course, we will take m = 1 and do the identification between
momentum and velocity. In this section, we will look at the properties of the Weyl
quantization and the Wigner transform, which bring a bridge between phase space
statistical mechanics and quantum mechanics. We will however sometimes be rather
formal and consider that the density operators are nice, and we will see in the next
sections how to make rigorous the operator manipulations.

3.1 Quantization

3.1.1 Ordering of operators

How to transform a classical observable into a quantum observable? There is a priori
no unique way since there is no commutation between two general operators.
Example: xp # px. More precisely

[x,p] =ihId
since p; 71 (¢) = —ih0j(zrp) = —ihd; ) ¢ — ihx0jp = —ihd; k0 + 1 P .
Idea: starting with polynomials and taking limits to get nice functions. But we have

several choices
* The Kohn—Nirenberg ordering
P 2l pP
* The anti Kohn—Nirenberg ordering
I pk s pFad,

* The Weyl ordering: all the ways to multiply powers of z and p. Examples:

1
TP §(xp+px)

1
zp? — g(xp2+pxp+p2x).

Advantages: Weyl ordering gives self-adjoint operators, and preserves powers of
affine functions such as (ax + 3p + )" and so also exponential functions

e Bty |y partBpty

3.1.2 Weyl Quantization.

To generalize to more general operators, one can use the Fourier inversion formula!

fla) = [ T emosen ayac,

Uif say f € L' and fe L1, but all these formula generalize by taking a suitable weak formulation.
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to deduce that the Weyl ordering should yield the following operator called the Weyl
quantization

Py = /R Jgetmrerer dyd, (1

The exponential of y - z + £ - p can be defined through functional calculus. In general
if A is a possibly unbounded operator that generates a semigroup, we can also define
e'Mug as the solution of the equation

Owu = Au,

with initial condition «(0,z) = wo(x). This gives a simple proof of the following
lemma.

Lemma 3.1 (Exponential of operators). If a,b € C? and p € L*(R?), then
ea»z«kb-vw _ €a~(:r+b/2) S0(1, + b) )

Proof. The solution of dyu = (a -z +b-V)uis u = u(0,z + tb) €' (#+t/2)  The
result follows by taking ¢t = 1. O

In particular, 27 (V2 +EP) (1) = 27y (#+h&/2) (2 4 b €). Hence for any ¢

prota) = [ T e oot ) dyde

and so by the Fourier inversion formula for the y variable

prota) = [ FUrla+he/2)( pla+he)de

which can be written, with the change of variable § = %=,

pr o) = & / F(FEE, ) (52) o(y) dy.

R3d

Hence we deduce that the integral kernel of the Weyl quantization can be written

pylr.y) = /R LTI R ) dE = g F(FOSE ) (45E) . (12)

In particular, we obtain as expected a self-adjoint operator if f is a real function.

Remark 3.1.1. In comparison, the Kohn—Nirenberg ordering gives rise to the following
quantization

FD)w9) = [ &m0 () de

which is closer to pseudo-differential operators: when h = 1,

F(X, D)p(x) = / T E £ €) B(E) de

Rd

ie. F(f(X,D)p(z)) = f(x,&) @(&). It has the advantage to be local in .
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When f does not depend on z, then for any quantization, we obtain simply the
Fourier multiplier

Fosop(@) = &2,

which will be written p; = f (p). When it does not depend on &, then in the sense of
distributions p;(z,y) = 77 FEE) F(L)(52) = f(52) 6o(y — 2) and so Pfz) =
f(z) is just the multiplication operator associated to f. Another special case is the case
of a factorized function f(z) g(¢). Then the integral kernel of the Weyl quantization
takes the form

1 TTY -~ —X
Pi oo (®9) = 53 F(54) 5(45*) -

From any of these formulas, we see in particular that p; = 1 is the identity operator on
L2

3.1.3 Operators of Translation

One can define the operators of translation in space by 7., (z) = ¢(xz — x¢). Then it

holds

Tag = e—xo‘vm — e—zwop/h'

On the other side, to obtain the operator of translation in velocity, we have to come
back to the distribution of velocities ¢(p) = Fp(1p(x)). We can see that the wave
function associated to p(p — £) is Ve (z) = F; ' (p(p — €)) = e*€0#/My)(z). Hence
the translation in velocity are given by the multiplication operators

= ettor/h = Folr

Notice that these operators satisfy the semigroup identities
Tx+x/:TxTI/) T£\+§/ :TEATQ.
These operators are special cases of the following phase space translation operators

Tag = eifm(m—%})/h <p($ _ xo) Tay = e—i(rg-p—fg-r)/h — e—izj‘-z/h

since 7(,,0) = T, and 7o ¢) = Tﬁ/\. Here, z = (z,p) and z5- = (—&p, 20) S0 2 - Z =
xq-& —x- & is the symplectic product. One sometimes also defines the Weyl operators

W,, = e2in@ateod) = ginzos —p

All these operators are unitary so 7, ' = 7_, = 7. Notice that 7, TE/\ = e twt/h LTy

and 7, # 7, Tg/\. More precisely, it holds

T, =T TeTe =T Té\T

NI
[SI78 >
wls
w\.n

From this relation and the commutation relation between 7 and 7" we get

7i7r(a:»§'7a:'~§)/h —imzt2

Togn =€ ToTy = € /h ToTar. (13)

To work with density operators instead of wave functions, it makes sense to define the
operators T,, € L(L(#)) acting on observables and density operators by doing the
conjugation by the translation operators

TP i =Tey PT—2 - (14)
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They satisty T4, = T, T», = T2, T,. For the position and momentum operators,
it gives naturally

T,z =2 — 0 T.,p=p—&

which can be written T, z = z — zp. More generally, they translate any Weyl quanti-
zation, i.e.
Tzo Py :pf(-fzo)' (15)

Proof. Using the inverse Fourier transform type definition of the Weyl quantization (11),
yields

py = / F(2) Thae dz. (16)
Rd
Now using two times Formula (13),

iﬂ(hzd‘~zJ‘—(zo+th‘)J‘-zo)/h 24T 202

Ta0 Thzt T—z9 = € Thal = € Thal

and so by the usual property of the Fourier transform,
Too PTezg = / j?(z) ezt L dr = / j?(z — 20) Thot dz
Rd Rd

which leads to the result thanks to Equation (15). O

3.2 Wigner transform
3.2.1 Definition

Now we want conversely to associate to an operator a function of the phase space. We
just have to solve the above equation (12) for f. Doing the change of variable

_ hy'
y/:xhy 1':1’/+ 2y
<
, Tty , hy
r = 9 y=x — 9
we deduce
hy hy
pP=ps <— pf($+271'—2> :hildf(f(x7))(_y)

= py(ot o= B) = PG 0)

. h h
= g =it [ e (or Mo 1Y gy
e 2 2

and so we define the Wigner transform by

fol,€) = / (ot Yo - Y dy = Flple+ 5,0 -3)(§). (D
R L
Notice that the expression using the Fourier transform can be defined more generally
for tempered distributions.
Remark 3.2.1. For a pure state p = h~% |1)) (1|, we define
1
fole9) =5 |

Rd

e~ ty&/h w(x—k%)@(l"—%) dy = Fy (z/J(gc + %)@(m - %))(5) :
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3.2.2 Basic properties
As expected, the Wigner transform of a self-adjoint operator is real. More precisely
for =Ffo.

One can also notice that f,7 (x,§) = fo(z, —¢). The Wigner transform commutes well
with translation operators, since it follows from Identity (15) that

fro,o(x,8) = folz — 20), (18)

Inparticular, f,(2) = fr__ pr. (0), so the Wigner transform is in some sense a translation
in phase space of the kernel of the operator.

Spatial observables. To compute the phase space integral of the Wigner transform,
it suffices to use the definition (17) of the Wigner transform in terms of the Fourier
transform, and the fact that the integral of the Fourier transform is its value at 0. It
yields

/de fpdxdﬁzhd/ﬂwp(x,x)dx.

Therefore, if p = >, ; A; [¢);) (5] is a nice compact self-adjoint operator,
// fodzdé =n'Tr(p) =D N (19)
R2d jeT

and so we understand the h~¢ that was appearing in Formula (10). The generalization
of the position density p,,(z) = |[¢(z) |* for pure states is now given by

po(@) = [ pde = SN (@) = 1 plaa)

jedJ

and more generally, this operation can be seen as the analogue of the integral with
respect to the momentum variable. In particular, for any observable depending only on
the position A(x), identified with the operator of multiplication by A,

(A(z)), = R Tr(A(z)p) = /Rd A(x) pp(x)de = //R?d Az) fpdxdf.

Fourier transform and momentum observables. From the Fourier inversion for-
mula, we immediately get

Fellp)(w,€) = h'ple = 52+ ).
On the other hand
Foldo) = [[[ 7m0 oo+ §n = ) dyd
= // e~ 2im((n—y)-&/h+z-(n+y)/2) p(n,y)dydn

)

Sl

A
=p(; + 3,

[SIES]

22



where N P
p=FpF = Nl (] >0
jed
is the operator with kernel f)(x, y)=FF, ! p(z,y). Once again, this is the applica-
tion of the fact that 7}, exchanges position and momentum. In particular, evaluating
Fu(fo) atz = 0, we see that the generalization of the momentum density h~¢ |’(/J( )2

[ dodr =551 =

jeJ

is

5|

From the above formula is deduced without difficulty that observables B(p) depending
only on the momentum can then be evaluated by writing

(B(p)), = h' Tx(B // €) f, du de

and in particular the kinetic energy reads

JIL, foleP ands = wime(ioP p)fhdZA/ Vs

L? norm. By the isometric property of the Fourier transform

| ale. 0P e = ota + 4.2 - B,

Therefore, noticing that the change of variable (z+y/2, z—y/2) — (x,y) has Jacobian
1, we get

||fp||L2(Rd) = h/? lell, = (hd T1r<|p|2))1/2 .

More generally, the scalar product becomes

(fo ‘ fo,) = h Tr(p*p,) - (20)

Proof. Using the fact that the Fourier transform preserves the hermitian scalar product
and doing the same change of variable of Jacobian 1 as above, we obtain

/Rme,lpr = /wa(/’l(w +3,2-3)) (%) Flpy(z+ 5,2 —3)) (%) dz

= h* /RM pi(z,y) pa(z,y) dz dy

and we conclude using the formula of the trace for nice integral operators. O
From Formula (20), we also get
(folg) =h"Tr(p" py) @h

which shows another link between the Wigner transform and the Weyl quantization.
From the representation (11) of the Weyl quantization, it allows to get another formula
for the Wigner transform

(fole) =h / Tr(p* €™ %) §(2) dz

Rd
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which can also be written
To(z) = B Tx(e 2757 p) . (22)

This is the analogue of the integral formula for the Fourier transform but expressed in
terms of the trace, called the Groenewold formula [Gro46].

Positivity. The Wigner transform of a self-adjoint operator is real. However, the
Wigner transform of a positive operator is not necessarily non-negative. It is however
possible to rewrite the condition p > 0. For any ¢ € L2,

(plpy) = // p(z,y) ¢ (dxdy—/ fo fo

p>0 = vweLQ,/Rprf@zo. (23)

SO

Husimi transform. Let z = (z,¢), 20 = (70,&) € R?? and define the Gaussian
coherent state centered around zg by

oy () = (3)* eTlommol VO i (=)0 — 7y ()
and its corresponding density operator by p,, = h™% [t.,) (15, |. Then

fo.,(2) = gn(z — 20) with gn(z) = (2/n)? e (2a)
Notice that gy, is a Gaussian approximation of the Dirac delta.

Proof. By Equation (18), it is sufficient to look at the case zy = 0. Then

9d/2 /B o2 212) /(on
fpo(z) = W/ e tvE/ @7(‘I+y/ I*+lz—y/21%) /( )dy

24/2 —|z|?/h —iy-€/h _—|y|?/(4h
= oo /Rde we/h o=lul?/ () g,

2 /2 2 2
E—|z h F ?—71" 2h E

and the result follows by the formula of the Fourier transform for a Gaussian. O

Hence, defining the Husimi transform as the convolution of the Wigner function
with a Gaussian, it gives a nonnegative function (see e.g. [LP93, Equation (25)])

fp =gn * fp >0.
Proof. By Criterion (23) and Formula (24), f(20) = [gaa fo f, p., = 0. O

Remark 3.2.2. One can actually prove that the only positive Wigner transforms of pure
states are Gaussians (see [Hud74]).

Remark 3.2.3. The positivity of the Husimi allows to have a simple criterion for the
finiteness of the trace of p since

HfPHLl :/degh*fp:/wpp:thr(P)-

24



Dynamics. It is a remarkable fact that if p solves the free Schrodinger equation (the
free Von Neumann equation)

2
ihoyp = [% p}
then f, solves the free transport equation

atfp"‘g'vzfp:()'

Proof. This follows from the fact that
£E-Vaufp= ih/Rd Vy (e*iyf/h) (Vi+Va)plaz+4,2—%)dy
- fzg/R N (V) V) (V1 + Vo) pla+ ¥,z — B)dy
where V; denotes the gradient with respect to the first variable of p, and noticing that

(Vi=V2) - (Vi+V2)p(z,y) = (A1 — Do) p(a,y) = [A, p] (2,y) is the integral
kernel of the operator [A, p]. O

2
On the other hand, if the Hamiltonian contains a potential H = % + V, then the
Wigner transform of p satisfies

8tfp+§'vzfp+lch§fp:0;

where

Rd

Proof. Since

%f[v,p} ZI<V(x+hy/2)i;iV(x—hy/2) pla+ 2~ hgy)> ©

the result follows for the fact that the Fourier transform of a product is the convolution
of the Fourier transforms. O

In particular, at least formally, when h — 0, Kp, converges to
Ko=-VV -V (&)

and so one might expect f, to converge to a solution of the Vlasov equation. But
the first difficulty is that f, is not positive in general and so [p. |fo| and || f5 ]|}
are not conserved quantities. One however still have conservation of the total mass
heTr(p) = [[g2a fo and the L2(R??) norm since

ihOwp® = [Hp, p*]

and for nice operators, the trace of acommutator is 0. Similarly, if V' is time independent,
then the energy

W) = 5 [[ | folePasdc [ p,v
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is conserved since h? Tr(H [H, p]) = h? Tr (ng - HpH) = 0. When V is a mean-
field potential, thatis V = V,, = K * p,, then it is time dependent but by symmetry in
the integral defining the potential energy

1 1d
/p"({w”:7/ (K*a”’f’)pp“f{*ﬂp)atpp:**/ Po Ve
R4 2 R4 2dt R4

and so the conserved energy is

JL solerazacs [ o0,

3.2.3 Wigner Measures

We suppose (p)n>0 = (pp,)n>o is a sequence of operators such that h? Tr(p) = [¢. pp
is bounded uniformly in 7. Then what can happen when i1 — 0? From Remark 3.2.3,
we see that H pr 1 is bounded uniformly in 7 and so there exists a sequence i, — 0

and a measure p € M (RR??) that we call a Wigner measure such that

S
fo =, 1m0 (25)

weakly in the sense of measures. To obtain uniform bounds on the Wigner measure,
following Lions—Paul [LP93], one can introduce the separable Banach algebra of test
functions

A={peCQR*),|¢| 4 = |IFe ‘JDHLéLg“ <o}

Theorem 3.2 (Lions—Paul [LP93]). Let My > 0 and (p)r>0 = (pp,)n>0 be a family
of positive operators such that h® Tr(p) = M. Then for every h > 0,

[ foll 4 < Mo (26)

and there exists a sequence h = (hy)neny — 0 such that

N >O
fph—>0M_

in the weak-* topology of A'. It satisfies

// n< liminf/ pp(x)de. 27
R2d h—0 Rd

Remark 3.2.4. In particular, even if Wigner transforms are not always positive, it is the
case in the limit. Notice also that since H*(R??) C A C CJ(R?) for any s > d, we
have the following inclusions M (R??) C A’ ¢ H~*(R?). In particular A’ contains
distributions that are not measures, but some sequences of Wigner transforms will still
always converge to measures.

Proof. We denote by ¢ = ¢(z, &) the test function in A and by @ := F¢ . We first
notice that

fopdrdf = plx+ 4,2 — %) Pz, y/h)drdy
2 Rad

<sw | [ St T Bde | [ suplpm)d.
eJ v

1 d
Y R]
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Thus Inequality (26) follows by the Cauchy—Schwarz inequality. From this uniform
bound, we deduce that f, converges up to a subsequence to a measure y € M(R?4),
Up to taking a subsequence of this subsequence, we can assume that the convergence of
the Husimi measure (25) holds as well. Now observe that by definition of the Husimi
transform and by Inequality (26)

<fp - fpy‘P>A/7A = <fpv%0 — gh * 90>A/,A < My H‘P — gh * ‘PH.A
and since F¢(gp * ) = (gn(z) * ) e~mhIE/2 it holds

o —gn*wllg <L+ I

where

11:/ (1—6_%”‘5‘2) sup || d¢
R4 x

12:/ sup |3 — gn(z) * Bl dé = sup/ (@(2,€) — o — 9,6)) guly) dy| de
Rd z R z |JRe

both converge to 0 by dominated convergence, and the fact that for any function u € C§,
gn * u — u almost everywhere. Inequality (27) follows from the weak convergence of
the Husimi transform to p. O

Similarly, p,(z) = h? p(z,z) > 0 satisfies ||p,||,, = 1 and so converges weakly
to a measure p up to a subsequence. Recall that a sequence of nonnegative bounded
measures /i, € M(R?) is said to be tight if and only if

sup,un({\m|>R})—sup/ fn — 0.
neNJ|z|>R R—oo

Proposition 3.3. If p, — p and fp — u when h — 0 (or a subsequence), then in the
sense of measures

p= Pp = /Rd M(vdg)a (28)

with equality if and only if the sequence of function (depending on h)

[ tote =055 = S0 [ 6)]

JjeJ
is tight. In particular, equality holds in Inequality (28) if for some o > 0, the value of
a 2
GRS TR R SRV IRNE
JjeJ R?

is bounded uniformly with respect to h.

Proof. If p,, converges weakly to p, then py(x) := [5. fpp dé = pp * gn(z) — p(x).
Defining xg € CZ° such that 0 < ygp <1 and xr = 1 on B(0, R), since fp >0, it

holds
/Rd o(x) pp(x dx>//R2dXR ) fp(z, &) da dé.
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Here we can pass to the limit 1 — 0 and by weak convergence

/Rd (@) pla) do > //RM Xr(E) (@) p(x, &) dz dg

and so by letting B — 0, we deduce that p > p,, in the sense of distributions. If
Jga foda is tight, then [, f, dx is tight and so

awp [ 0= xnl6) fprag — 0

which implies that p, — p,, in the sense of distributions. O

From another point of view, we also see that since p = p,, is a positive Hilbert—
Schmidt operator, hdeLz(de) = ||h?p||, < hTr(p) = Mo. Hence p;, := hip
also converges weakly (up to subsequence) to an Hilbert—Schmidt operator g, in
L2(R??).

Proposition 3.4. Let pu;, = h p = |[) (1| for a fixed function ) € L?(R?) indepen-
dent of h. Then the Wigner measure associated to p satisfies

(@, ) = po(x) do(§)
where po(z) = po(x, x). In particular p,(x) > po(z) and so
[ e = TG,

Remark 3.2.5. Notice that here Tr(p,) = 1. Of course if || f,|| . = h¥/?|p|l, < C
uniformly in A, then |||, = 2% ||p|l, < C h%/? and p, = 0, in which case the above
proposition does not bring any interesting information.

Proof. Notice that

Ho (J? + %’x - %) h:O [J/O(l‘,l') = Po(f)

in the sense of tempered distribution in &’ (R2?). Therefore

oo = o e = Fy (oo + 80— 50)) 5 () 0(6).

On the other side, in the case of pure states, writing p and p, in the form

p=1v) (¥l Po = [1°) (¥°]

and noticing that

Tyl = flweywe) + fro—veyw—yel + flweyw—yel + flo—ye)we)
we deduce that ~ B B
fo = fo, +2Re(fiyeyp—ye|) -
But now

<f|w°>(¢|a<P>A/,A = //de Y°(z + %)5(:10 - %) (Feo)(z,y)dedy
- /RM B(x) 1°(x + hy) (Feo)(z + %,y) dz dy

and this converges to 0 as ¢ converges weakly to 0. O
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Examples of Wigner measures. As we saw in previous proof, a simple case where
we can compute the Wigner measure is the case when h%p = p is an independent of h
Hilbert—Schmidt operator (or more generally a compact sequence in L?). Then fo— 1
with

1= pla,z) 5o(8).

Another often used case is the case of WKB approximations. In this case, we take
V(@) = p(a) @M p=hT1y) (9]

for some 7 independent real functions ¢ € L2(R%) and S € W;-! (R?). Then

loc

ol €)= [ e el ) o ) e

= @) F, (V5@ ()

hy hy
S(:H»*)fS(xff))
( 2 2 dy

where the convergence holds in ', and so

1= (@) Svs) (6.

Another typical example is the case of coherent states ¢,, = 7., with associated
density matrix p,, = h~%|¢).,) (1), | already introduced before to build the Husimi
transform. Then from Equation (24), we obtain f, =~ = gn(z — zo) that converges to a
Dirac delta in the limit. Hence

p= 0z, = Oz, (l‘) 650 (5) .

One can similarly consider approaching a more general function (or measure) f of the
phase space by doing a mixing of these coherent states

Rd
Then the associated Wigner measure is ¢+ = f since the Wigner transform is given by
_— - f.
fo, =onsf = f

The above defined operator p is sometimes called the (Anti-)Wick quantization, or
Toeplitz operator. From the definition we deduce that

f>0 = p;>0.

Denoting more generally the convolution by the Gaussian g, by f = gp * f and its
analogue operation on the operator side p = p,, , for then we see that

}\;:sz:fﬁ J?:fﬁf pr:p?:ﬁf p=p; -

P
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4 The Vlasov—Poisson equation

We refer to [Goll3] for a nice exposition of the well-posedness and the regularity
properties of the Vlasov—Poisson equation.

As seen in Section 2.2.2, for particles of mass m = 1 in dimension d > 1 with
distribution f = f(t,x,¢) : RxR?? — R, one can write the Vlasov—Poisson equation
in the form

Of+E-Vof+Ef-Vef=0

where By = Ef(t,x) = —VVy(t,x) = —VK * ps(t, ) is such that —AV} = py,
where the convolution is with respect to z.
4.1 Conservation laws

The equation is a transport equation with divergence free field which, at least formally,
conserves the positivity and the mass

M():/ pf= f-
R4 R2d

The fact that the underlying dynamics (i.e. the associated characteristics) preserve the
Lebesgue measure also implies the conservation of the Casimir invariants fde o(f),
such as the Lebesgue norms in the phase space || f|[;, g2a)-

Conservation of energy. In the case when V is independent of f and ¢, that is
E(z) = =VV(z) with V' given, then defining

2
H:%+V(l’)

one can write the equation as 0, f = {H, f} = V,H - V¢f — VeH -V, f, and it
follow from the chain rule that for any regular function ¢ = @’ that ¢(H) {H, f} =
{®(H), f}, so that, formally,

%/RM(‘S(HW:/W {®(H), f} =0,

that is, the quantities of the form [,,, ¢(H) f are conserved. In particular, the total
energy

2

mi= [ Srtagavact [ ov
R2d R2d 2 Rd
is conserved.

In the Vlasov—Poisson case, this is no longer the case since Vy is time dependent.
One obtains instead that

[ (18 +vi) st dwag

R2d

is conserved.
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Proof. Defining

_ler
the previous computation and the fact that 9, Hy = 0,V now gives
d
d—/ Hff:/ Hfatf+atHff:/ foVy. (29)
t R2d R2d R2d

But on the other hand, the symmetry in x and y in the integral

/de fo:/RdeK*Pf =/R%K(a?—y)pf(w)pf(y)dwdy

gives that

d
— pr*pf:/datpr*p'f—i-plfK*@tpf:2/dpr*8tpf
R R

dt Jpa
1d
OV =—- — Ve.
/def tVf 2dt/def f

Hence finally, by Equation (29),

4
dt R2d

that is

d 1
(17 + Vi) fta ) dode =25 [ Hyf= 50,7y 0.

4.2 Force field estimates

In dimension d # 3, the formula for the solution of the Poisson equation gives (choosing
K(z) — 0 when z — o0)

c

which is replaced by a logarithm if d = 2. In particular,

VK| < Irl% and the

2

Hardy-Littlewood-Sobolev inequality implies that if (p,q) € (1,00)* are such that

é = % — é, then there exists C' > 0 such that for any f > 0,

1Efll o = IVEK 5 psll g < Cliogllps -

One can also obtain estimates for VE; = V?(—A)~!p; from Calder6n-Zygmund
estimates (i.e. elliptic regularity) for p € (1, c0),

IVEfl L < Cllpsllps -

To bound p in L? norms, one can then use the decay in £ together with the boundedness
of fin LP(R?%). The decay in ¢ can be measured in terms of moments of f

M) = [ el dade.

The boundedness of pf in L? is then a corollary of the following lemma, which can be
found in [LP91].
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Proposition 4.1 (Kinetic interpolation inequality). Let0 < k <nandl <p <r < o0
be such that )
_(n d
P=(3) (1+4).

Then there exists C' > 0 such that for any f > 0,

[ et

Remark 4.2.1. In particular, taking £ = 0 and r» = oo, one deduces that

[ _
< C I8 ooy Mal )
e

where =1’ /p'.

1 ’
losll e < CUFILE gouy Ma(£)M?P
withp’zl—i—%,i.e.p:l—l—%.

Proof of Lemma 4.1. Up to replacing f by f |¢|* and [€]™ by |£]™ ", one can assume
that £ = 0. Let R > 0. Then by Holder’s inequality

/ Fde < |If]
[EI<R
d/2

where C' = ( %)1/ " with wy = % the size of the unit ball in R¢. On the other
side,

d¢<R™" "d¢ <R "dg.
[ feesr [ pirassme [ e

Optimizing the sum of the right-hand side of these two inequalities with respect to R
leads to take R"+4/™ = 2L |f||£gl Jwa [ 1€]" d€. Noticing that 27~ = £ it yields

0 1-9
e <o (Cllyy) ([ r1erac)
(4

where Cp = (45)'7% + (1%9)9 = W. Therefore, taking the power p,

L I < RYYY =l RV

(1—
integrating in « and then noticing that 6 = = <> # +p(1—0)=1touse Holder’s
inequality, we obtain

[a<ar [ (i) ([ rarac)” " a

0 p(1-06)
L R

which proves the claimed inequality with C' = 6=9 (1 — 6)? ! (<) v O

4.3 Propagation of moments

Moments of order 2 are bounded thanks to the conservation of energy and the fact that
one can bound the potential energy by the kinetic energy using the Hardy—Littlewood—
Sobolev and the Kinetic interpolation inequalities.
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In dimension d = 2, one obtains using the estimates of the previous section,
1/2 4 ,1/2
DM (f) < C|IFI12 My"* My (£)

which implies the global propagation of moments by the Gronwall lemma, that is

1/2

My (f) < My (fin) eCIIEZ M

In dimension d = 3, it is not difficult to obtain in the same way propagation of
moments up to some maximal time 7". Global in time estimates are possible and were
proved in [LP91].

S Trace Inequalities

5.1 Correspondence principle
5.1.1 Motivation
The quantum analogue of the Vlasov equation is the Hartree equation

ihOip = [Hp, p (30)

lp|?
2

where H, =
K x pp(x).

To prove that solutions of the Hartree equation converge to solutions of the Vlasov
equation when A — 0, our strategy will be to mimic proofs of uniqueness/stability of
the Vlasov equation, and try to translate them to the quantum setting. As seen in the
previous section, this needs however to obtain regularity estimates uniform in .

One could try to use the Wigner equation. However, LP norms of the Wigner
transform with p # 2 are not conserved quantities of the Wigner equation. Moreover,
it is not true that the Wigner transform of a positive operator is positive, and not true
that the Wigner transform of a trace class operator is in L*.

Instead, one observes that if p = p(t) is a solution of the Hartree equation (30) with
initial condition p(0) = p'™, then for any n € N, at least formally, i 0;p" = [H,, p"].
More generally, one can prove that the Schrodinger equation 2 0,p = Hpt can be
written in terms of a unitary operator Uy, i.e. ¢(t,z) = Upp(0,x), from which is
follows that p can be written

+ V,, with V,, the operator of multiplication by the function V,(z) =

pP= Ut* P Ut )
from which it follows that Equation (30) preserves the positivity and the Schatten norms
(as we will see in Section 5.4). Hence we will rather work directly with Equation (30),
traces and operators, and reason by analogy.
5.1.2 The Quantum-Classical dictionary
Correspondence principle in our setting.

1. The phase space coordinates = and & are associated to the operators x (of mul-

tiplication by z) and p = —:AV, and, more generally, functions on the phase
space (observables or densities) are associated to operators on the Hilbert space
H = L?(R?,C).
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2. The scaled diagonal of the kernel of an operator A (i.e. h®A(x, z)) corresponds
to the integral with respect to the momentum.

3. The scaled commutators of operators A and B (i.e. % [A, B]) associated to
the functions of the phase space f and g are associated to the Poisson brackets

{9, [} =Vag-Vef =Veg-Vof

This gives the following dictionary.

Classical Quantum
Phase space 2 = (z,¢) € R* z = (z,p) = (x,—ihV) € L(H)?
Distribution f e M(R??) p<LY(H)
Density pr = fdeg Pp = h? p(z, )

Rd
Expectation (9);= / g fdzdg (4), = heTr(A p)
R2d
Kinetic energy %/ I€]? fdxde h;Tr(‘pﬁp) = —% Tr(R*A p)
R2d
[ p/”
Hamiltonian  H(z,§) = 5T Vi(x) H,= T Vo(z)
Dynamics Vlasov Hartree
(mean-field) o f ={Hy, f} ithOwp = [Hp, p)
Shift flz=20) = fl@ = 20,6 = &) Taop =To Pl Tz = ' C 77 20BI/I
Gradients  V.f={-v,f}, Vef ={v.f} V.p=[V.p]. Vep= |- p]
Norms Lebesgue Schatten
d 1
11l Lo (m2ay Ipllze = he Tx(lp[")?
Sobolev Sobolev
2 2|/
IV £l o ey IVplen = || Vepl* + Venl|

The product of convolution being bilinear, there is no unique choice in the quantum
case. However there are choices with good properties if one mixes operators and
functions (see e.g. [Wer84, Laf24]).

* Operator-valued convolution of an operator and a function:
fxp= /de f(2) T.pdz.
* Function-valued convolution of two operators:
(P w)(2) = (fu * fp) (2) = 1 T (p T
where () (z,y) = pu(—z, —y), ie. fu(2) = fu(=2).

Similarly, for the Fourier transform, according to formulas (11) and (22), one obtains
the following.
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* Function-valued Fourier transform of an operator:
fp(Z) _ hd Tr(€72i7r R p) )
 QOperator-valued Fourier transform of a function:

pr= (z) e 2m=2qz .
R2d

The above transformations are L2 — £ isometries, and verify analogues of the Hausdorff—

Young inequality: if p € [1,2], then || f,|/ ;v < |pl/;» and ||p?||5,,/ < ||pl|;»- One

could define an operator-valued Fourier transform of an operator as p = P7 which
P

would still be an isometry on £2, but it is not clear it would verify Hausdorff—Young-like
inequalities.

5.2 Decomposition of bounded operators

Proposition 5.1. Let A € £ satisfy A > 0. Then there exists a unique B € L> with
B > 0 such that B®> = A. Furthermore, B commutes with every bounded operator
which commutes with A.

Therefore, for any A € £°°, since A*A > 0, we can define
|A] .=V A*A.

Remark 5.2.1. Warning about the fact that it is in general not true that |[AB| = | 4| | B|,
|A*| = |A] or |A+ B| < |A] 4+ |B|. However |[AA| = |A||A|. Notice also that
|AB| = ||A| B|. In particular, if U € Z, then [UA| = |A].

Proof of Proposition 5.1. Let us prove the existence first. Up to multipying A by a
positive constant, it is sufficient to look at the case when || A|| ., < 1. Then ||1 — A|| =
sup,, (¢ | (1 — A) ) < 1. Hence, using the fact that for any |z| < 1, the series

g (e

converges absolutely, we deduce that the series > (17/1 *)(=1)" (1 — A)" converges in
operator norm to a positive operator B € L£°°. Moreover, since the convergence is
absolute, we can square the series » (17{ 2) (—1)" (1 — A)" and rearrange the terms to
get that B2 = A.

We now prove the uniqueness. If D > 0 also satisfies D? = A, then noticing that
D A = D3 = AD, one deduces that D commutes with A and B. Therefore,

(B-D)B(B—D)+(B—D)D(B-D)=(B*~D?) (B-D)=0

and since both terms in the right-hand side are positive, they are zero, and so their

difference (B — D)* = 0. As B — D is self adjoint, we finally get |[B — D%, =
4

(B = D) |loc = 0. O

The following decomposition is the equivalent of the decomposition z = |z| ¢*? for
complex numbers.
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Theorem 5.2 (Polar decomposition). Let A € L. Then there exists an operator U

satisfying Ujker 4 = 0, U|ker Ayt = Ugana is an isometry and

A="U]|A|
or equivalently |A| = U* A.

One takes U|Ran(|A\)(‘A| 1/)) = A
Since we know how to diagonalize positive compact operators, we will use the
above theorem to get another decomposition for general compact operators.

Theorem 5.3 (Singular value decomposition). Let A € L, then there exists a unique
Sfamily (uj(A))jeJ with J C N satisfying po(A) > pu1(A) > -+ > 0 called the
singular values of A such that

A= 1i(A)165) (1] (31)

JjeJ
where (¢;); ; and (V;) ;. ; are orthonormal sets.

Proof. By Theorem 1.1, since |A| = U*A > 0 is a compact self-adjoint operator, it
can be written in the form

Al = Z:U’J ) ;) (1

JjeJ

and so since A = U |A|, we can write it under the form (31) where ¢; := U¢; is also an

orthonormal family because U is an isometry on (Ker(A))™ = Ran |A|. Uniqueness
follows from the fact that Equation (31) implies that 4 (A)? are the non-zero eigenvalues
of A*A. O

5.3 Singular values

If A € K, we define (\;(A)),>o its eigenvalues ordered so that | \g| > [A1] > .... As
seen in the proof above, the singular values (11;(A));>0 as just the ordered eigenvalues
of |4l 50 j1;(4) = A;(|A]). More generally, i (AP = A (AP = My(|A) =
;i (|AJ”). Note that

po(A) = Ao([A]) = [[All o = [Ao(A)].

It also follows from (31) that
i (A) = pji(A*) (32)

In particular, for unitary operators
i (UA) = p;(A) = p; (AU)

where the last identity comes from the fact that p; (AU) = p,;(U*A*) = p;(A*).
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Min-Max formula. The min-max characterization of eigenvalues can be written for
compact operators as follows

Ai(A) = i Ap) .

i(A) Jn, max (p] Ap)
e

Since (¢ | A*Ap) = HA@H% and pj(A)? = )\j(\A|2), we deduce the following min-
max characterization of the singular eigenvalues

pi(A) = min max | Agl|4, - (33)

€x

XCH
A X=7 )5, =1

These formulas are useful to obtain inequalities involving eigenvalues. In particular,
the following inequalities hold.

Proposition 5.4. Let A and B be compact operators. Then for any (j, k) € N3,

pi(BA) < [ Blo 15 (A) 34
1 (AB) < [|Bllo 15 (A) (35)
titk(A+ B) < p;(A) + pi(B) (See Fan [Fan51]) (36)

Remark 5.3.1. The same inequality also holds with the sum replaced by a product
(See [Fan51)).

Remark 5.3.2. In general, 1;(AB) # p;(BA). This is not the case for the spectrum
which satisfies o(AB)\ {0} = o(BA)\{0} (See [Dei78]). Intuitively, if A and B
are matrices with A invertible, then BA = A~'(AB)A is similar to AB and so if
AByp = \p, then BA(A71p) = \(A71yp).

Proof. Inequality (34) follows from the min-max Formula (33) and the fact that
|BAgll,, < |1Blly [|Aell;,- Inequality (35) then follows from Inequality (34) and

the adjoint formula (32) since
1 (AB) = p;(B*A") < || B*|| o 115 (A7) = || Bl 115 (A) -

1
Define Q. (¢, ., ;) = max { [ Aglly, : [plly = Lo € { 1., }* . s0 that
the j-th eigenvalue of A is the minimum of @4 over all families of {¢1,...,%; }.
Then the triangle inequality and the definition of the maximum imply that

QarBW, .., Vj4k) S Qar, .., ¥j4k) + QW1 ..., Vjtk)
S QA(wla-“,wj) +QB(Q/}J'-"-M- ~-a¢j+k)'

The last inequality (36) then follows by the min-max principle. O

5.4 Schatten spaces and Trace
5.4.1 Schatten spaces

The Schatten spaces are defined for p € [1,00] by &7 = { A € K : [|A]|, < oo } where
the Schatten norms are

o 1/p
1Al = 154550l = (Zuw) |
j=0
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From the above considerations on singular values we deduce that if U is unitary and
r=>1,

1A[l,, = 1A%, 1A, = 1Al
A1, = Al » [All, = AU, = UA],
IAB], < 1All, 1Bl - IAB], < Al I1BIl,-

and so the Schatten classes are two-sided ideals of bounded operators.

Operators in G are just the compact operators and operators in &' are called trace
class operators. We can check that the definition of the 2-Schatten norm correspond
with the one given for the Hilbert—Schmidt norm given in (3), since doing the singular
value decomposition of A in the form (31) yields At); = 11;(A) ¢;, and so

AN = i (A2 =" Aw 15, = Y 1w | Ayl 37)
j=0 j>0 7,k>0

the last equality following from the Parseval identity. In particular, if A € I, then
replacing A by v/A in the above formula shows that

1Al = VA = Y VA5, = 3 (| Agy) = Tr(4). (38)
3=>0 j=>0

To get an explicit formula of the trace norm of an operator in term of its integral
kernel is in general not easy. For Hilbert—Schmidt operators, a necessary and sufficient
condition can be given in terms of the maximal function M K 4 of the kernel of A. If
A € &2, then (see e.g. [Sim05, Theorem A.3])

AcG! —= (MKp)(z,z)dr < 0.
Rd

5.4.2 Trace

The space G of trace class operators offers a good framework to define the trace. More
precisely, if A € G is in the singular value form (31), then for any ¢; orthonormal
basis

TY(A) Z <PJ|A507 Zﬂ'] ¢7|¢J (39)

7>0 7>0
is independent of the basis. Moreover, the sums above converge absolutely and

Tr(A)] < || Al; - (40)
Proof of (39) and (40). Notice that by the Parseval identity, for any j € N,

3 Hen 60 = llsl12. = 1.

neN

Thus, by the Cauchy—Schwarz inequality
D 11 (A) (on 1 65) (W len) <> pi(A) = || Al -
J,n J

Therefore, we can interchange the order of the sums in the following double sum
Z {en | Apn) ZMJ )<¢j|2|§0n> {en | ¢5) Z.UJ (| &)

which gives the result. O
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From the previously shown Formula (38) and the fact that u;(A)? = u;(|A]"),
we see that we can write the Schatten norms using the trace by writing that for any
p € [1,00),

[l = Tr(|A[") .

As seen in Section 3.2, multiplying the trace by h? gives the analogue of the integral
on the phase space of classical statistical mechanics. With this in mind, we define the
quantum analogue of the Lebesgue norms in the phase space by the following scaled
Schatten norms

d 1
lpllzo = h7 llpll, = (h Tx(|pl") " . 41

The following natural formulas are, surprisingly, difficult to prove (See [Sim05, Equa-
tions (3.2) and (3.3)]).

Theorem 5.5 (Carleman). Let A € G2. Then
Tr(A%) =) \(4%).
jeT
Theorem 5.6 (Lidskii). Let A € &'. Then
Tr(A) = Z Aj(A). (42)

jeJ

Cyclicity of the trace. One of the good properties of the trace that generalizes to trace
class operators is the cyclicity property

Tr(AB) = Tr(BA). (43)

However notice that it is false in general that for any operator A, B € L(H), Tr([A, B]) =
0, since for instance [xj, pj] = {h is a multiple of the identity on L? and so has unde-
fined (or at least infinite) trace.

Proposition 5.7 (Commutation in the trace). Equation (43) holds if
1. (A, B) € (£>°)? are such that AB € &' and BA € &,
2. (A,B) € L x K are such that AB € &' and BA € &'

3. (A, B) € L x K are self-adjoint, A is densely defined and such that AB € &!
or BA € &,

Proof.

1. The first inequality follows from Lidskii’s formula (42) and the fact that the
eigenvalues of AB and B A are the same. See [Sim05, Corollary 3.8].

2. Write B =3, j1;(B) [¢;) (1;]. Then by Formula (39) for the trace

Te(AB) =3 (Yn [ ABYa) = D> #5(B) (Un | A65) (0 [¥n)

n n

= Zﬂn(B) (Un | Agn) = Z (¢n | BA¢n) = Tr(BA).

n

3. If A € L is densely defined and B € £, then (BA)* = A*B*. Hence since
the singular values are invariant by taking the adjoint Tr(]AB|) = Tr(|BA|) < oo and
so Criterion 3 follows from Criterion 2. O
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In some cases, when dealing with an unbounded operator A and a nice operator
B, one wants to think of Tr(v/B A+v/B) as the correct meaning of Tr(AB). For
instance, if A = A and p = |¢) (| with v € H™, then there is no problem to
define Tr(VBAVB) = (| Ap) = —||[V¥| . if n > 1. On the other hand,
BA =1 (| A-) = |[¢) (A| is only a well defined operator on L? if n > 2. In this
latter case, Tr(BA) = (A | ) = Tr(vVB AVB).
Proposition 5.8. Ler A € L be a densely defined operator and B € L*. Then if
B e Ky and (VBAVB € &' or A > 0) then

Tr(VB AVB) = Tr(AB) if AB € &! (44)
Tr(VB AVB) = Tr(BA) if BA € &1 (45)

If(A,B) € L xKaresuchthatVAB~VA € &', \/A/|B| € &% and VA \/|B*| €
G2, then

Tr(VABVA) = Tr(AB) if AB € &! (46)
Tr(VABVA) = Tr(BA) if BA € 6! (47)
Tr(VABVA) = Tr(VB AVB) ifB>0 (48)

If (A, B) € Ly x L are such that VAVB € &2 and A is densely defined, then
Tr(vV'B AVB) = Tr(VA BV A) (49)

Proof of (44) and (45). Since B > 0, we can write B = > 1;(B) [¢;) (¢;|. Then
by (39)

Tr(VBAVB) = > /1 (B)px(B) (n [ 5) (05 | Atby) (i [ 1hn)

n gk

—Zlun ¢n|Awn>

and we conclude as in the proof of 2.

If A>0and AB € G' or BA € &', then VB AVB = |VAVB|?> € L' by the
Araki-Lieb-Thirring inequality (which we will prove later, see Inequality (5.17)), so
this reduces to the first case. O

Proof of (46). Since B € K, we can write B =}, 1;(B) [¢;) (¢;|. Notice that by
the Cauchy—Schwarz inequality and Plancherel identity

1;(B) <1/)n \/Z¢j><¢j \/an> < ZM(B) H‘/Z%

< (ZMJ(B) <¢j ‘ \/Z¢j>)1/2(ZMj(B) <¢j ‘ \/ij>)l/2
< Te(v/|B[AVIB) Y2 Te(V/[BIAV[B])

where the last inequality follows from the proof of (44). Hence, since A > 0, the
double sum is absolutely convergent if v/A+/|B*| € &2 and v/A+/|B| € &2, in which

case
\FB\F Z#] ) (W5 | Adj)

o VA,

n,j

and we conclude as in the proof of (45). O]
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Proof of (49). If A € L is densely defined and B € £, then (v BVA)* = VAVB.
Hence since the singular values are invariant by taking the adjoint ||v/AvVB|, =

H\/E\/Zﬂz O]

5.4.3 Weak Schatten spaces

In the same way as the Schatten norms are the analogue of the Lebesgue norms, the
quantum analogue of the Lorentz spaces LP:9 (the spaces obtained by real interpolation
of Lebesgue spaces) can be defined following Birman—Solomyak [BS77] for any (p, ¢) €
(0, 00]? by

et ={A ek, ||j5% ui(A)], < oo}

Similarly as for Lorentz spaces, &P = G” and defining fi;(A4) = % i:o uk(A),
then a norm on the space G is given for p > 1 and ¢ > 1 by

11

jr 1 i (A)
As a particular case, when ¢ = oo, these are often called the weak Schatten spaces

6P ={Aeck, supjzo(j% 1;(A)) < oo}. They satisfy for any p € [1, 00), [SImO05,
p.18]

14l = | -

1 oy
7 14l < 500 (7705 (4)) < 4] -

. . . 2 L1
It is sometimes also conventient to define S”>° = {A € &>, j» u;(A) — 0}
X J—o0

Duals. As for functions, one can identify linear forms acting on compact oper-
ators to operators through the duality product (A|B) = Tr(A*B). Birman and
Solomyak [BS77, Equation (1.15)] give the following results concerning the duals
of the above defined spaces. For any (p, q) € (1, 00) x [1, 00),

N I S o

Embedding. Again, similarly as for Lorentz spaces, for any fixed p, these spaces are
ordered depending on the second parameter g, but the first index p is the most important,
and the spaces follow the same inclusions as sequence spaces and Schatten spaces. This
yields (see [BS77, Equations (1.2), (1.3), (1.4)])

GPo9 — GP1a if py < p1
GPo C Gha if q0 < g1, (pa q0, Q1) € (05 OO]3
&P c GPee if (p, q) € (0, 00)2.

Interpolation. One can look at the real and complex interpolation of Schatten and

weak Schatten spaces. Let (po, p1) € [1,00]? and for § € (0, 1) define the intermediate

exponent pg by pie = =01 6 Without surprises, real interpolation of Schatten spaces

gives G4 spaces (see e(:).g. ["fri78, 1.19.7])
(&, 6%),, = &P ifge (1,00),po =1,p1 = 0
(&GP0, BPY)g p, = B,
while complex interpolation of Schatten spaces give other Schatten spaces

(G, 6]y = 677,
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5.5 Inequalities for singular values and Schatten norms
5.5.1 Tensor products

In a general Hilbert space H, one can define the tensor product of n elements by
(w1®®¢n) : (@1,...7@77,)'—) H<1/}k|$0k>
k=1

Remark 5.5.1. In the case when H = L2, this is equivalent (by Riesz theorem) to
define

(1@ @¢n) (@1, 2n) = 1(21) . Un(an) -
The completion of the span of the vectors of this form is denoted H®", and any
Hilbert basis (¢;) jes of H defines an Hilbert basis (¢ ® - - - ® ¢,,) of H®™. Similarly,

one associates to any operators (A1,...,A,) € L(H)" the tensor product A; ® - - - ®
A, € L(H®") defined by

(A1 @ @A) @ Q1Y) = (A1 @ ® Apthy),

and extended to H®" by linearity. If the A, are all bounded operators, this defines a
bounded operator with norm

[A1 @ © Anlloo = A1l -+ [ Anlloo -

In particular, in the case of an operator A € L(#), one can associate an operator
I, (A) € L(H®™) defined by

I (A)=A®"=A® ---@A.

Notice that I",,(AB) =T',,(4) T',,(B).

Antisymmetric tensor products. We can also define the antisymmetric tensor prod-
uct for ¢y ® - -+ ® 1, € HE™ by

1 o
VLA Ay, ::ﬁ;(*l) Yo(1) @ @ Vg(n) 5

where the sum goes over all permutations o of { 1,...,n } and (—1)? is the sign of the
permutation.

Remark 5.5.2. When = L2, then the antisymmetric tensor product gives the function
VINA A (21,0 X)) = (n!)*l/2 det(t;(xk))1<j,k<n called a Slater determinant.

The space of antisymmetric tensors, denoted by H"\", is then the completion of
the span of the vectors of this form. If n = 0, we define HNO .= C. Elementary
computations show that the factor 1/+/n! is taken such that if in particular (P5) e is
an orthonormal basis of H, then (¢r, A -+ A Pk, )k, <---<k, cJ 1S an orthonormal basis
for H”\". On can also prove that the orthogonal projection on #”\" is the extension by
linearity of the operator defined for ¢y ® - - - ® ¥, € H®" by

Pr(h1 @ @y) = w1A~-~/\¢n=%Z(—l)”wau)@“'@wo(nr

1
V!
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For an operator A € L(H), we can associate the operator
An(A) :=T,(A) Py = PAT,(A),

which restricted to %" is nothing but the restriction of the operator I',,(4) to H"". In
particular, it satisfies

If A is a bounded operator, then A,,(A) is also a bounded operator and if A is compact,
one obtains the following (see e.g. [Sim05, (1.14)]).

Proposition 5.9. Let A € K andn € N. Then A,,(A) € L>®(H"") and

[An (A ||L°°(7-L/\") HMJ Gh

Proof. if A is apositive compact self-adjoint operator and 1, . . . , ¥y, . . . is acomplete
set of orthogonal eigenvectors for A, then (¢, , . .., %j, Jo<ji<--.<j, iS @ complete set
of eigenvectors for A,,(A), which leads to Equation (51) by taking the first eigenvalue.
The general case follows from the fact that |A,,(A)| = A, (|4]). O
5.5.2 Horn’s Theorems and Holder’s inequality

From the previous proposition we deduce the following theorem.

Theorem 5.10 (Horn [Hor50]). For any (A, B) € K? and n € N,

[11AB) <] (4
J=0 Jj=0
Proof. Tt follows from Formula (50), that

AR (AB)|l oo (3amy < 1A (Al oo (3gny [An (Bl oo (3m »
hence the result follows by Equation (51). O

This theorem allows to deduce a lot of inequalities on singular values. To obtain
them, we first introduce the decreasing rearrangement of a sequence. If a = (ag)r>0
is a sequence of complex numbers, then we denote by a* := (aj)r>0 the decreasing
sequence such that for all ¢ > 0, {k > 0,a; =c} and {k > 0,]ax| = ¢} have the
same number of elements. The following rearrangement inequalities hold.

Z|akbk| < ZCLZ()Z

k>0 k>0

Lemma 5.11.

Proof. Suppose first that the sums have a finite number of terms, i.e. they are sums
over k such that 0 < k < n for some n € N. Then we can renumber the aj, and by, in
such a way that |ay| is decreasing without changing the value of the sum. Then we can
write

n n n—1
> lan bil = lan] S bkl + (lan-a] = lan]) S [bg] + -+ + (jao] — lax ) [bo]
k=0 k=0 k=0
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and since for any 1 < m < n,

m m
> bl <> 0
k=0 k=0
we deduce the result for the case of a finite number of terms. The case of an infinite

number of terms follows from a limiting argument letting n — oo. O

Lemma 5.12. Assume a,b € C" are such that

Yme{l,...,n}, D bp< a;.

Then for any function ® : R"Y — R so that @, : c — ®(c*) is convex on C"
D,.(b) < D.(a).
Proof. The proof consists in showing that (by, . . ., b,,) is in the convex hull of the points

¢ € C™ such that ¢* = a, i.e.
N
b=> O™
k=1

which is proved using the previous lemma. (See [Sim0S5, Theorem 1.9]) O

Lemma 5.13. Assume (a,b) € C?" are positive decreasing sequences such that
vme{l,...,n}, I16x < I ax- (52)
k=1 k=1

Then for any increasing function ¥ € C°(R,.) with t — W(e') convex,

D Wb < Z W(ar) -
k=1 k=1

Proof. Replacing ay, by ay /6, by, by by, /0 and ¥ (z) by ¥(0x), we can suppose that the
ay, and by, are larger than 1. Therefore, taking the logarithm of (52), we obtain

m m

> In(be) <Y In(ay).
k=1 k=1

and we conclude by previous lemma with ®(z) = 3", U(e”). O

Theorem 5.14 (Horn [Hor50]). Let ¥ : R, — R be an increasing function so that
W(et) is convex. Then for any (A, B) € K?

> W(pj(AB)) <Y W (pi(A) pi(B)). (53)

Jj=0 720

P one deduces Holder’s inequality (see [Sim05,

and so in particular, with ¥ = |-
Theorem 2.8])

IABI, < 1Al Bl

for any (p,q,7) € [1, 003 such that



Remark 5.5.3. There is also a version of Holder’s inequality using weak Schatten
spaces analogous to the weak Lebesgue spaces, useful to handle singular operators (see
e.g. [Sim05, Theorem 2.8])

[AB00 < P/ 146l 00 1Bl o -

Remark 5.5.4. Another inequality similar to Horn’s theorem is the following Weyl
inequality. Let A € L and n € N, then

IT 1< TT wi(a).
j=0
We deduce similarly from it that

DoTNA) <D (y(A)). (54)
Jj=0 720
5.5.3 Triangle inequality for Schatten norms

The Schatten norms are of course norms, i.e. one can prove that they satisfy the triangle
inequality.

Proposition 5.15. Let p € [1,00] and A, B € L>(H). Then
1A+ Bl, < ||All, + Bl -

Another "reversed" inequality also holds for positive operators, whenever p < oo
and (A, B) € (6%)?, then (see [Sim05, Theorem 1.22])

p p p
Al + 1B, < [|A+ Bl

5.5.4 Araki-Lieb-Thirring-Heinz inequalities

Even if the trace is invariant by cyclic permutations of operators and the Schatten norms
are invariant by taking the adjoint, the non-commutativity is still important in the other
cases. This is a pure quantum feature. One can however obtain inequalities between
the norms of products of operators depending on the order.

Theorem 5.16 (Heinz inequality [Hei51]). Let A and B be positive bounded linear
operators. Then for any 6 € [0, 1],

|4°B||, < |ABII%, -
Equivalently, for any p > 1,
IAB|S, < [[APB?||, - (55)
The proof we give is inspired by [Fur89].

Proof. Let S = {6 € [0,1],[|A’B?|| _ < |AB||°_ }. Since S is a closed set contain-
ing 0 and 1, we just have to prove that (01,0,) € S* = 6 = (0, +62)/2 € S. But
now, since the spectral radius verifies r(AB) = r(BA) and BY A* BY > 0,

|4°B|%. = || B A*B?|| _ = r(B° A% B) = r(B% A%+ B%)
< |[|BR AT B < [BR AT A B

45



and now since (61,62) € S?, it leads to
|A°B°|I7, < IBAIZ | BAIZ = | BAI
andsof € S. O

More generally, the Araki—Lieb—Thirring inequality [Ara90] states what happens
for Schatten norms, with possibly unbounded operators.

Theorem 5.17 (Araki-Lieb-Thirring). Let A and B be positive self-adjoint operators
and (p,r) € [1,00) x R4

|AB||? < |[APBP||, foranyp > 1. (56)

pr =
Equivalently, since |AB| = (BA2B)z, we can rewrite Inequality (56) as
Tr((BAB)P") < Tr((BPAPBP)"). (57)

Remark 5.5.5. A particularly simple case, useful to remember the general inequality,
is the case r = 1 and p = 2. In this case, one simply writes

|AB||5 = Tt(BA’B) = Tr(A*B?) < | A*B?||, .

Remark 5.5.6. Asnoticed in [Sim05, Theorem 8.1], the same strategy of proof as these
two theorems shows that if (A, B) € (£°°)? are such that AB is self-adjoint, then for
any p € [1,00),

[ABIl, < [[BA]],-

Proof of Theorem 5.17. Assume that A and B are positive matrices and let C; = A9BY.
Then by Inequality (51), for ¢ = 1 or ¢ = p it holds

1A (1C = TT m(Ca?-
j=0

But for the operator norm it holds

2
"

14 (1), = [[40(Co)"An(Coll,, = [1An(CO)IIZ, = [[An(A)An(B)|
Therefore, by the Heinz inequality (55)

1An(1C )2, = 180(4) Au(B)[[ < [[An(APALBY 2, = [[Aa(1C, )] .

and so ) . .

[T wi(1aB17) = [T wi(1ABP)" < TT wi(147B7%).

j=0 §=0 §=0
which proves the result by Lemma 5.13 with ¥(x) = z"/2. The general case follows
by approximation arguments detailed in [Ara90]. O
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5.6 Factorized operators f(z) g(—iV)
5.6.1 The Kato—Seiler-Simon inequality

A special case of operators are operators of the form f(z) g(—iV). For these operators,
the Kato—Seiler—Simon inequality and Cwikel inequality (see [Sim05, Theorem 4.1 and
Theorem 4.2] and [Cwi77]) state that

5@ o=V, < oy Mo ol whenpe 2,00
1£@) 9=Vl oo < Caplfll o lgll e whenp € (2.00)

where Cy,, is a constant depending on d and p. These inequalities are very intuitive
from a semiclassical point of view. Replacing g by g(h-), they can indeed be written
with p = —ihV and the semiclassical Schatten norms defined in Equation (41) (i.e.
ol 2o = h? || p|| ) under the following form.

Proposition 5.18. For any p € [2, o] and any measurable functions f,g : R — C

1 (@) 9@, < Al Lo gl 2o (58)

with equality in the case p = 2, and if p € (2, 0),

1f(z) 9(p)

where the norms LP>° are defined with the same scaling as the norms LP.

lpoe < I llLo lgll Lo

In particular, noticing that |f]| ., llg] ,» = 1/ (2) g(€)l] . (zes. this can be scen as
a comparison between the quantum and classical norms of functions that are factorized
in phase space.

Proof of Inequality (58). Noticing that p = B(f, g) := f(x) g(p) is bilinear, the proof
for a general p will follow by (bilinear) complex interpolation if we can prove the
endpoints cases p = 2 and p = oo. In the case p = oo, it follows by Plancherel theorem
that

1£@)9@)el 2 < 1F1l e la®ll e = 11 |9 y) Do)
= Py 2

L2

which gives the result in this case. In the case p = 2, we can use the fact that
the Hilbert—Schmidt norm is just given as the L? norm of the integral kernel of the
operator. Since

play) = o3 F()(55)

it yields
2 2 1 ~ry—x |2 2 2
lolze =1 Tx(lof*) = 5a [ 15305 = 11122 ol
which shows that in the case p = 2, one even more gets an identity. O
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Remark 5.6.1. Related inequalities in weighted spaces are proved by Birman—Solomyak [BS77].
Using the fact that 11 (g1 A go) = 15 (AL2(g9)—L2(g1))- their results imply the following
inequalities. Let so = s1 + s2 > 0, (po,p1,p2, q1,42) € (3,2] X [2,00)2 x (2,00)?
satisfying
1 1 1 s
Vie{0,1,2},—+—=-+42
ted J i * P 2 T
Then there exists a constant C' > 0 such that for any (f, g) € L9 (R%) x L% (R%) and
integral operator A with kernel K4 € Wir-Pr W 2Pz,

(with gp = 00).

1f Agllpyc0 < CliEallwzrrwezez [l Lo |9l Lz -

: o1 1 _ 1 1 11
In particular, if o + a2 and s + T then
HngHQ,oo < CHKA”Lglez ”f”qu ”g”qu :

5.6.2 The Birman—-Solomyak inequality

One can notice that the Kato—Seiler—Simon inequality unfortunately only works when
p > 2. When p € [1,2), one has to replace the L? norms of the functions by a locally
stronger norm. We denote by Q. (z) = = + [—¢/2,¢/2]¢ C B_ /3/»(x) the cubes of
center x and length . Then the Birman—Solomyak norms are defined by

1/p

p/q
ullgra = | > (/Ql(n) |U|q> = wller(La(@ ny)) -

nezd

Equivalent norms are given by |[u(z + 2)||1»13(g,(0))- The Birman-Solomyak in-

equality (see [Sim035, Theorem 4.5]) states that for any p € [1, 2], there exists a constant
C > 0 such that

I1f (@) g(=iV)l,, < C I fll go.2 |9l go.2 - (59)

As noticed by Simon [Sim05, Theorem 4.7], these norms are optimal at least in the case
p = 1 in the sense that

f(@)g(—iV) € 8 < (f.9) € (£1%)*

To keep track of the semiclassical behavior, we can define norms depending on a small
parameter € > 0

1/p

1 p/q
lull gpo = | € D <d /Q ( )lulq> = &P |fu(e )| gpa

rceZd

which generalize the previously defined distance in the sense that £7¢ = £"9. Since
f(z) g(p) = h% f(az) g(B) h, with h, the unitary dilatation operators, taking a = v/'h
gives f(z)g(p) = h} f(Vhz)g(Vhys)h, and so the Birman-Solomyak inequal-
ity (59) can be written in the following way.

Corollary 5.19 (Semiclassical Birman-Solomyak inequality). Let p € [1,2]. Then
there exists Cq,, > 0 such that for any f,g : R¢ — RY,

/(@) 9P)l o < Capllf

2% ”g”g%
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Notice that [[u| gr.» = ||ul|, andif ¢1 < go, then ||u[| gr.ar < [Ju| gp.a2. Therefore,
itp<gq,

ullgpr < llullpy < llullgpe < [lu

eree
so that the 2’\7}% norms are indeed larger than the L” norms when p < 2. At fixed ¢,
they even more control the L? norms and more generally for ¢ > p one has
d(i-1
G5 ull o < ullgpa -

However, the above inequality is trivial in the limit e — 0, and the £2'9 norms converge
as expected to LP norms. One can get a quantitative statement.

Proposition 5.20. Let p < g and ¢ € (0,1). Then there exists Cq > 0 such that for
any u : R? — RY

lullLe < llullgra <llullpy + Cael[Vul g (60)

Remark 5.6.2. Itisnotdifficult to see that by Holder’s inequality,

ullgra < C lull o)
where m(z) = (2)* with k > d (1% - é) Therefore for any p € [1,2],

1£@) 9o < Co (1710 + VRV FlL 2y ) (9l s + VA IVl )
Proof of Inequality (60). By the triangle inequality and the fact that £2°7 = LP,

Hqugq - ||u||Lp = ed/p ’Hu(&)ng(Lq(Ql(n)) - HU(E')”zp(Lp(Ql(n))‘

<t H||U(8~)||Lq<<21<n)> ERRSRIZICNE ’f’“

Since the cubes (1 (n) are of volume 1,
yields

1HL”(Q1(H)) = ||1HL<1(Q1(n)) =1, and so it

< cd/p

l[ull gp-a = [lell (el @y my)L2 (@i (n)) — 1UE D L2 (@, (m))L2(Q1 (n)

op
< cd/p

lule 2) = ule )z @i mLs@imy |,

Since u(ex) —ule (v + 2)) =¢ ’z : fol Vu(z +6ez) dé)’ by the fundamental theorem

of calculus, it finally leads to

< cd/p

lullgza = llull o [u(e @) —ule (@ + 2)l 2@, () L3(@2(0))

o

1
< \/gg/o IVu(z +0e2)|| Lp L3, (0)) 0-

To conclude use the fact that [[u(z + 0z)| 1219 0)) < [1+ 0c]? ||ul| gp.q to get the
result with Cq = sup, fol [1+20279d6. O

5.7 Schrodinger eigenvalues and interpolation inequalities
5.7.1 The Kinetic interpolation inequality

The Lieb-Thirring inequality [LT76] can be thought of as the quantum analogue of
the kinetic interpolation inequality presented in Proposition 4.1, and more precisely the
case k = 0 which we recall in the following proposition.
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Proposition 5.21. Let n > 0 and r € [1,00]. Then for any non-negative function
fe LNR*)

1-6
o5l < Cohur 115w cene ([ 716" dnt) )

withpf:fRdfdé“,p’:r’—i—%andH:;—;.

Remark 5.7.1. The optimal constant is given in Equation (??) in the next section.
When r = co, thenp’ =1+ % sop=1+%and0 = 1/p’,1 -6 = 1/p. In particular
the optimal constant is given by
1 (Wq o
1 1 ’
Cccl,n =pr (F) ’

and a minimizer is given by f(x,§) = Lo, l¢/4<d s () this is the bathtub filling
principle. B

Theorem 5.22 (Semiclassical kinetic interpolation inequality). I holds

n 1-6 [
HpPHLp < Cd,n,r (hd TI'(|p| p)) ||p| LT (62)
withp =1 +d/n, 6 = ? and 67 (1 — 9)170 Capr = L:i//f;in.

Remark 5.7.2. When r = oo, we write Cg , := Cg.n,00 and then

1/ 1/p
Ippll o < Cam (R Te(1p)"p)) " ol 2
which for n = 2 and d = 3 reads
3/5 s
1ppllyoss < sz (BT (IpP) )" lI0IZ2

In the original work of Lieb and Thirring [LT76], fermions are considered and so
||l o < 1, and the inequality can be written

h? TI"(|P|2P) > Ks,2 /d %,
R

— (P
where Kq,,, = Cy,-

We can follow the proof of the analogous inequality in the non-quantum case to
obtain a simple proof, which however does not give the optimal constant.

Proof in the case r = co. We define the operators X := Ljpn<x and X5 := Ljpn> -
Then notice that ||p|| -2, which is the function of = defined by
3

o2 = o) = 1ol o) =1 [ o)y

is a norm for any fixed x € RY, which satisfies ||p||L2(£§) = ||||p||ng Iz = llpll o
Hence by the triangle inequality it holds

Vo = Bl < IVpxallas + IVAXG ez (©3)
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Now notice that defining px (£) = F (1¢n<» ), the kernel of x, is given by x, (z, y) =
©x/nn (y — x). Therefore

2
(X Px) (@, 2) = //RM pa(y—2)py.2) oy (& —2)dydz < [o o |72 o] o

g

)\d/n

2wy
d “hd >

and since by Plancherel theorem H(p A 2 2= the first term

e llze = 1o
in the right-hand side of Inequality (63) is bounded by

2 w n n
IVPxAllzz < LAY o]l g =2 CHAY™.

‘We deduce that )
d )
(Voo = Cor ) < IVPXSIz:-

Now notice that integrating in A the right-hand side gives

0 2
= —2n n

and so since p = 1 + n/d, integrating in = gives

canC [ < [T VXl drar= [ IvaxsIEax
R4 0 JRd ¢ 0
o
< [ n'Tip) = Ti(plpl)
0
which gives the result. O

5.7.2 The Lieb-Thirring inequality

The inequality which is usually called the Lieb—Thirring inequality is the following
inequality initially proved in [LT76] for n = 2. We recall that \;(H) denotes the ;™
eigenvalue of a compact positive operator H, with the eigenvalues ordered in decreasing
order of their norm, and u_ = max(0, —u).

Theorem 5.23 (Lieb—Thirring inequality). Let d > 1. Then for any s > 0 such that
s>1-— %, there exists an constant L 4 , depending only on s, d and n such that the
following bound holds

n £ ‘Cs d,n s+4
§ X (A2 +v) )| < —id/ Vsl (64)
J (27'(') Rd
To understand what should be the analogous inequality when i — 0, one can write

Z N ((—A)F +v) )| = Tr((_A% +v)“”_) = (}fd% |(Ip[" +r"V)_|

S
£.€
and so the above inequality can be written with V' = A"V

(ol + V@) < Laan [ VHE.
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Hence the analogous inequality in the kinetic setting is

Iy = // (€ +V)° dxdggL&dm/ aanc
R2d R

Notice now that for V' > 0, by a simple change of variable, one obtains

d

1
Iy = / (Vo — g™ de = adi wd/ (1—r™)ri=tadr.
Re 0

The last integral can be computed by a formula for the Beta function. Hence in the
classical case there is an equality

// (€l + V()" dadé = Lo.gn / VI L / VP (65)
R2d Rd Rd

with p’ = s+ d/n and

Wd %) _ 2(.Ud W2(1+p/) (66)
nT(s+241)  nwsynway—s)

. o _ I(s+1) xd/2
In the particular case whenn = 2then Lg 4 = Terd+D)

d=3ands=1,then L 3 = 3.

. In the particular case when
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