N

N

Quantum Optimal Transport: Quantum Couplings and
Many-Body Problems

Francois Golse

» To cite this version:

Frangois Golse. Quantum Optimal Transport: Quantum Couplings and Many-Body Problems. 2023.
hal-04184518

HAL Id: hal-04184518
https://polytechnique.hal.science/hal-04184518v1

Preprint submitted on 22 Aug 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://polytechnique.hal.science/hal-04184518v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

QUANTUM OPTIMAL TRANSPORT:
QUANTUM COUPLINGS AND MANY-BODY PROBLEMS

FRANCOIS GOLSE

ABSTRACT. This text is a set of lecture notes for a 4.5-hour course given at the
Erdés Center (Rényi Institute, Budapest) during the Summer School “Optimal
Transport on Quantum Structures” (September 19th-23rd, 2023). Lecture I
introduces the quantum analogue of the Wasserstein distance of exponent 2
defined in [F. Golse, C. Mouhot, T. Paul: Comm. Math. Phys. 343 (2016),
165—205], and in [F. Golse, T. Paul: Arch. Ration. Mech. Anal. 223 (2017)
57-94]. Lecture II discusses various applications of this quantum analogue of
the Wasserstein distance of exponent 2, while Lecture I1I discusses several of its
most important properties, such as the triangle inequality, and the Kantorovich
duality in the quantum setting, together with some of their implications.

INTRODUCTION

Optimal transport has become a thriving field of mathematical research in the
last decade of the 20th century. Nowadays, it is used in a variety of subjects which
the founder of this theory (G. Monge, 1781) could obviously not have foreseen:
statistics, machine learning, probability theory, fluid mechanics, besides more clas-
sical applications such as the calculus of variations, partial differential equations,
geometry. In his book [63], C. Villani speaks of a “revival” of optimal transport
following Y. Brenier’s remarkable paper [15].

Among the many applications of optimal transport is a quite fascinating ob-
servation by Dobrushin [30], who realized that one special kind of approximation
used in classical nonequilibrium statistical mechanics, namely the time-dependent
mean-field limit, can be proved rigorously by using a notion of distance on the set
of probability measures which is defined in terms of optimal transport.

The same mean-field limit is routinely used in quantum dynamics, but, until
relatively recently, the methods of proof used in the rigorous justification of this
limit were radically different in the quantum and in the classical settings. This state
of affairs was slightly disturbing, since one would expect that it should be possible
to take the classical limit of quantum mechanics and the mean-field limit of both
classical and quantum dynamics in any order — in other words, one expects that
both limits should be represented by a commutative diagram.

There have been some attempts in that direction at the beginning of the 2000s
[43, 51], and, slightly later, this suggested the natural idea of “lifting” Dobrushin’s
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approach [30] to the quantum setting. Since Dobrushin used an optimal transport
metric to compare N-particle densities and their mean-field limits, it became a
very natural motivation for defining an analogous optimal transport “metric” for
the purpose of comparing quantum states. Ideally, this “metric” should converge
to the metric used by Dobrushin in the classical limit.

I started working on this problem with C. Mouhot and T. Paul, after a visit to
C. Mouhot in Cambridge in September 2014. At this point, we realized that mean-
field quantum dynamics satisfies an analogous continuous dependence on the initial
data defined in terms of a quantum optimal transport problem as in Dobrushin’s
analysis. Our initial contribution [37] was followed by a series of works involving
other collaborations [38] 19} 20} 36, B9] [0} [41], and exploring both our quantum
analogue of optimal transport and its applications to various problems in quantum
dynamics. It is precisely this approach to quantum optimal transport which is
presented in these lectures.

But there are other, possibly (most likely?) unrelated approaches to quantum
optimal transport.

One such approach, due to E. Carlen and J. Maas is based on the Benamou-
Brenier formula (Theorem 8.1 in [63]): see [22]. Another approach, based on the
notion of quantum channel and closer in spirit to the one presented in this course,
yet different, is due to G. De Palma and D. Trevisan [26] — see also Dario Tre-
visan’s course [62] in this volume. Some of these different approaches to a theory
of quantum optimal transport (see in particular Eric Carlen’s lectures [21]) will be
presented in this school. Still another approach to the problem of quantum opti-
mal transport is the very early reference [65] (see also the beautiful book [I1] by I.
Bengtsson and K. Zyczkowski7 and especially section 7.7 there).

Since this text is a set of lecture notes, several quizzes/exercises are proposed
to the reader. Some of these exercises review classical material which the reader is
expected to master before going further; some others discuss natural extensions of
the material presented in this course. In any case, solving these exercises is strongly
recommended in order to gain familiarity with the notions presented in these notes.

I am indebted to several colleagues for the mathematics discussed in these lec-
tures, in the first place to C. Mouhot, T. Paul, E. Caglioti, and S. Jin, with whom
I had the pleasure to work on various problems related to quantum optimal trans-
port. The observation inequality for the Schrodinger equation discussed in Lecture
IT comes from questions posed by C. Bardos. I owe my first acquaintance with
Dobrushin’s remarkable paper [30] to M. Pulvirenti, who gave a most lucid account
of it in a lecture at Ecole normale supérieure in 1997. I also benefited from numer-
ous discussions on optimal transport with Y. Brenier. Most of these lectures are
based on the numerous analogies between classical and quantum optimal transport.
However, some very fundamental properties of classical optimal transport may fail
to have quantum analogues. I am very grateful to D. Serre, who kindly showed
me an example where the quantum and the classical theory significantly differ (see
Quiz 31 in Lecture III).

Finally, I wish to express my gratitude to the organizers of this 2022 Summer
School on Optimal Transport on Quantum Structures at the Erdés Center, J. Maas,
S. Rademacher, T. Titkos and D. Virosztek for their kind invitation, and more
generally to the Rényi Institute for its most enjoyable hospitality.
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1. LECTURE I: EXTENDING THE WASSERSTEIN DISTANCE OF EXPONENT 2
TO DENSITY OPERATORS

Our general purpose is to extend optimal transport (Wasserstein) distances,
defined on Borel probability measures on phase space, i.e. R?xR%, to their quantum
analogue, i.e. to density operators on the Hilbert space LQ(Rd).

In this first lecture, we

erecall some fundamental results on classical optimal transport (section ,
erecall some material on trace-class and Hilbert-Schmidt operators (section |1.2]),
eintroduce one first noncommutative extension of optimal transport (section [1.3)),
epresent our quantum extension of the Wasserstein metric W, (section [1.4)), and
ediscuss some basic estimates and examples of computations (section

1.1. A Crash-Course on Classical Optimal Transport. Before embarking on
a description of a quantum analogue of the Wasserstein distance of exponent 2
for density operators, we need to recall some fundamental notions and results per-
taining to the the classical theory of optimal transport. There are many excellent
reference textbooks on optimal transport, such as [63, 4] [64] 58|, B3], where the
interested reader will find the proofs of all the statements in this section — to-
gether with many fascinating applications of optimal transport in various areas
of mathematics. Of course, Alessio Figalli’s course [32] in this school is strongly
recommended as a general introduction to optimal transport.

1.1.1. The Monge and the Kantorovich Problems. Optimal transport grew from
Monge’s celebrated “Mémoirﬂ sur la théorie des déblais et des remblais”.
In modern mathematical terminology, Monge’s problem can be stated as follows.

Monge’s problem. For all g,v € Pi(R"), find T : R” - R"™ measurable such
that T#u = v and

T(x) - d
[ 17 @) = alp(d)
= inf {f |F(z) — z|p(dr) with F: R" - R" measurable s.t. F#pu = V},
RTZ
where P(R"™) designates the set of all Borel probability measures on R"™, while

Pr(R") := {,u e P(R") s.t. /Rn |lz|* u(dzx) < oo} ,

and T#yu is the push-forward of the measure p by the transformation T', defined
by the formula

T#u(B) == pu(T™'B), for all Borel Bc R".

l«Dgblai” and “remblai” are technical terms for earthwork in French. “Déblai” means excava-
tion, whereas “remblai” is the French word for embankment or backfill. A first version of Monge’s
memoir was read on February 7th 1776 at the Académie des sciences, followed by a second version,
read on March 27th 1781, and finally published in 1784.
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With such a general formulation, Monge’s problem does not always have at least
one solution. (For example, set n =1, choose p := & and v := (6,1 +-1). Then
there does not exist any map 7': R — R such that T#u =v.)

However, if u is absolutely continuous with respect to the Lebesgue measure of
R, Monge’s problem always has at least one solution. This was proved more than
200 years after Monge’s first version of his memoir, in 1979, by Sudakov [61] (see
also section 6 of [3], where a gap in Sudakov’s original argument is fixed).

Before Sudakov’s proof, Kantorovich proposed in [47] a relaxed version of Monge’s
problem, for which the existence of a solution is elementary.

The Kantorovich relaxation of Monge’s problem. For all y, v € P;(R™), find
Wi(p,v) = min /f x - dzdy),
1(pv) = min o [ Ylo(ddy)
where C(u,v) is the set of “couplings”, or “transport plans” between p and v,
defined as follows:
p(AXR")=(A),

Cp,v) = {PEP(R%) p(R"xA)=v(A)

for all Borel A c R”} .

Observe that p® v e C(p,v), so that C(u,v) # @.

That Kantorovich’s problem is indeed a relaxation of Monge’s problem is ex-
plained by the following elementary observation.
Remark. If T: R™ - R" is a measurable map such that T#y = v, the probability
measure p(drdy) = p(dr)dp(y)(dy) belongs to C(u,v) (this is trivial). Moreover,
for all u,v € P;(R™), one has

Wh (u,v) = inf{fR |F(z) - z|p(dz) with F: R® - R" measurable s.t. F#pu = V}

provided that g has no atom (this is not obvious: see Theorem 2.1 in [3]).

Quiz 1. Prove the existence of a solution to the Kantorovich problem. (Hint:
if p,v e Pi(R™), then C(u,v) c P(R™ x R™), and C(u,v) is weakly relatively
compact in P(R"™ x R™) by Prokhorov’s Theorem.)

The main result in [47] is the following equivalent variational formula for Wy (p, v/),
which can be deduced from the definition above by convex duality, applying the
Fenchel-Moreau-Rockafellar duality theorem (see Theorem 1.12 in [I7]).
Kantorovich(-Rubinstein) duality. For all p,v e P;(R"),

Winr)= s | [ x@ne) - [ @)
=l m

For a proof of Kantorovich duality, see chapter 1 of [63].

The Kantorovich duality formula for W, has several important applications to
the topology of P;(R™), listed below.

Consequences of the Kantorovich(-Rubinstein) duality.

(1) The functional W is a metric on Py (R™).

(2) Let ue P1(R"™) and p; be a sequence of elements of P;(R"™). Then the three
conditions below are equivalent

(a) Wl(:u’ﬁﬂ) -0 aSj_) 0,
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(b) ptj - p weakly in the sense of probability measures as j - co and

lim su z|pi(dz) =0,
pim sup ‘IMI |pj(dx)

(c) pj - p weakly in the sense of probability measures as j - oo and

I f (d :f ).
fim ol (de) = J o llp(de)

Statement (2) is Theorem 7.12 in [63]. As for (1), the Kantorovich(-Rubinstein)
duality formula obviously implies that W; is nonnegative, symmetric in both its
arguments, and satisfies the triangle inequality. Finally, if Wy (u,v) = 0, then

[Rn Y(2)pu(dz) = fRn W(2)v(dz)

for each ¢ € C°(R™), since ¢ := ¢/(1+| grad ¢ || = (rn)) satisfies Lip(¢) < 1. Hence
u=v (viewing p and v as distributions of order 0 on R"™).

The functional W is usually referred to as the Wasserstein distance of expo-
nent 1, and sometimes as the Monge-Kantorovich or the Kantorovich-Rubinstein
distance.

1.1.2. The Wasserstein Distance of Exponent 2. In Monge’s own words “Le prix
du transport d’une molécule [est], toute choses égales d’ailleurs, proportionnel &
son poids & & l’espace qu’on lui fait parcourir” (all else being equal, the cost of
transport for one molecule is proportional to its weight and to the distance over
which it is transported).

But one could assume instead that the cost of transport is proportional to some
power of the distance. In this section, we consider the special case where the cost
of transport is proportional to the square distance. In that case, the Monge and
the Kantorovich problems are as follows.

Monge’s problem. For all u,v € Po(R"), find T : R™ — R"™ measurable such
that T#u = v and

T(x) - 2|*pu(d
| 7@ = ol da)
= inf{/R |F(z) - | u(dx) with F: R™ - R" measurable s.t. F#u = I/}.

The Kantorovich problem. For all u, v € Po(R™), find

1/2
Wa(p,v) == min f/ z —y[? dxd) .
ey in ffL o= o)

The existence of a solution to the Kantorovich problem is proved by exactly the
same weak compactness argument as in Quiz 1 above.

Remark. For each p € (1,+00), there exists an analogue of the functional W,
denoted W, in the case where the cost of transport is proportional to the pth
power of the distance. We have chosen to restrict our attention to the cases p =1
and p = 2, for which “quantum” analogues have been defined.

The Kantorovich duality in that case is, at first sight, different from the case of
exponent 1.
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Kantorovich duality for W,. For all u,v € Po(R"™),
Wy (p,v)? = sup /R a(z),u(dz)+[R b(z)v(dz).

a(z)+b(y)<|z—y|?
a,beCh (R™)

Moreover, there exist two l.s.c. proper convex functions o, 3 such that a € L*(R™, 1)
and e LY(R",v), satisfyingﬁ a* =3 and 8* = a, and such that

Wa(u.v)* = [ (ol = 20(@)nde) + [ (ol ~28()w(dy)

The first equality is Theorem 1.3 in [63], while the existence of an optimal pair
a, 3 is Theorem 2.9 in [63].

Perhaps the most important consequence of the Kantorovich duality for W is
the structure of optimal couplings for the Kantorovich problem.
Optimal couplings.
(a) (Knott-Smith Theorem.) Let u,v € Po(R™). A probability measure p € C(u,v)
is an optimal coupling for Wy if and only if there exists ®: R” - Ru {+o0}, Ls.c.
proper and convex, such that

supp(p) c graph(9®),
where 9@ is the subdifferential? of ®.
(b) (Brenier’s Theorem.) Let u,v € Po(R™). If pu(.S) = 0 for each Borel set S c R”

of Hausdorff dimension H - dim(S) < n — 1, there exists a unique optimal coupling
for W, of the form

p(dxdy) = M(dx)(sgrad@(z)(dy)
with @ : R” - R U {+00} convex and such that ® ¢ L' (R", ).

See Theorem 2.12 in [63], and more generally chapter 2 of [63] for a proof of the
Knott-Smith and the Brenier theorems.

Since ® € L' (R™, 1), one has u(®1({+o0})) = 0, on the other hand ® is locally
Lipschitz continuous on the interior of its domain Dom(®) := R™ \ &~ }({+o0}).
Then (1) Dom(®) is a convex subset of R", and hence d Dom(®) has Hausdorff
dimension < n — 1, and (2) the set of points  in the interior of Dom(®) such that
® is not differentiable at « has Hausdorff dimension <n -1 (see [2]). Since

(grad ®) ' (B) := {x e R" s.t. ® is differentiable at = and grad ®(z) € B},

2A convex function a: R* > Ru {+00} is said to be proper if there exists at least one point
z € R™ such that a(z) < +oo. Its Legendre dual is

a’(p):= sup (p-z-a(z)), peR".
zeR™

If o is a l.s.c. proper convex function on R™, then the function o* is also l.s.c. proper and convex
on R”, and one has a** = a. See section 1.4 and Theorem 1.11 in [I7].
3If : R™ - R U {+o0} is a proper convex function, its subdifferential at = € R™ is the set

OP(z):={¢ecR" s.t. P(y)2P(z)+&-(y—x), yeR"}.

See Example 2.1.4 in [16]. The subdifferential of a proper convex function is an example of
monotone operator: if z1,z2 € R™ and if £; € 9®(x1) and & € 0P(x2), then

(2-¢1)-(z2-21)20.

One can check that (1) @ is differentiable at = € R™ if and only if 9®(x) contains a single element,
which is grad ®(z), and (2) if a Ls.c. proper convex function ® on R" is strictly convex in a
neighborhood of = € R"™, its Legendre dual ®* is differentiable on 8®(z), and grad ®* (&) = = for
all £ € 0P ().
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and since grad ®(z) exists for p-a.e. z € R™, the push-forward measure (grad ®)xp
is well-defined.

We shall conclude this section with a brief list of the most important topological
properties of W;.

Properties of W,.
(1) The functional Ws is a metric on Py(R™).
In particular

Wa(p,v) =0 <= p=v;
the optimal coupling in that case is p(dxdy)=pu(dx)d,(dy), and the Brenier trans-
port map is the identity, which is the gradient of the convex function z — %|:17|2
(2) Let p € Po(R™) and p; be a sequence of elements of Po(R™). Then the two
conditions below are equivalent:
(a) Wa(pj, 1) - 0 as j — oo,
(b) p; - p weakly in the sense of probability measures, and

: 2

pmsup |l (de) =0,

Statement (1) is Theorem 7.3 in [63], while statement (2) is Theorem 7.12 in
[63]. The proof of the triangle inequality is definitely nontrivial, at variance with
the case of Wy, for which the triangle inequality follows from the expression of W,
using the Kantorovich duality.

Here is a nontrivial example where Wa(u, ) can be computed explicitly. See
[34] for a proof of the formula below.

Example. Let G, G2 be Gaussian laws on R” with means my,mo and covariance
matrices A1, As. Then

Wy (G1,G2)? = [my — ma|? + trace (A1 +A45-2 (\/A—lAg\/A_l)Z)

Quiz 2. For all mi,mq € R", compute W,,(0pn,,0m,) for p =1 and p = 2. Does
there exist optimal transport map(s) in both cases?

In most reference textbooks on optimal transport, the proof of the triangle in-
equality for W, with 1 < p < oo is based on a nontrivial construction referred to
as “glueing” couplings having a common marginal (Lemma 7.6 in [63], or Lemma
5.3.2 in []). This procedure is itself based on the notion of “disintegration” of a
probability measure on a Cartesian product with respect to one of its marginals
(obviously related to the notion of conditional probability): see Theorem 5.3.1 in
[4]. There is an alternative to the approach based on the disintegration theorem,
which uses instead the Hahn-Banach theorem: see Exercise 7.9 in [63].

In the case where there exist optimal transport maps (e.g. when the sets of
Hausdorff codimension > 1 are negligible for the probability measures considered in
the triangle inequality, according to the Brenier theorem), the proof of the triangle
inequality is very simple: see Lemma 5.3 in [58]. In the setting considered here
(where the underlying metric space is R™ with its canonical Euclidean distance),
one can always reduce the triangle inequality for general probability measures to
this simple case by an approximation argument (Lemma 5.2 in [58]).

However, we shall see later that the very notion of a transport map in the
quantum setting remains to be clarified. Likewise, the possibility of “glueing”
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couplings with a common marginal in the quantum setting seems to be an open
problem at the time of this writing.

For these reasons, a third approach to the triangle inequality for Ws, entirely
based on the Kantorovich duality formula, is proposed in the exercise belowﬁ Per-
haps this could be useful later, for instance in the quantum setting.

Quiz 3. Let p,v, p e Po(R™), and let A, T be optimal functions in the Kantorovich
duality formula for Wa(u, p) such that A € L*(R™, u) and I' € LY(R™, p), i.e.

Walup)? = [ A@(da)+ [ T()p(dz).

while o and 7 defined by a(z) = 3 (|z> - A(z)) and v(z) = 3 (|2]* ~T'(2)) are Ls.c.
convex functions such that a* =y and v* = a. For each 1> 0, set

. I'(z n
By =+ d) inf (ly-22-12).  yer,

(1) Prove that the function

Y- % (|y|2 - Bl,,+(1y))
n
is the Legendre transform of a l.s.c. proper convex function to be computed in
terms of I'.
(2) Prove that A(x) - B, (y) < (1 +n)|z - yf* for all ,y e R™.
(3) Prove that B, € LY(R",v) for each n > 0.

(4) Prove that, for each >0

fRn A(z)p(da) - /R By (y)v(dy) < (1+n)Wa(u,v)? .
(5) Prove that, for each n >0

[ Bawway) + [ T()p(dz) < (1+ HWa(wp)*.
(6) Prove that, for each n >0
Wa(p, p)? < (L+m)Wa(p,v)? + (1+ ) Wa(v, p)?.
(7) Prove that W, satisfies the triangle inequality.

1.2. Density Operators in Quantum Mechanics. In classical mechanics, the
state of a point particle is completely defined by its position ¢ € R? and its momen-
tum p € R%. The point particle phase space is therefore R* x R?, and it is natural
to study the probability of finding a point particle in subsets of the phase space.
This is precisely the statistical formalism used by Maxwell and Boltzmann in the
kinetic theory of gases.

In quantum mechanics, the analogous formalism involves density operators, a
special class of operators on the Hilbert space L?(R?). Before studying density
operators, we need to recall some fundamental notions in the theory of operators
on Hilbert spaces.

4 came up with this proof during the week of the summer school at the Rényi Institute.
The same method applies to the Wasserstein distance of exponent p for all p € (1,00), but the
computations (which I shall publish elsewhere) are more involved than in the case p = 2, which
is the only one of interest here. I have not seen this proof in any of the reference textbooks on
optimal transport that I have been using, and I do not know whether it is original.
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1.2.1. Trace of an Operator. Let $ be a complex, separable Hilbert space with
inner product denoted by (-|-)g, and let £($) designate the algebra of bounded
operators on the Hilbert space .

Positive operators. An operator T € L($) is said to be positive if
T=T", and (z|Tz)s>0, rxEN.
Equivalently, if T € £($), then
T=T">0 <= there exists S € L($) s.t. T =8%S.

Trace of a positive operator. For T € £($)) such that T =T* >0, we define
traceqs (1) := Y. (ej|Te;)5 € [0,+00] for all Hilbert basis (e;);50 of 5.
j>1
One easily checks that, if this sum is finite for one Hilbert basis (e;);»0 of 9, it is
finite for all Hilbert basis of ), since the (infinite dimensional) “transition matrix”
from any Hilbert basis of §) to (ej )ij is a unitary operator on ).

The definition of the trace follows the definition of the Lebesgue integral on the
real line: first we define trace of any self-adjoint positive operator, as we define the
integral of any measurable positive function. Then we define the analogue of the
Lebesgue space L', and extend the trace to this space by linearity, exactly in the
same way as the integral is extended from the set of measurable positive functions
to the Lebesgue space L.

Trace-class operators. The set of trace-class operators is
LY($) = {TeL($H) s.t. |T|1:=traces (|T|) < oo},
where |T| :=/T*T for each T € L(9).
The following properties of £!($)) are well known.
Properties of trace-class operators.

(a) Trace-class operators are compact:

L1(H) < K($H),

where K($) is the set of compact operators on §), i.e. the operator-norm closure of
the set of finite rank operators on §). (One easily checks that () is a two-sided
ideal of £($)), stable by the involution T — T*.)

(b) The set of trace-class operators £'($)) is a two-sided ideal of £($)), which is
stable by the involution 7"+~ T™:

AeL($H) and T e L1(H) = AT and TAe L' (),
TeLl'(H) = T* e L(H).

(c¢) The trace, which is defined on the set of positive trace-class operators on £,
extends as a linear functional on £!($)) satisfying the properties

trace(T™) = trace(T), trace(AT) =trace(TA), and |trace(AT)|<[A||T]:,

for all T e £1($) and all A€ L(H).
(d) The C-linear space £($)) is a Banach space for the trace norm T ~ |T|;
besided’

K9 =£Y(9), and LYH) =L(H).

5The topological dual of a real or complex normed linear space E, i.e. the set of continuous
linear functionals on E (with real or complex values), is denoted by E’.
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In both equalities, the duality is defined by the trace, i.e.

(T, K)£1(5),k(5) = traceq (TK) , (A, T)(9),c1(5) = traceg (AT).
Partial Trace. The construction of the trace explained before is strikingly similar
to the construction of the Lebesgue integral. In the present section, we are going

to study an analogue of the Fubini theorem.
For each T € £L1($)1 ® $)2), one defines T} = traces(T') € £L1($1) by the formula

traceg, (T1A) = traces, g5, (T(A® I,)), for all Ae L(9H).
There is a similar definition of trace; (T') € £($2).
Observe indeed that the map
K($1) 3 A traces, g6,(T(A® Ig,)) € C

is a norm-continuous linear functional on K($);), and is therefore represented by
a unique trace-class operator 77 on $;. That the defining identity for traces (7))
holds for all A € £($);) follows from the density of finite rank operators in £($)
for the trace-norm.

Remark. The analogue of this construction in the context of integration is the
following form of the Fubini theorem: if f € L'(R™ xR™), the function y ~ f(z,y)
belongs to L' (R") for a.e. x € R™, the function

F:ze [ flz,y)dy
R"
belongs to L'(R™), and

/Rmen f(z,y)dzdy = /Rm F(x)dz.

The function F' in this statement is easily seen to be the analogue of traces(T") for

T e ﬁl(f)l ®.62).

1.2.2. Hilbert-Schmidt Operators. An operator T € L($)) is said to be a Hilbert-
Schmidt operator if

traces (T*T) < oo
The Hilbert-Schmidt class is the set of Hilbert-Schmidt operators:

L2(H) ={T € L($) s.t. traceq(T*T) < oo}.
The Hilbert-Schmidt class £2($)) is a Hilbert space for the inner product
(T1|T3)2 := traces (T T>)
defining the Hilbert-Schmidt norm
|72 = /traces (T*T) .
Moreover

L) c L2(H) c K(9) c L(H)

with continuous inclusions, and
1T <ITl2<|Th, TeL'(®).
Besides £2() is a two-sided ideal of £(8).
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If T=T*e L3($), then T is a compact operator, so that there exists (e;);s1, a
Hilbert basis of $ and (7;);s1 € £2(IN*; R) such that
T=Y% 7P, |T|3=Y 7" with P;j¢:=(e;ld)se;.
j>1 i1

Besides, in the case where $ = L2(R?), one has therefore

1) To() = [ Hay)ody,  forall oes,

where
t(x,y) =) miej(x)e;(y).
j>1
In particular

@) ITI = 3277 = [ )Py

Conversely, an integral operator T' of the form belongs to £2($) if and only
if t € L2(R?x RY), and the first left-hand side in (2] is equal to the last right-hand
side of in .
The interested reader will discover additional important properties of trace-class
and Hilbert-Schmidt operators in the next two exercises.
Quiz 4. In this exercise, $ = L%(R%).
(1) Prove that any T € L*($)) can be put in the form T = T} Ty with Ty, Ts € £2(9),
and that [T, < [T1]2|T2]2.
(2) For all T € L*($), can one find T;,T% € £2($) such that

T=TT, and |T|1=]|Til2]T2]2?

(3) Prove that for each T € L'($)), there exists t = t(x,y) such that z — t(z + z,2)
belongs to C,(RY; L' (RY)), which is an integral kernel for T, in the sense that

To(a)= [ tp)o(n)dy,  forall g5,
and that
trace;)(T):/Rd t(z,z)dx.

Question (3) suggests that ¢(z,y) is the analogue for T' of the entries of a matrix
if the infinite dimensional Hilbert space §) is replaced with C”. One might therefore
believe that an integral operator is trace-class if the restriction of its integral kernel
to the diagonal is summable. This is not the case, as shown by the next example.

Quiz 5. Consider the Volterra operator V defined on L*([0,1]) by the formula

Voo)= [Tody,  oeI*([0,1)).

(1) Prove that V is the operator defined by the integral kernel v(z,y) = Lo<y<s-
(2) Is V a Hilbert-Schmidt operator on L2([0,1])?

(3) Does the function = + v(z,z) belong to L*([0,1])?

(4) Is V a trace-class operator on L?([0,1])?

(5) What are the eigenvalues of V'?

(6) What is the spectral radius of V'?

This last exercise shows the importance of the continuity condition in question
(3) of Quiz 3. Any trace-class operator T on L?(R%), being a Hilbert-Schmidt
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operator, is an integral operator defined by a unique integral kernel in L2(R?xR%).
Since the diagonal is a Lebesgue-negligible set in R? x R?, the restriction to the
diagonal of this integral kernel is a priori not a well defined function. Yet, any
trace-class operator T on L*(R%) has an integral kernel satisfying the continuity
condition of (3) in Quiz 3, which is a representative of the unique L*(R? x R?)
integral kernel of T' viewed as a Hilbert-Schmidt operator on L*(R?), and the trace
of T' is indeed the integral of the restriction of this particular integral kernel to the
diagonal, which is a well-defined element of L!(R%).

1.2.3. Density Operators. As mentioned above, density operators on L?(R?) are

the quantum analogue of Borel probability measures on the single-particle phase

space R% x R%. The positivity of a probability measure z on R% x R? becomes the

positivity of an operator R on L?(R%), while the analogue of the normalization

condition (R x R?) = 1 in the quantum setting is the condition traceg(R) = 1.
Throughout this section, we set $ = L?(R%).

(Quantum) Density operators. A density operator on §) is an element of
D(H) = {T e L(H) s.t. T=T*>0 and traces(T) =1} c L (H).
As explained above, D($)) is the quantum analogue of P(R? x R%).

When dealing with computations involving quantum states, it will be especially
convenient to use the notation involving bras and kets, which is recalled below.

Dirac bra-ket notation. For ¢, € §), we denote by [¢)) the vector v, while

(¢| denotes the linear functional 1) — fRd o(x)Y(x)dx = ().
With this notation, one easily checks that
e and [Ps =1 = [¥){)| = orthogonal projection on C.

Example: Schrédinger’s coherent state. For ¢,p e R?, set
—d ;
9. p)(w) 1= (2xh) ™ exp (= g5z - ) exp (5p- (2 - ) -
One easily checks that |||g,p) | s =1 so that |¢,p){q,p| € D($).

The density operator |g, p){q, p| defined above is a quantum analogue (and by no
means the only one) of the probability measure d(, ) € P(R? xR?).

Since density operators are the quantum analogue of phase space (Borel) prob-
ability measures, a natural problem is that of comparing two density operators by
some procedure which corresponds to a comparison between phase space (Borel)
probability measures in the classical limit of quantum mechanics. In the sequel, we
shall consider an important example, involving Schrodinger’s coherent states, for
which explicit computations are very easy.

Key example. For (q1,p1) # (q2,p2) € R x R, set

Ry :=|q1,p1){q1,p1|] and Ry =|q2,p2){q2, p2|.

Then R; — Ry is a self-adjoint, rank-2 operator, such that trace(R; — R2) = 0, and
hence there exists A > 0 and an orthonormal basis (e, f) of Ran(R; — Rg) for which
Ry~ By = NeYel - AF) 1.

Therefore
IRy~ Ro[1 =2\ and |R; - Raf2 = V2X,
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so that

| Ry - Rofl1 = V2| Ry - Ra|2.
On the other hand, R; — Ry is the Hilbert-Schmidt integral operator with integral
kernel

r(z,y) =(21h) " exp (- (| - q1]* + [y - a1]*) ) exp (£p1 - (x -~ y))
- (21h) ™ exp (— o5 (Jr = gol? + |y — @2*)) exp (£p2 - (x - 9))
so that
_ _ 2 _ 2
1B =Rl = [[ | Ir(a.y)Pdady = 21— e (nmnlmnlin),
Thus

IRy - Rofly = 2V/1 — e-(a-m:P+lpi-p2l)/2h 5 2 as b — 0
since (q1,p1) # (g2 — p2). In other words, passing to the limit as A — 0,
2 if (q1,p1) # (g2,p2),
0 if (q1,71) = (g2, p2),

In particular, || | fails to discriminate between density operators concentrating on
phase space points at a distance > O(hl/z) of each other in the classical limit.

s, p2)(ar. prl-lazs p2) a2 P2l 1t = 1carmy-canmm 7 = {

1.3. The Connes Distance in Noncommutative Geometry. It is well known
that one of the main differences between quantum and classical mechanics is that
the product of phase space coordinates of a point particle in classical mechanics is
a commutative operation, whereas the quantum analogues of these quantities are
operators on a Hilbert space, and their product is in general noncommutative. For
example, think of a point particle in space dimension 1, and let ¢,p € R designate
respectively its position and momentum in classical mechanics. Obviously

pqg—qp=0.
In quantum mechanics, the real-valued functions (¢,p) — ¢ and (q,p) — p are

replaced with (unbounded) operators ¢ and p on L*(R) satisfying the canonical
commutation relation (CCR)
[p.q] = pq - Gp = —ihld.

To the best of our knowledge, the first attempt at extending the notions of
optimal transport to the noncommutative setting is due to Connes [24]. We shall
briefly describe his work on this topic in this section.

Let A be a unital C*-algebra. (We recall that a C*-algebra is a complex Banach
algebra endowed with a linear involution x ~ z* such that (ax)* = ax* for all « € C
and |z*x| = ||z|? for all x in the algebra. The latter condition is known as “the
C™ identity”. This is a very strong condition, which connects the norm with the
algebraic structure. For instance, it implies that |z|? is the spectral radius of z*z
for each z in the algebra.) Here are a few examples of C*-algebras:

(a) A=C(X,C) with X compact; in this example

F(@) = 7@ forallwe X, |f] =sup|f(a)].

This is the prototype of a unital commutative C*-algebra, the unit being the con-
stant function x — 1.

(b) A = L($) where § is a separable complex Hilbert space; in this example, the
involution is T~ T* where T* is the adjoint of the operator T' on $, while ||T|
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is the operator-norm of 7', i.e. |T := sup{|Tz|s : |z|s = 1}. This is a unital
C*-algebra, with unit Idg, and it is not separable for the norm topology.

(¢) A =K($), the set of compact operators on an infinite dimensional, separable
complex Hilbert space $; this is a non unital C*-subalgebra of £($); in fact K(£)
is the only norm-closed two-sided ideal of £($)).

(d) A=L(H)/K($H) where $ is an infinite dimensional, separable complex Hilbert
space; this a unital C'*-algebra, which is simple — meaning that its only closed
two-sided ideals are {0} and A — and known as the Calkin algebra; obviously A
is not of the form L£($1) for any separable Hilbert space.

A state on a C*-algebra A is a positive linear functional on A — positive meaning
that w(a*a) >0 — of norm 1 — meaning that
[w| :=sup{|w(x)| : x € A and |z <1} =1.

It is a classical exerciseﬁ to check that, if w is continuous linear functional on a
unital C*-algebra A, then

w is positive <= |w| =w(1).

Examples of states
oA =C(X;C) with X compact, and w(f) = f(x0) = (dz,, f), for some zg € X;
oA =L(H) and w(A) := (¢Y|Ap) for some 1) € H with [¢]g = 1;
e A=L(H) and w(A) := tracey (RA) for some R € D(H).
Let (£, D) be a Fredholm module on A, meaning that
(a) there is a *-linear representatiorﬂ mof Ain $,
(b) D = D* is a self-adjoint unbounded operator on ) such that

(I+D*) ek(H),

(c) {ae Ast. [D,m(a)] € L(H)} is norm-dense in A.
Theorem (Connes [24]). Assume that

{aeAst. |[D,m(a)]]|s <1}/C1 is bounded.

Then, the following formula metrizes the set of states on A:

disto(wr,wz) = sup{lwi (a) —wa(a)[ s.t. |[D, ()]s <1}

There is an obvious similarity between Connes’ definition and the Kantorovich(-
Rubinstein) duality for Wy: it clearly suggests to think of Connes’ distance as the
analogue of the metric W in noncommutative geometry.

It is interesting to see how Connes’ definition can be applied to a commutative
setting, corresponding to example (a) above of a C*-algebra.

Example 1: the Dirac operator as a Fredholm module. Set A = C(M) where
M is a compact spin Riemannian manifold (see for instance [13]), with Riemannian
metric g. Let S be the spinor bundle on M, and set $ := L?(M;S), the Hilbert
space of L? sections of S. Let A act on § by scalar multiplication — to avoid

6Here is a hint for the interested reader to prove the direct implication. If w is a positive linear
functional on A, check that (z,y) — w(z¥y) is a positive sesquilinear form on A, and use the

Cauchy-Schwarz inequality to check that w(z*) = w(z) and that w is continuous on A with norm
|l = w(1)-
I.e. 7 is a morphism of algebras from A to £($)) satisfying the condition 7(a*) = 7(a)*)
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unnecessary complications in the notation, we write a& instead of 7(a)£ everywhere
in this example. Finally, let D be the Dirac operator on M.
Then, the geodesic distance dist, on M satisfies the following property:

disty(z,y) = sup{la(z) —a(y)| : a e C(M) s.t. |[D,a]| <1} =distc(dz,dy) -

Proof. Denote by ~v(v)( the Clifford multiplication of ¢ € S, by v € T, M. Since D
is a differential operator of order 1, one easily checks that

([D;a]8)z=~((grad a)2)Eu, €9,
for all a € C'(M), so that

I[D,al|=lgrad afL=(ar) -
Hence

distc(65,0y) = sup |a(z) - a(y)l,
Lip(a)<1

and

disty(z,y) < diste (8, 0y) < disty(z,y) .
The upper bound is obvious by definition of the Lipschitz constant; as for the lower
bound, it suffices to pick the function a(z) := dist,(z,y). O

Example 2: the word length on a discrete group as a Fredholm module.
Let ' be a discrete group, with reduced C*-algebra C_ ,(I') defined as the C*-
algebra generated by the left regular representation A on §) := ¢*(T'). (We recall
that (A(g)&)n := &g-1p, for each & = (&)per € £2(T').) Let L: T' > R, be a length
function (for instance the word length with respect to a system of generators of I").
In other words, we assume that
L(1)=0, L(¢")L(g), L(gh)<L(9)+L(h),  g,hel.

Assume that L(g) — +oo0 as g — oo, and set

DE = (L(g)€g)ger  for all € = (&) ger € £*(T).
Then ($), D) is an unbounded Fredholm module on C},_,(T"). As in the preceding
example, we seek to compute |[D,a]| for a € C, ,(I"). One finds that

IID, A()]] = L(g) -

(Indeed, one has

A @)DA(gH)E)n = (DA ) g1 = Lg™ ) (A (g™ )E) g1n = L(g™ h)En,
so that
((M9)DA(g™") = D)E)n = (L(g™ k) = L(h))n,
and
I[A(9), DIl = [M(9)DA(g™") - D = Sup |L(g~'h - L(R)| = L(g) -

Connes’ distance in noncommutative geometry is defined via an analogue of the
Kantorovich(-Rubinstein) duality formula. Whether there exists a formula involv-
ing a notion of noncommutative coupling or transport plan seems to be an open
question at the time of this writing — see however an interesting contribution to
this problem by D’Andrea and Martinetti [25].

In spite of its great interest, the Connes distance is not exactly the quantum
analogue of the Wasserstein distance which we are looking for. The first example
presented above suggests that the Connes distance is a noncommutative analogue
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of the classical distance on the space of positions, and not of a phase space distance.
Moreover, the Connes distance is clearly an analogue of the Monge, or Wasserstein
distance of exponent 1, instead of the Wasserstein distance of exponent 2, for which
the optimal transport problem seems to have more structure (in particular by the
Knott-Smith or the Brenier theorems).

1.4. A Quantum Analogue of W,. This section gathers together analogues of
the Wasserstein distance W5 in the quantum setting introduced in [37, [38]. The
presentation given here is closer in spirit to [40].

Other approaches to the problem of generalizing W, to the quantum setting have
been proposed by other authors: see for instance [26] and the earlier reference [65].

1.4.1. Transport Cost. The first step in extending the Wasserstein distance Ws to
the quantum setting is obviously to find some appropriate definition of the transport
cost.

In classical mechanics, the phase space coordinates of a point particle are its
position ¢ € R% and its momentum p € R%.

In quantum mechanics, these coordinates, or functions thereof, must be replaced
with appropriate operators. This procedure — associating operators on a Hilbert
space to functions of the classical phase space coordinates — is called “quantiza-
tion”.

The simplest quantization procedure
(i) associates to each function of the position variable only a multiplication operator

a(q) —» multiplication by a(y) in LQ(Rj) ;
(ii) associates to the classical momentum variable p the momentum operator
p — —ihV, viewed as an unbounded self-adjoint operator on LQ(Rg) .

The classical transport cost is a function on the Cartesian product of the phase
space with itself which is the square Euclidean distance from the phase space point
(2,€) to the phase space point (g,p) in R% x R4, i.e.

|z - +1¢ - pl*.

The most natural thing to do is to quantize this expression in the variables
(q,p) to measure the cost of transporting a particle from the classical phase space
point (x,£) to a quantum state with position y and momentum -ihV, (whatever
it means). This leads to the
Classical-to-quantum transport cost, which is an operator on LQ(RZ):

2 : 2
en(w,€) = |z —y[” + £ +ihVy [
This is “the” quantizatiorﬁ in (y,n) of (¢,p) = |z —q> +|¢ - p|*.
One can also quantize this expression in both variables (z,&) and (g,p) to mea-
sure the cost of transporting a quantum particle from a quantum state with position
2 and momentum —¢AV, to a quantum state with position ¥ and momentum —ihVv,,.

This leads to the
Quantum-to-quantum transport cost, which is an operator on L?(R% x Rg):

Ch = |.13 _y|2 - hz(vx - vy) : (vx - vy)'

8Tn truth, there is more than one quantization procedure; we shall see later in this lecture a
notion of “Toeplitz quantization”, which in this case would give a slightly different result, with a
difference of order O(h).
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This is “the” quantization of the function (z,&,q,p) = |z —¢|* +|€ - p|*.

Notice that cp(x,£) is the Hamiltonian of the harmonic oscillator, shifted in
phase space by (x,&), while Cf is the Hamiltonian of a harmonic oscillator in the
variable x —y.

Observe that

cn(x, &) > dhlg, for all z,¢ e RY,
while
Ch > 2dhlgses ,
where $ = L2(R%). These lower bounds are implied by Heisenberg’s uncertainty
inequalities.

The exercise below gathers together several important facts related to the Hamil-

tonian of the harmonic oscillator y? — h28§ on the real line.

Quiz 6. In this exercise = L?(R). Set

w(z) = g4 /2 ,

and
a:= %(w+8m), a® = %(m—aw).
(1) Find Ker(a), and prove that Ker(a) c $. Compute the commutator
[a,a*] =aa” -—a"a

together with the operators aa* and a*a.
Set V= {¢pe HY(R) s.t. y~y¥(y) e L>(R)}.
(2) Find
. N2 2242
sl W R0y
(3) Find
1/2

A% i (fR |y|2|w(y)|2dy)l/2 (fR |h3yw(y)|2dy)

(Hint: change A in eh in question (2) where € > 0 is arbitrary, and conclude by a
minimization argument in € > 0.)

Question (3) leads to an inequality which is a mathematical formulation of
Heisenberg’s uncertainty principle (for its physical interpretation, see for instance
§16 in [48] or chapter I1.C.3 in [23].

(4) Find the spectrum of a*a. (Hint: find Ker(a*a) by using question (1). Then,
argue as in the solution of the following classical exercise in algebra: if A is a unital
algebra with unit denoted by 1, and if a,b € A, then 1-ab is invertible in A iff 1-ba
is invertible in 4. To solve this exercise, the idea is to guess a formula relating
(1-ab)~! and (1 -ba)~!, which can be done easily by writing (1-2)~! as a formal
series in powers of z.)

(5) Compute a*af, for each integer n >0, where f, := (a*)"w.

(6) Set ¢, = fn/\/m Prove that (¢n)ns0 is an orthonormal system of $).

(7) Prove that ¢,, = (-1)"wH, /v/2"n! for each integer n > 0, where

H, = (-1)"w29"w?
is the n-th Hermite polynomial in the so-called “physical form”. What is the leading

coefficient in H,,?
(8) Prove that the orthonormal system (¢, )ns0 is complete in .
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(9) Consider the Fourier transform scaled as follows:

Fy(¢) = /Rq/z(x)e’lf‘”dx.
Compute F(¢,,) for each integer n > 0.

1.4.2. Finite Energy Density Operators. Before going further in the definition of a
quantum analogue of the Wasserstein distance Ws, we need to define the analogue
of PQ(Rd X Rd).

Using the basic quantization procedure given in the previous section, shows that
the phase space Euclidean norm is transformed into the Hamiltonian of a quantum
harmonic oscillator:

lal? + o>~ Jel* - h%A,
N NI

phase space harmonic oscillator
Euclidean norm

This suggests the following definition of a quantum analogue to Po(R% x R%) (the
set of Borel probability measures on phase space with finite second order moments):

Dy($H):= {R e D(H) s.t. traces (R (|z]> — h2A,)R?) < oo}

In other words, Dy($)) is the set of density operators with finite energy for the
quantum harmonic oscillator.
If {4, e L2(R%, |z[2dz) n H*(R?)} is an orthonormal system in $=L?(R%), then

pn >0 and an=1,
nx1

R= n|Pn n|€D2(H) —

n>1

The very simple verification of this statement is left to the reader.

1.4.3. Couplings. We already know the notion of coupling between two probability
densities ;1 and v belonging to P(R?x R%): the set of such couplings is denoted by
C(p,v).

Similarly, we define the set of couplings of 2 quantum density operators
R,SeD(H):

C(R,S):={T eD(H®9) s.t. traces(T(A®I+I® B)) =traces(RA+ SB),
for all A,BeL(9)}.

The condition involving the test operators A, B € £($)) can be equivalently replaced
by conditions on partial traces:

traceo(T) =R and trace;(T)=35.

Finally, we define a notion of coupling of a classical probability density f
and a quantum density operator R. Let f(z,£) be a probability density on
R?? and let R € D($). A coupling of f and R is a measurableﬂ operator-valued

9Since f € LY (RYxR?) and traceqs (Q(z,8)) = [|Q(z,€) |1 = f(&,£) < oo for ae. (z,€) e RExRY,
one has Q(z,€) 3 L1($) for a.e. (x,&) ¢ R x R, Since L!() is separable, the map Q is weakly
measurable if and only if it is strongly measurable by the Pettis Theorem (see Theorem 2 in
chapter II of [28]). In other words, there are no measurability issues with Q.
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map Q defined on R%x R?, with values in £($), satisfying the following properties:
R* 5 (2,8) = Q(2,8) = Q(z,8)" € L(H) s.t. Q(,€) 20 ae.
traces(Q(@.) = (. ae,  and [ Q(a.§)dads = R.

In this case again, the set of couplings of f with R will be denoted by C(f, R).

Here are trivial examples of couplings (usually not the most clever couplings in
optimal transport).
Examples of couplings.
(a) For all R, S € D($), the tensor product R® S belongs to C(R,.S).
(b) For each f probability density on R??, and each density operator R on §, the
operator-valued map
fR=f®CR: ($7§) = f(xaf)R
belongs to C(f, R).
In particular
C(R,S)+2 and C(f,R)#+2.
(We have already observed that the set of couplings of two probability measures is
never empty, since it always contains the tensor product of these two measures.)

1.4.4. Eaxtending the Wasserstein Distance to ® = Po(R? x R?) UDy($). We are
now ready to define the most important object in these lectures, namely the exten-
sion of the Wasserstein Wy distance to the (disjoint) union of the sets of classical
and quantum densities.

First we define the (disjoint) union of the set of (classical) Borel probability
measures on phase space with finite second order moments, and of the set of finite
energy (quantum) density operators:

D =Py(REx RY) uDy(9).

Definition of 0 on ® x 9.
(1) For each u,v € Po(R2?), set

o(p,v) = Wa(p,v).

(2) For each phase space probability density f such that f(z,&)dzdé e Po(R2)
and each R € D2(9), set

o(f,R) = Qe(iZI(ng,R) ([R?d trace;)(Q(:c,f)%ch(x,f)Q(:ﬂ,5)%)dxdf)2 .
(3) For each R, S € D3($), set
(R, S) = Teci?lg,s) (trabceym;3 (T%ChT%)) .
Remark. For all f(z,¢)dzdé € Po(R??) and all R, S € Dy($), one has
o(f,R)>Vdh  and  o(R,S)>V2dh.
In particular 9(R, R) > 0, so that 0 is not a bona fide metric on D.

Quiz 7. Let $) be a (complex) separable Hilbert space.
(1) Let A,B e L($). Prove that

A*B+B*A<|AP +|B)?.
(We recall that |A]? := A*A.)
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(2) Prove that, for all € >0 and all A, B € £($)), one has
A*B+B*A< AP+ 1BP.
(3) Prove that, for all e >0 and all A, B € £($)), one has
|A+ B> < (1+e)|AP + (1+1)|B]*.
(4) Let A, B be Hilbert-Schmidt operators on $). Deduce from (2) that
|traces (B* A)| < \/traces (JA[]?)y/traceg (| BJ2) .
(5) Let R=R* >0 be a trace-class operator on ). Prove that
|traces (B* AR)| < v/traces (JA]2 R)\/traces (| B|2R) .

(6) Let f be a convex function on R (in particular f € C(R)), let R € D(), and
let A= A* e L($). Prove that

f(traces (AR)) < tracegs (f(A)R).

(Hint: prove that, for each z,m € R and for all A € [f;(m), fj(m)], one has the
inequality f(z) > f(m) + A(z —m). Using the spectral measure (¢|E(dz)) of
A, where £ € § and F is the spectral decompositiorﬂ of A, prove that f(A) >
f(m)I + A(A-mlI). Conclude by choosing m appropriately.)

(7) How should one modify (1) if A and B are unbounded operators on $)?

(8) Prove that

o(f,R)+0o(R,S) <
for each probability density f with finite second order moments on R% x R%, and
all R, S € Dy(H).
In practice, the “pseudometric” 9 is not easy to compute, except in a few cases.
But before discussing these cases, we need to return to the question of “quantiza-

tion” — i.e. associating an operator on L?(R?) to a function on phase space (i.e.
R?x RY).

1.4.5. Toeplitz Operators and Husimi Transform. We begin with the definition of
a quantum analogue of the Dirac mass at the phase space point (¢,p) € R? x RY.
Gaussian wave packet (Schrédinger coherent state). For all ¢,p € RY, set

|, p) () := (wh)™¥* exp(~55 |z - qI*) exp(4p- (- §)).
This is a plane wave oscillating at frequency |p|/h in the direction p/|p|, modulated
by a Gaussian envelope of width O(\/g)7 centered at the position g. Therefore, the
oscillating profile of the wave function |g, p) encodes the momentum vector p, while
the envelope of the oscillations encodes the position ¢ € R%.
Toeplitz map. To m, a (complex) Radon measure on the phase space R x RY,
one associates the operator

Tlm)= [ la.p)a.plm(dadp).

The form-domain of T [m] is the set of ¢ € $ such that the function (¢, p) — (g, p|?)
belongs to L2(R?%;m).

Observe that |q,p){(q, p| is a self-adjoint positive operator (specifically, a rank-1
projection in ). Therefore, if the measure m is real-valued, the operator 7T [m]
(with some appropriate domain) is expected to be self-adjoint, and if m is a positive

103¢e for instance chapter 12 in [57].
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FIGURE 2. With A =8-107%, plot of Z = real part of the coherent
state centered at ¢ = (0,0) with momentum p = (1,0) with space
variable (X,Y) e R?

Basic properties of the Toeplitz map.
(1) The set of Schrodinger coherent states is a resolution of the identity:

T[1]=fR2d l4:p){(g, pldgdp = (27h) I, .

meP(RYxRY) = T[m]eD(H), with $=L*(R?).

(3) One has

T1q] = (2wh)%x (position operator),

21

measure on phase space, the associated Toeplitz operator T[m] is expected to be
a positive operator on §) (possibly unbounded, with some appropriate domain).

(2) The image by the Toeplitz map 7 of the set of Borel phase space probability
measure on R? x R? is included in D(L?(RY)):
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while
T[p] = (27h)%(-ihV,) (momentum operator).

(4) If f is a quadratic form on RY, then
{T[f(q)] = 2nh)? (f(2) + 7R(Af)]5) , and
TLf(p)] = (2wh)? (f(=ihVa) + th(Af) L) -

Quiz 8. Prove the statements (1)-(4) above. (Hint: recall the formulas for moments
of order < 2 of Gaussian distributions, together with the oscillating integrals

L fRd P E V) dp = 5o (- y), L /P;d e PV dp = ~i,,00(x - y),

and

i - pjpke”j'(w_y)dp = 04,01, 00(z ~ y), jk=1,...,d
— which are to be understood in the sense of tempered distributions. For instance,
the first formula above is equivalent to the Fourier inversion formula on the set of
tempered distributions.)

The Toeplitz map associates an operator on $ = L?(R?) to a function on the
phase space R? x R%. Conversely, given an operator on $), we seek to associate a
function on phase space. There are various ways of doing this, one of which is the
Husimi transform.

Husimi Transform. To T € £(£)), one associates its Husimi transform

H[T1(a,p) = Gapye (a:PITIg. p) -
This definition can be extended to all unbounded operators on T such that the
Gaussian wave packet |g, p) belongs to the form domain of T for each ¢,p € R%.
Basic properties of the Husimi transform.
(1) For each T € L($),
T=T"= H[T](¢g,p)eR, and T >0 = H[T]>0.
(2) The Husimi transform is an “almost inverse” of the Toeplitz map: for each
m e P(R?xRY)
H[T[m]] = e2Barpm,

since _

(q,plg,p') = e~ 3 (a=a 4o’ ) =5 (0 a2
(3) One has

H[I] = (2mh) ™,
while
{’H[f(x)](q,p) = (2mh) (I + ;hA) f(q) , and

HL(=ihV2))(a,p) = (2mh) (1 + 5hA) [ (p) -

(4) One has

traces (R*TLf1) = 2eh)* [ HIRI@.p)f (a.p)dadp.

Quiz 9. Prove the statements (1)-(4) above.

An important property of the Husimi transform is that it is a one-to-one transfor-
mation. In other words, the Husimi transform of an operator specifies it completely.
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Quiz 10. Set $ := L2(RY).
(1) Let R € Do($). Prove that H[R] is a probability density, and compute

- G + P YHLR 0, p)dadp.

(2) Let R, S € D3($), and assume that H[R] = H[S]. Prove that R =S. (Hint: let
r=r(y,y’) be an integral kernel of R. Set

J(x,€) = [f (g, Y PPV 2R o V=€ Vb gy g1
RexR4

Prove that J extends as a holomorphic function on C?*xC¢?, and therefore is uniquely
determined by its restriction to R% x R, Conclude by (a) computing the formula
relating H[R] to J, and (b) by computing the integral kernel 7 of R in terms of J.)

Here is another way of associating a function on the phase space R? x R? to an
operator on L?(R%).
Quiz 11. Set § := L>(R%). To each A € £!($)) with integral kernel a = a(z,vy)
such that z = a(z + z,2) belongs to Cy(R%; L' (R?)) (see Quiz 4), we associate its
Wigner transform

[ ](:C 5) (27r)d [ a(x + %hy,x — %hy)eﬂf'ydy

(where the integral above is to be understood as the partial Fourier transform of
the continuous bounded function y + a(x + $hy,x - $hy) with values in L'(RZ),
which is therefore a tempered distribution).

(1) Prove that

and that, for each A, B € £1($)
traceq (A*B) = (21h)? ff Az, W[ B](x, €)dadt,

and
|All2 = (27h) 2 [W[A]] L2 (Raxra)

Prove that the Wigner transform has a unique extension to £2($)).
(2) Prove that, for each A € £1($),

traceg (A) = /]Rd R Al(z, &)dxde .

(3) Let t » R(t) be a time-dependent density operator, solution of the von Neumann
equation
ihOR(t) = [-1° A+ V,R(t)].
Prove that W[R(t)] is a solution of the Wigner equation
(0 + & V2 )W[R(1)](2,€) + O[VIW[R(1)](x,£) =0

where ©[V] is the linear operator with distribution kernel

@ /Rd LV (@ +3hy) - V(z-Lhy))e 1 Ody.

Prove that
OV]=-vV(z)- V¢

in the case where V' is a polynomial of degree 2.
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In that case (for a quadratic potential V'), the Wigner equation coincides with
the classical Liouville equation on the phase space R% x R?

WIR()](x,€) + {516 + V(z), W[R(1)](x,€)} = 0.

(4) However, one cannot think of W[A] as a distribution function as in the kinetic
theory of gases. Indeed

0<A=A*eL'($) does not imply W[A] >0.
To see this, compute W[|1)(1]](0,0) where 9 (x) = V2r WAge* 12 for z e R.

(5) The relation between the Wigner and the Husimi transform is given by the
following formula: for each A € £1($)), one has

H[A]((E, 5) = eXp(%Am,é)W[A](xv g) .

(6) Let ¢ € L2(R) satisfy [¢|r2r) =1 and W[[¢){(}|] > 0. Prove that there exist
qo,po € R? and u € C with |u| = 1 such that ¢ = u|qo, po). (Hint: prove that

F(z):= Lw(m)e_%x2_zxdx
defines an entire function on C, that
0<|F(2)< R’ , z€eC,
for some constant C' > 0. Conclude by Hadamard’s theore that F(z) = e9(*)
where g is a polynomial of degree 2.)
1.4.6. Ezplicit Computations/Estimates. We have gathered together in this section
several useful explicit computations, or bounds, on the “pseudometric” 0.
Theorem 1.
(1) For all f,g probability densities on R?? with finite 2nd order moments,
oTLSf1, TL9))? <Wa(f, 9)? +2dh, o(TLfL T = v2dh,
o(f, TLg))* <Wa(f,g)*+dh, o(f, TIf]) = Vdh.

(2) For all R, S € Dy(£)) and all probability density f on R?? with finite 2nd order
moments,
Wo(H[R],H[S])? <d(R,S)? +2dh,
Wu(f, H[R])? <o(f,R)* + dh.
(3) Moreover, if rank(R) = 1, then
(R, S) = traceqgs (R® S)?Ch(R® S)?)?, and

1

o1, 1) = ( [, Fa.6) tracen (Ren(a. O RE)dudg))
Remark. The second inequality in (1) can be recast as

o(f, Tlgl)? <o(f,9)* +2(g, Tlg])®
since
(9, Tlg]) = Vdh = mind.
This suggests that
(1) “the segment [g, T [g]] is orthogonal to the set of classical densities”, and

Hgee for instance chapter 5.3.2 in [I].
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Quantum densities T(g)

Set of classical densiti/

FIGURE 3. A geometric interpretation of Theorem 1 (1).

(2) the “angle” 6 between the “segment” [g, f] and the “segment” [g, 7 (g)] in D2
is acute.

Therefore, one could think of Po(R? x R?) as a limit set (for the classical limit
h —0) — or boundary — of ©, and that the set D($)) of quantum densities lies on
the “concave” side of the set of classical densities.

Proof of Theorem 1.
Proof of (1). Let V® (with ® convex) be the Brenier map pushing f to g. The
optimal coupling of f and g for W, is

A= f(2,8)0v0(x,e) (dydn)dzds .
Hence
TAJeC(TIf1.Tlg]) and  (2,8)~ f(2,8)T [dve.eleC(f.Tlg])-
On the other hand (see Appendix B, and especially formulas (52)-(53), in [37])
H[Ch](a.p,q',p") = (27h) **(lg - ¢ + |p - p'|* + 2dh),
Hlcn(2,8)](q,p) = (27h) " (|lz - q* + |¢ - p|” + dh).
Therefore
o(TLf1. Tlg))* straceson (T[A]* ChT[A]?)
= fRM (lg= '] +Ip - p'|* + 2dh) A(dgdpdq'dp")

=(2mh)24H[Cn](q:p)

:WQ(fag)Q + thv

and

(1. Tlg])? S/I;Qd traceﬁ(T[Csvmx,g)]%Ch(%S)T[JVQ(z,g)J%)f(zvf)dxdf

= fR (|(z,&) - V®(x, &) + dh) f(x,&)dxdé
=(27h)*H[ch (2,£)](VE(x,£))

Wy (f,9)? +dh.
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Proof of (2). Pick sequences ay, b, € Cy(R??; R) such that
an(q,p) +bu(q',p) <lg—¢'P+p-p'*, and
me an (¢, p)H[R](q,p)dgdp+ fRM bn (¢, P YHISI(d',p")dq dp’

=(2mh)~% traces (T [an]R) =(2mh)~% traces (T [bn]S)

as n — oo. That such sequences exist is a consequence of the Kantorovich duality
formula for the Wasserstein distance Ws.
On the other hand, for each T € C(R,S), one has

(2mh) *traces (T an | R) + (2wh) “ traces (T [bn]S)
= (2mh) P traceges (T7 (Tlan] ® I + 1 ® T[b,])T?)
= (2mh) 2 tracenen (T2 Tlan ® 1 + 1 ®b,]T?)
< (2mh)  tracesn (T T{lg=q'*+1p-p'P1T*).
Now, one has (see the basic properties of the Toeplitz map and Quiz 8 above)
Tlla-d'+lp-p'*] = (27h)* (Ch + 2dhIges) -
Thus, for all T e C(R,S), one has
Wy (H[R],H[S])? = Jiirgo(Zﬂh)_d (tracegs (T [an]R) + traceq (T[0,]5))
<tracepes (T% (Ch +2dhIggs )T%)
=tracengs (T% C’hT%) +2dh.
Minimizing the r.h.s. in T € C(R, S) leads to
Wa(H[R],H[S])? <o(R,S)? + 2dh.

Proof of (3). We begin with a question of a rather fundamental nature in quantum
mechanics.
Question. What is the structure of couplings for rank-1 density operators?

This question is answered by the following lemma.
Lemma 2. Let R € D($)). Then

C(f.R)={fR}, feP(RIxR),

rank(R) =1 = {C(R,S)={R®S}’ SeD(9H).

Obviously Lemma 2 implies statement (3) in Theorem 1.
O

Proof of Lemma 2. Since rank(R) = 1, it is of the form R = |¢){(¢|, with |¢|s = 1.
We shall prove the second statement in the lemma. Let Q € C(R,S). Then

trace(((I-R)® NQ((I - R) ® I)) = trace(Q((I - R)*®I))
=trace(Q((I - R)®I)) = trace(R(I - R)) =0,

Since

(I-R)eNQ(I-R)®I) >0,
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one has
(I-R)eNHQ((I-R)®I)=0.
Next, we deduce from the Cauchy-Schwarz inequality that

(1 @ al(R® DQ((I - R) ® 1)) @ ¢5)?
<Py @ o (I - R) @ NQ((I - R) ® Iy ® )
(1 @ Ya|(ROT)Q(R® 1)1 ® 1)) .

Hence
(ReNQ(I-R)el)=0=((Re)Q((I-R)&I))"
=((I-R)e)Q(R&I),
Since we already know that ((I - R)® I)Q((I - R) ® I) = 0, this implies that
Q=(R1Q(R&I).
Therefore @ = R® T, where

(VITIY') = (@ PlQlo ®¢") .
Finally, T = S, since, for all A € L($), one has
trace(SA) = trace(Q(I ® A)) =trace((R®T)(I ® A)) = trace(TA).

This proves the second statement in the lemma.
[m]

Quiz 12. Complete the proof of Lemma 2: prove that C(f,R) = {f ®c R}, in the
case where f is a probability density on R% x R? and R is a rank-1 density operator
on $ = L*(RY).

Remark. It is well known that, for all ;4 € P(R? x R?) and all (¢,p) € R% x R4,
the set of couplings of p with d(,,,) contains only one element:

C(1t,0(q,p)) = {1t ®(gp)}-

Lemma 2 suggests that all rank-1 density operators are quantum analogues of the
Dirac mass in phase space. Thus the Schrédinger equation governing the evo-
lution of the wave function 9 (¢,2) — or the von Neumann equation specialized
to |(t, )¢ (t,-)] — is the quantum analogue of Newton’s second law of motion
in classical mechanics, which can be viewed as the equation governing d(,(s),p(1))>
where ¢(t) and p(t) are respectively the position and the momentum of a moving
classical particle. This analogy also explains why the wave function is a purely
quantum object, which has no classical analogue. Indeed, if a classical analogue of
the wave function existed, it could be thought of as a “square root” of the phase
sSpace Dirac measure 6(q(t)7p(t)).

Quiz 13: another proof of Theorem 1 (2).
(1) Prove that

Tla- 4> +Ip-p'[*] = (27h)**(Ch + 2dh15es)
(2) For each T € C(R, S), prove that

tracesesn (T%ChT%) +2dh > 7557 traceg e (TT [M])

= (2mh)d L+elg=q'|> +e[p-p’|?
I|2

- oy _la=d'P+p-p 1T
—[RMH[T](%]%(] P )qudpdq dp’ .
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FIGURE 4. Left: equal masses; Right: unequal mass case

(3) Conclude by monotone convergence in the right-hand side of the inequality
above as € - 0%, after observing that H[7'] is a coupling of H[R] and H[S].

1.5. Quantum Optimal Transport is Cheaper! To conclude this first lecture,
we shall study an example where 0 can be computed essentially explicitly, with
interesting implications on the structure of optimal couplings. The material in this
section — together with the somewhat provocative title — is taken from [19].

We begin with a simple lemma, which can be viewed as an amplification of
statement (1) in Theorem 1.
Lemma 3. For pi, p2 € Po(R% x R?) with optimal coupling II for W, one has

o(TLp1]: Tlp2)? = Walpr, p2)* +2dh
<« T[] eC(T[p1], Tp2]) is a quantum optimal coupling for ?.

The proof of this lemma is left to the reader as an easy exercise (see the proof
of Theorem 1).

Here is an example of this kind of situation. With d =1 and 0 < a < b, set
1= 5(8(1a,0) + 0(-a0)) and v := 5(8(15,0) + 6(-,0)) € P2(RxR).

In other words, we have equal masses (1/2), but different positions — since 0 < a < b.
Proposition 4. One has

(T[], TIv])? = Wa(p,v)? +2h.
The classical optimal transport in this case is obvious: send mass 1/2 from —a
to —b, and mass 1/2 from +a to +b.
Next we consider the following example, with identical locations, but unequal
masses: for 0 <e< 1, set
1= 5(8(a.0) + 0(-a,0)) and pe = B0 10,0y + 5°6(—a,0) € P2(RxR).
Proposition 5. For each € € (0,1), one has

o(Tu], Tlpe)? < Walp, pe)? +2h.

We shall not prove Propositions 4 and 5, which rely on rather intricate computa-
tions, and refer instead the interested reader to the article [19]. However, we shall
discuss both results.
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Because of Lemma 3, an optimal coupling for T [u] and T[v] is T[A], where A
is the optimal coupling of  and v, i.e.

A= 2(0(1a,0) ® O(+5,0) + 0(-a,0) ® O(=5,0)) »
so that
A= 2(|+a,0,+b,0)(+a,0,+b,0] + |+ a,0,+b,0)(+a,0,+b,0])
with the notation

la,p.d",p")(@,y) = la.p) ®1d",p') (=, y) = lg,p)(@)ld",p")(y) -
In the unequal mass case, it is proved in [I9] that there exists a quantum coupling
of the form
T= Z Tklkl|]€a, 0, la, O)Uﬂl, 0, ZCL, 0|
k,le{+}
+ > Trimn|ka,0,1a, 0){ma,0,na,0| € C(T[u], Tp]),
(k,D#(m,n)e{=}
with
|Tklmn|2 > Oa
(k,D#(m,n)e{=}
and
trace(TY2ChTY?) < Wy (i, pe)? + 2h .
Clearly, any coupling of u and p. must be of the form
> @i0(ka0) ® O(1a0)
kle{+}

and therefore belongs to the 4-dimensional linear space

span{d(a,0) ® 0(za,0)} -
On the contrary, couplings of two rank-2 operators with

R=1(|+a,0)(+a,0) +| - a,0){-a,0])

and
S, = %| +a,0)(+a,0| + %| -a,0){-a,0
with 0 < e <1 belong to the 16-dimensional linear space
span{|ka, 0,la,0){m,a,0,na,0| : k,I,m,n e {£}}.

Therefore, one could summarize the results in [19] as follows: since there are
more degrees of freedom in the set of quantum couplings than in the set of classical
couplings, it is natural to surmise that quantum optimal transport is cheaper than
classical optimal transport, since more couplings are allowed in the quantum case
than in the classical case. However, this simple argument is not sufficient to prove
a strict inequality as in [I9]. Putting together Proposition 5 and Lemma 3 shows
that any optimal coupling for (7 [1], T[p.]) must be of the form

T= > Twwlka,0,la,0){ka,0,la,0|
k,le{+}
+ > Trimn|ka,0,1a, 0){ma,0,na,0| € C(T[u], Tp]),
(k,D#(m,n)e{=}
with
|Tklmn|2 >0.
(k,D#(m,n)e{+}
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While the term
Z Triki|ka,0,la, 0){ka,0,la, 0|
k,le{+}
has a classical interpretation, since it is the image of a bounded, positive Radon
measure on phase space by the Toeplitz map, the term

Tiimn|ka,0,la,0){ma,0,na,0] # 0
(k,D#(m,n)e{=}
does not have any classical interpretation.

At the time of this writing, the structure of optimal couplings for (R, Rs)
with Ry, Ry € Do(9) is not very well understood in general, at variance with the
classical case (see however the discussion of this point in [20]), which is completely
clarified by the Knott-Smith and the Brenier theorems. The very simple examples
discussed in [T9] show that optimal couplings between quantum densities are much
more involved than in the classical case.

2. LECTURE II: APPLYING THE QUANTUM WASSERSTEIN PSEUDOMETRIC
TO PARTICLE DYNAMICS

In this lecture, we shall discuss several applications of the quantum Wasserstein
pseudometric 0 introduced in Lecture I. These applications include

evarious limits of many-body problems in quantum mechanics (section ,
eproofs of the uniform in A convergence of some numerical schemes for quantum
dynamics (section [2.4)), and

eobservation inequalities for the Schrédinger and for the von Neumann equations

(section [2.4)).

2.1. Basics of Quantum Dynamics. As already explained, one does not need
to be an expert in quantum mechanics to read these notes.

However, some familiarity with the most elementary notions of quantum mechan-
ics is required in order to understand the simple ideas behind the computations and
the mathematical apparatus studied in this course. An excellent reference to learn
quantum mechanics is [I0]; see also [23] for a more detailed, yet equally lucid pre-
sentation. The reference [44] is interesting for mathematicians, but contains few
physical explanations, at variance with [I0] 23].

2.1.1. Classical Mechanics. We recall the fundamentals of classical dynamics for a
point particle of mass m, in Hamiltonian form.

The position of this point particle at time ¢ is denoted by q(t) € R?, while its
momentum at time ¢ is denoted by p(t) e R%.

The Hamiltonian for the point particle is the total energy of that particle,
expressed in terms of its position ¢ and momentum p — a word of caveat: it
is essential at this point to use these variables, and not other variables, say for
instance the velocity instead of the momentum. For a point particle with mass m

H(gq,p) = |p]*/2m+ V(q) = total energy.

N—— ——
kinetic potential

With this, we can write Newton’s 2nd law of motion in Hamiltonian form:

q(t)=0H[0p=p(t)/m,  p(t)=-0H[dq=-VV(q(t)).
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(In fact, the first equation is of a kinematic nature, since it can be viewed as a
definition of the momentum p(t) in terms of the particle mass m and of the velocity
G(t). Only the second equation corresponds to Newton’s second law.)

Newton’s second law of motion can be viewed as the governing equation for
the special phase space probability measure dq(t),p(+))- But of course, it is equally
interesting to consider the dynamics of phase space Borel probability measures more
general than d,(;) p(4)-

This is precisely the purpose of the Liouville equation: if f = f(¢,z,£) is
the probability density of finding the point particle at the position z € R? with
momentum ¢ € R? at time ¢, it satisfies the equation

Of(t,m, &)+ L& Vo f (t,w,8) - VV () Ve f(t,2,€) =0.

This equation can be recast in terms of the Poisson bracket:

{H(ﬁ,f), f(xvf)} = VgH(iU,f) ' me(xvg) - VIH(!L'75) : Véf(xvf) )
as follows:
8tf(taxa£) + {H(m,ﬁ),f(t,x,f)} =0.

Newton’s second law of motion in Hamiltonian form is a system of ODEs to which
one can apply the Cauchy-Lipschitz theorem. Specifically, the local existence of a
unique solution of the Cauchy problem for the Hamiltonian formulation of Newton’s
second law of motion is implied by the assumption

Ve CVH(RY)
— meaning that V e C*(R?) and VVis Lipschitz continuous on R%. Since

H(q(t),p(t)) = H(q(0),p(0))
(the verification of this is left to the reader as an exercise), which corresponds to the
conservation of total energy by the dynamics deduced from Newton’s second law
of motion, it is easily seen that all solutions of the Cauchy problem for Newton’s
second law of motion are defined for all ¢ € R under the condition
lim V(z)=+co.
|z|—>+00

(Indeed, in that case, the map (g,p) = H(q,p) is proper on R% x R%, i.e. the
inverse image of any compact subset of R is compact in R? x R%; this implies that
the Hamiltonian flow generated by Newton’s second law of motion is global by
the most elementary continuation argument for ODEs; see for instance (10.5.5) in
section 5 of chapter X in [29].)

2.1.2. Quantum Mechanics. The state of a quantum particle at time t is given by
its wave function:
¥ =9(ta) e L*(R%C) = )
such that
[o(t, )]s =1.

In classical mechanics, the Hamiltonian is a function on the phase space R% xR%;
in quantum mechanics, the quantum Hamiltonian is an (unbounded) self-adjoint
operator on $):

H=-1"A,+V(z)=H*.
(Here, the real-valued potential operator V' is to be understood as a multiplication
operator, i.e. ¥(z) > V(z)y(z).)
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The reason for considering this specific operator by analogy with the case of a
point particle in classical mechanics is
The correspondence principle.

V(q) - multiplication by V' (z) and p; — —ihdy, = hD,; .

With these mathematical objects, the quantum analogue of Newton’s second law
of motion is
The Schrédinger equation.

thoy(t,x) = Hy(t, ).

Assuming that H is an unbounded self-adjoint operator on §), it generates a unitary
group on §) by Stone’s theorem, denoted by e *H/" 5o that

U(t,) =eMhp0,),  teR.

As explained in Lecture I, the quantum analogue of Borel probability measures
on R% x R are density operators on $ = L2(R?). The quantum analogue of the
Liouville equation, defining the dynamics of phase space distribution functions is
The von Neumann equation for R(t) € D($),

itho:R(t) = HR(t) - R(t)H .
—————
=[H,R(t)]

One easily checks that, under the assumption that H is an unbounded self-adjoint
operator on ),

R(t) _ e—itH/hR(O)eitH/h )
For instance, one easily checks that, if ¥(¢,-) is a solution of the Schrodinger equa-
tion, then the rank-1 density operator R(t) := [¢0(¢,-)){¢(¢,-)| is a solution of the
von Neumann equation.

This brings forward a further analogy in the correspondence principle, between
the Poisson bracket {f,g} of two C* functions defined on R? x R%, and the com-
mutator [A, B] of two operators on L?(R%):

{,} - %[.7.].

We conclude this section with a quick discussion of sufficient conditions on the
potential V' under which the quantum Hamiltonian H = —%A + V is self-adjoint
on $ = L2(RY). As explained above, if H is self-adjoint, by Stone’s theorem, it
generates a quantum dynamics, namely the unitary group e R/ on §.
Self-adjointness of H. A first procedure for generating self-adjoint Hamiltonians
of the form —A+V is based on the associated (sesquilinear) quadratic form b defined

as follows:
(6:0) = b(6,0) = [ Vo@) - Veda+ [ V(@)d@)i(a)da
for all ¢, € Q(b), where
Q(b) = {p e H'(RY) s.t. [V]"2p e L*(RY)}.
Assume that V' is real-valued, and satisfies the following condition:

VeL (RY), and there exists M >0 s.t. V(z)>-M for a.e. z€R?%.
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Then C°(R?) c Q(b) which is therefore dense in £ = L?(R?). Then, the quadratic
form b is semi-bounded, since

peQ(b) = b(¢,¢) >-M|o|3 .

Besides, the quadratic form is closed, meaning that, for each sequence ¢, € Q(b)
such that

d’n—’(ﬁin@asn_"x’a andb(¢7L_¢ma¢n_¢m)ﬁoasmanﬁooa

one has

¢€Q(b)7 andb(¢n_¢a¢n_¢)_>oasn_)°°'

(Indeed, one easily checks that V¢, is a Cauchy sequence in L?(R%;R?), and
therefore converges towards an L? vector field € on RY; since V¢,, - V¢ in the sense
of distributions on R?, one has ¢ ¢ H'(R?) and ¢ = V¢. Similarly, (1+ M +V )24,
is a Cauchy sequence in $), and therefore converges to some limit £ € §); then, one
easily checks that ¢/~/1+ M +V € § and that ¢, - £/N/1+ M +V as n — oo, so
that ¢ = £//1+ M +V by uniqueness of the limit in . Hence vV1+ M + V¢ € 9, so
that ¢ € Q(b). The remaining part of the proof is routine, and left to the reader.)
By Theorem VIIL.15 of [53], there exists an unbounded self-adjoint operator A with
domain D(A) c Q(b) such that

for all ¢, v € D(A), b(¢,v) = (¢|A9).
Obviously C°(R?) c D(A) and A coincides with —~A +V on C(R?).

A second procedure is the Kato-Rellich Theorem (see Theorem X.12 of [54]).
Assume that A is a self-adjoint operator on $ with domain D(A), and B is a
symmetriﬂ operator on $) with domain D(B). Assume that D(A) c D(B), and
that there exists a € [0,1) and b > 0 such that

|Bo| <alAd| +b]o], ¢eD(A).
Then A + B is self-adjoint on D(A).
With this result, one can prove that —A +V is self-adjoint on D(-A) = H?(R?)
provided that
V e L*(R?) + L™ (R?).
This result is particularly important in atomic physics, since the Coulomb potential

V(Qj) =+ 1 =4 1|1*x0|sl 4 1\az—mo\>1
|z — 20|

) e L*(R*) + L™(R?).

[z =20l |2 — o

Here, V is the potential energy of an electron at the position x interacting with a
nucleus located at the position zg.

One can also combine these two result to treat the case of —A +V + V,, where
V e L*(R?) + L=(R?), while V5 > 0 belongs to L;> (R?) and Vy(z) - +o0 as
|z| > +oo (in other words, Vp is a confining potential).

In all these cases, one can see that much less regularity is required on the potential
in order to define the quantum dynamics, than in the case of the classical dynamics.
Perhaps the reason for this difference is that classical mechanics deals with the
dynamics of much more singular objects (i.e. d(q(t),p(+))) than the wave function

Y(t,-) € L*(R?) in quantum mechanics.

121 6. (¢|Bip) = (B|p) for all ¢,1p € D(B). In other words, D(B) c D(B*) and B*\D(B) = B.
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Quiz 14. Explain how one can use the Kato-Rellich theorem to prove that
Ve L*(R?) + L™ (R?*) = -A+V is self-adjoint with domain H?*(R?).
(Hint: use the Sobolev embedding.)

In all the situations described above, one starts from the operator —%A +V,
which is well defined on C?(R%) c L?(R?). Both methods described above (either
the method involving a quadratic form, or the Kato-Rellich Theorem) produce an
unbounded self-adjoint operator on L*(R?), which is therefore densely defined in
L*(R%). The domain of this self-adjoint operator contains C2(R?), and this self-

adjoint operator coincides with the differential operator —%A+V on C2(R?). This
self-adjoint operator is therefore an extension of the differential operator —%A+V,

defined on C?(R%) c L2(R?), and we shall keep the notation —%AH/ to designate
this extension.

2.1.3. The Classical Limit of Quantum Mechanics. Consider a point particle of
mass m, moving at a speed v; its de Broglie wavelength is the ratio 2wrh/muv. For
instance a dust particle of diameter 1x with mass m = 107 %ug moving at speed
Imm/s, has a de Broglie wavelength 6.6 - 1076A< 1y, the size of the dust particle.
(This example is taken from chapter I, complement A in [23].) If the de Broglie
wavelength of a particle is negligible when compared to its size, or to the typical
length scale of the experiment, one expects that the laws of classical mechanics
should be sufficient to describe its behavior.

There are various ways of describing the classical limit of quantum mechanics.

As explained in §6 of [48], in the quasi-classical regime, the phase of the wave
function of a particle is proportional to the mechanical action of that particle, and
the constant of proportionality is Planck’s constant . One could therefore study
solutions of the Schrédinger equation

ihdu) = ~( A+ V)

in the form of a WKB ansatz i.e. a formal series
v(tx)=Y, Ay, (t,2)e 5@/ St x) and an(t,z) € R,
n>0
where the phase S and the amplitude coefficients ag, aq, ... are smooth.
Assuming that ag(t,z) # 0 for all (¢,z), one finds that

(a) the phase S is a solution of the eikonal equation, that is a Hamilton-Jacobi
equation:

S+ H(V,S,x)=0;
(b) at leading order, the amplitude ag is a solution of the transport equation:

Orad + div, (a2v,S(t,x)) = 0.

However, this description usually fails after some finite time, for the following rea-
son: the graph of the map x — V,S(t,x) is the image of the graph of the map
x ~ Vz5(0,-) by the flow of the classical Hamiltonian H(z,£). In general, the
graph of V,5(0,-) becomes folded after some finite time in such a way that it is no
longer the graph of map from R? to R%. The image of these folds by the projection
RIxR%5 (z,&) —» x e R? is referred to as the “caustic”, by analogy with geometric
optics. The appearance of caustics is the reason why the WKB ansatz is in general
only local in time.
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Quiz 15. Write the WKB ansatz for the free Schrodinger equation
ihdp(t,x) = ~ 1= 02p(t,x), $(0,2) = a™(2)eS "M peR,
where

1/3

- forx >0,

y%@:{

Study the dynamics for all ¢ € R (in the past ¢ < 0 as well as in the future ¢ > 0),
and describe the caustic in this case.

|1/3

+|x for  <0.

Another approach to the classical limit of quantum mechanics involves the Wigner
Transform already introduced in Quiz 11. We briefly recall the essentials: start
from some integral operator R € £($)) of the form

Ro(a) = [ (@ )o(u)dy.
For R = projection on Ct with |¢]g = 1, written R = |¢)(¢| in Dirac’s notation:

Ro(@) = ( [, P@)ow)dy) v(@) — r(a,y) = v(@)b0).

=(¢l¢)
We consider its Wigner transform at scale A, given by the formula

Wh[R](Q»p) = (2%)(1 fRd r(g+ %hy,q - %hy)eip'ydy.

Some assumptions are needed on the integral kernel r for the Wigner transform to
make sense. For instance, if R € £2($) is a Hilbert-Schmidt operator, its integral
kernel r belongs to L?(R% x R%), so that the map

(a,y) = r(qg+ shy,q - 5hy)

belongs to L2(Rg x RZ), since the Jacobian of the transformation

(q,y) =~ (q+ 2hy,q - shy)

is (-=h)9, which is in particular independent of (gq,y). In that case, the Wigner
transform W3 [ R] belongs to LQ(Rg X Rg) by the Plancherel theorem, as the partial
Fourier transform of a square integrable measurable function.
Observe that
R=R" = Wi[R](q,p) €R,
but
R >0 does not imply that W,[R] >0.

(For instance, if 9 is an odd wave function, then Wj[|1)(1|](0,0) <0.)
We have seen in Quiz 11 that, if a continuous, time-dependent density operator
R(t) is a weak solution of the von Neumann equation

ihOR(t) = [~ 22 A+ V,R(1)],
its Wigner transform W[ R(¢)] is a weak solution of the Wigner equation
(at +q- vq)Wh[R(t)](Q7p) + G[V]Wh[R(t)](Qap) =0 ’

where O(V) is the nonlocal (linear) operator with distribution kernel

@ /Rd L((V(g+Lhy) - V(q- Lhy))e” @ Pay.
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If V is a polynomial of degree < 2, one easily checks that
o[V]=-vV(q)- Vp.

The classical limit of quantum mechanics can be formulated in terms of the
Wigner function, in the following manner.
Theorem (Lions-Paul). Assume that V is a real-valued function satisfying the
assumptions

infflV(q) >—co, VeCH(RY) and V(q) = O(|g") for some n >0 as |g| - oo,
qe

and let
H--1"A4+V

be the quantum Hamiltonian, with domain H?(R%) n L2(R%; V (z)2dx). Let Ri®
be a family of D($)) such that

Wx[R"] - f™ in S’ (R*xR%) as h - 0.
Then

f™ is a probability density on R% x R?,
and

Wh[e /P Rin /M (3. ) in /(R x RY) as h — 0

uniformly in ¢ € [0,T'] for each T' > 0, where f is the probability density solution to
the Liouville equation

Oif(t,q,p) + {z=lpl’ +V (@), f(ta,p)} =0, [, =f™"

This is Theorem IV.1 in [50], and the interested reader is referred to this article
for its proof, together with several other interesting examples involving the Wigner
transform.

The connection between these two approaches to the classical limit of quantum
mechanics is made clear by the following example, which is left to the reader as an
exercise.

Quiz 16. Consider a WKB wave function

w;ln(x) _ ain(x)eism(z)/h 7
with |a™| ;> = 1 and S € Lip(R%;R). Prove that
Walle™) (0™ (1(g,p) > o™ (9)?6(p - VS™(q))

in the sense of tempered distributions as A — 0. Explain how the eikonal and the
transport equation predicted in statements (a)-(b) above in this section emerge
from the dynamics of f*" predicted by the Lions-Paul Theorem.

2.2. Amplification of the Pseudometric 9 by Hamiltonian Dynamics. This
is the core of the present lecture. Our goal is to control amplifications of the
pseudometric 9 constructed in Lecture I by Hamiltonian dynamics (classical or
quantum).
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2.2.1. Pair Dispersion in Classical Mechanics. In this brief section, we seek to
compare the evolution of two different initial data, with two different potentials,
in classical and in quantum mechanics. (The term “pair dispersion” is used in
Lagrangian fluid mechanics, and is perhaps not so common in the present setting.)
The results obtained here should be thought of as a warm-up — and a motivation
— for the study of the dynamical amplification of 0.

Classical dynamics. We seek to compare two solutions of Newton’s equations,
t~ (X,2)(t) and t ~» (Y, H)(¢) with two different potentials V' and W belonging

to CLL(RY):
X=1z, V=210,
. and .
E=-VvV(X), H=-vyW(Y),
with initial data
(X,2)(0) = (X™E™),  (Y,H)(0)= (Y™ H™).

Setting L := Lip(VV'), we compute
SUX-YP+E-HP)
=2(E-H)- (X-Y)-2(VV(X)-VW(Y)) - (E- H)
=2(E-H)- (X-Y)-2(VV(X)-VV(Y)) (E-H)
+2(VWW(Y)-VvV(Y))-(E-H)
<S(E+L)(X-YP+|E-HP)
+2|V(V = W) L (ray (2] + |H])
<S(E+L)(X-YP+[E-HP)

+2|v(V - W)\ILc><>(Rcl>\/l5|2 +2V(X) + 2|V 1= (re)

F209(V = W)l =y IHE +2W (1) + 2] W [
- (L + D)X - VP - HP)

+2[v(V - W)HL“’(Rd)\/EmP +2V(X™) + 2|V o (ro)

2 V(V = W) o rayy /I H P+ 2W (Y ) + 2| W | oo (1
where the last equality follows from the energy conservation. By Gronwall’s in-
equality
(X&) =Y + [B() - HE)P) < (IX™ =Y ™)P + 2" = B )elert 1!
6(%+L)t -1
oy 1TV Wl

where

M:=2 (\/|Em|2 £ 2V (XI) 4 2|V | o ety + /[ H P 4 2W (Vi) + 2\|W|\Lm(Rd)) .

Quantum dynamics. Consider the quantum dynamics of two different wave
functions, driven by two potentials V' and W such that both quantum Hamiltonians
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—%A +V and —%A + W have self-adjoint extensions to $ = L%(R%):
ihdhp = (2 A+ V)b, ¢, =™,
. 2 in
ihow = (-2 A+ W)y, |, =™
Thus

(6 =1) = (g A+ V)@= ) + (V- W)o,
so that

in n 1 ¢
(6= )t < 167 =0 I + 5 [ IV =Wy 1o(5. ) 2y ds
in in 3
= [¢*" = Hﬁ"‘gHV_WHL“’(Rd)'

If we compare these two estimates, we immediately see the following differences:
(a) the L? bound on the difference of wave functions of the quantum particle involves
the difference of potentials in sup norm, whereas the difference in the position and
momenta of the classical particle involves the difference of the force fields, i.e. of
the gradients of the potentials, in sup norm;

(b) there is no exponential amplification of the L? norm of the difference of wave
functions in the quantum case, whereas the bound on the difference in positions
and momenta of the classical particle involves an amplification factor e, where L
is the Lipschitz constant of one of the force fields; yet

(c) the L? estimate on the difference of wave functions is not uniform in  as b — 0*.

Notice however that the L? bound on this difference is uniform in A in the very
special case where both potentials are equal. This is perhaps of limited interest
in the context of numerical analysis, since numerical schemes typically replace the
true potential V' by an approximation thereof.

Also, the L? bound on the difference of wave functions is an estimate of the same
kind as a bound in trace, or Hilbert-Schmidt norm for the difference of the density
operators, since

[}l = [0} w113 < 206 - w5115 + 2[5 16 - v = 46 - V5 -

We have seen in Lecture I, in the case where ¢ = |q1,p1) and ¥ = |ga, p2), that the
Hilbert-Schmidt norm for the difference between such density operators converges to
10¢g1,p1) = O(ga,ps) |7V = 2 unless (q1,p1) = (g2,p2) in the limit as A - 0*. Therefore,
in the case where V' = W, the fact that the quantum dynamics is unitary would
typically result in the perfectly true, but uninteresting inequality 2 < 4 in the small
h limit — assuming that &(¢,-) = |q1,p1) and ¥(¢,-) = |g2,p2), corresponding to
$(0,) = U (t)*lq1,p1) and 1(0,) = U(t)*|ga, p2), with U(t) i= exp(=it(~ 2= A+V)h).
On the contrary, the pair dispersion estimate in the classical setting can be
understood as
Linyt

WQ((;(X(t)7E(t))7 5(Y(t),H(t)) )2 SWQ(é(Xin7Ein), 6(Y1n7H7n) )26

e(%JrL)t -1

+ MWHV(V -~ W) L may
It is an easy exercise (left to the reader) to extend this estimate to arbitrary phase
space probability measures that are weak solutions of the Liouville equation — not
necessary of the form &) ¢(+)), where ¢ = (2(t),((t)) is a solution of Newton’s
motion equations.
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This suggests the following question: is there an estimate analogous to the clas-
sical pair dispersion estimate in the quantum setting for 0(R;(t), R2(t)), where Ry
and Ry are time-dependent density operators on $ = L2(R?) whose dynamics is
governed by the von Neumann equation with two different potentials? Should such
an estimate exist, it would be
euniform in A as A — 0%, and
eshould involve the same amplification factor e(m+D)t
a similar error term of order

as in the classical case, and

1 . 1
e G (V = W) = (ray  instead of AV =W~ (re)

Of course, such an estimate, should it exist, would require more regularity on
the potentials (typically the same kind of regularity as in the classical setting) than
what is needed for the quantum Hamiltonians

EALV and - AW
m 2m
to have (unbounded) self-adjoint extensions to $ = L2(R%).

2.2.2. Propagation Estimate for 0. It will be convenient to consider, instead of the
pseudometric 0 introduced in the previous lecture, a deformation thereof, henceforth
designated by 0y, where A > 0 is the deformation parameter.

Pseudometric 0. For all R, S € Dy($)), and all probability density f on the phase
space R? x R% with finite 2nd order moment

D)\(f7R)2 = Qeér(l]f,R) [/de traceﬁ(Q(‘Tv5)%CA,h($7§)Q(xv§)%)dxd£v

(R, S)%:= inf t Y205 h QY2
A(R,S) ot o raceses (@ "Crn@'7),

where ¢y n and C) are the differential operators defined on R? and RY x RY
respectively by the formulas

oxn(@:8)¢(y) =Nz =yl + |6 + iV, [)o(y),
Orn®(2,y) =(NJz —y* = B (V4 = V) - (V= V) @(2,y) -
We leave it to the reader as an easy exercise to check that
ch(x,§) > Mdhls , Ch 2 2\dhlsgs -
Theorem 6. Assume that V e C11(R?) satisfies
V(y) > +o0 as Jy > o0, and Lip(VV) < oo.

Hence H := —%A+ has a self-adjoint extension to ), and defines a quantum dynam-

ics via the unitary group U(t) := e /" On the other hand, let ®(¢;-,-) be the flow
of the classical Hamiltonian H (z, &) := 5=|¢[* + V (), which is defined for all ¢ € R,
since V is confining (tends to +oo at infinity). Then, for each R{™, Ri" € Dy($)
and each probability density f on the phase space R x R? with finite 2nd order
moment, one has

N(f ™o ®(~t,, ), ULRPU()*) <on(f™, Ri™)elM,
WU @)RIU () U () RYU(t)) <or(RY™, Ry e
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for all t € R, with

ey (2 B,
Proof. Let Q™ e C(f™", Ri™); set
Q(t,,€) = U()Q™((t,,€))U(t)".
One easily checks that
traces, (Q(t, 2, €)) =traces (U(H)Q™ (2(~t,2,6))U(£)")
=traces (Q™ (®(~t,2,£))) = " (D(-t,,£)),
while

S V@@t ) () duds U  [[ |, Q" (@(-t2.)drd) Uw)”
- U ( 1., Qi"(X,E)dXdE) Ut)* = UMW RU (1),

so that
Q(t,,) €C(f™ 0 @(~t,-,-), UM)R"U(1)").
Thus
0(f™ o (=), UM)RTU(1)")?
SffRQdtraceg(Q(t,x,§)1/20>\7h(:c,§)Q(t,x,{)l/z)dzdf

= ffRZd traceq (Q™ (X, 2)2U(£)*ex n(®(t, X, E)U(H)Q™ (X, E)?)dX dt ,
and

%_/fdetraceﬁ(@(t’96,f)l/QCA,h(l‘,£)Q(t,x,£)1/2)dacd§
= /]R?d traCEg(Q(t,x7§)1/2{ﬁ|£|2 n V(x)7cA’h(x,ﬁ)}Q(tx,§)1/2)dxd§
+ /LQd traceﬁ(Q(ta Ivg)l/Q%[—%A +V, CA,h(xag)]Q(ﬂ$,§)1/2)dxd£ )

Now, we compute
(o [€P +V (@), enn(@, )} + L[~ 22 A+ Viean(x,6)]
= X ((€+ihvy) - (w-y)+ (x-y)- (€ +ihV,))
-(§+1hvy) - (VV(2) - VV(y)) - (VV(z) - VV(y)) - (£ +ihVy)
= A((E+ihVy) - Az —y) + Ma - y) - (€ +ihV,))

Li 1% . 1% -VV (1 V(x)-VV .
—EED (6 +ih9,) AT e 2+ AT e 2 - (€ + ih9,))

< (2 4 BV (A2 | 4 [¢ + iy, ).

Therefore
: ffde traces (Q(t, =, &) 2ex n(x, €)Q(t, 2, €)?)dzde
< (o + B2T0) ][ traces (Q(t.2.) e n (2. QU 2.€))dude,
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and hence
a)\(fin ° (I)(_t, . .)7 U(t)RinU(t)*)Q
< ffde traces (Q(t, z,€)V2enn (2, €)Q(t, z, ) Y/?)dxde
< exp(|t|(% + M)) fngd traceﬁ(Qi"(az,E)lmc)\,h(x,E)Qi”(x@)l/g)dggdg.

Choosing a minimizing sequence Q" of elements of C(f™", Ri"™) so that

ffmd traceg (@ (2,€) P ern (2, Q0 (w,6) ) dade — 0x(f™, RT")

as n — oo leads to the first inequality. d

Quiz 17. Prove the second inequality in Theorem 6 (the argument follows the one
presented above for the first inequality).

Theorem 6 will often be used together with Theorem 1 from Lecture I, in the
following manner. For instance, one could start from Toeplitz density operators, for
which the pseudometric 9, is very well-known, by using Theorem 1 (1). Usually, the
quantum dynamics fails to preserve the Toeplitz structure of the density operator,
but at time ¢, one can use the lower bound for v, deduced from Theorem 1 (2) to
compare the Husimi transforms of the (quantum) density operators by means of
the classical Wasserstein W, metric. The resulting statement is as follows.
Corollary 7. Under the same assumptions as in Theorem 6, let f”f be a probability
density with finite second order moments on RYxR?, and let gi", gi" € Po(RIxRY).
Set R" :=T[g¢{"] and Ry := T[g5"]. Then

Lit| max(l, )‘2)
PR 21 fionied St A
min(1, A?)

N (1+\?)dh
2min(1,A2)
Lt| max(l, AQ)
e ————"
min(1, \2)

(1+A?)dh
+ A

min(1, A?)

Wa(f" 0 @(=t,-, ) HIU(R"U(8)'])* < Wa(f™, 01"

(e +1),

Wa(H[U(OR"U ()], HIU (R U (£)"])* < Wa(g1",92")°

(eHt 4 1),
where L := %(% + M)_

Quiz 18. Prove Corollary 7. (Hint: compute the operators

I F@lapda.pldadp and  [[ F(@la.p)a.pldadp.

where F is a polynomial of degree 2 on R%. See Appendix B of [37], or the basic
properties of the Toeplitz map in Lecture I, and Quiz 8.)

In the remaining part of this lecture, we shall study three (more or less direct)
applications of the propagation bound in Theorem 6:

Application 1: mean-field and classical limits of quantum mechanics (section ;
Application 2: time-splitting schemes for quantum mechanics (section ;
Application 3: observation inequalities for quantum dynamics (section [2.5).
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2.3. Mean-Field and Classical Limits of Quantum Mechanics. So far, we
have considered the quantum dynamics of a single particle. In this section, we
consider the quantum dynamics of N identical particles. We are concerned with
two different limiting regimes:

ethe large N limit, and

ethe semiclassical regime.

The large NV limit is of special interest: in that case, the problem is set on a space
of large dimension (typically 3V, the number of position variables for N points in
space dimension 3). Numerical simulations for problems of this type are very often
untractable.

For this reason, one seeks to replace the original equation governing the dynamics
of N-particle systems with “reduced models”, where the space dimension does not
increase with the number of particles considered. The situation studied in this
section is summarized by the following diagram.

N—->oo
‘von Neumann‘ — Hartree

¥ ¥
h—0 N h—0
¥ !

[Liouville] ™= [Viasov]

The upper horizontal arrow (quantum mean-field limit) has been proved by
Spohn [60] — see also [8] — in the case of bounded potentials; the case of a
Coulomb potential was treated subsequently by [31] — see also [7], by the method
of the “BBGKY hierarchy” (see for instance [35] for an elementary introduction to
the BBGKY hierarchy). Other approaches involve the method of second quantiza-
tion [56] — see also an original method due to Pickl [52], which makes use of some
notions originating from second quantization without the full machinery of Fock
spaces. Both [56] and [52] include a treatment of potentials with a singularity at
the origin of the same type as for the Coulomb potential.

The lower horizontal arrow is the mean-field limit in classical mechanics; it has
been proved by Braun-Hepp [14] by using the notion of “Klimontovich” solutions —
i.e. phase-space empirical measures — of the Vlasov equation, with a convergence
rate obtained by Dobrushin [30], who used optimal transport distances for the
first time on this kind of problem. Dobrushin’s analysis is our first motivation for
defining a quantum analogue of the Wasserstein distance, and for the analysis in
the present section.

The limit corresponding to the left vertical arrow follows from the Lions-Paul
Theorem mentioned above (Theorem IV.1 in [50]). The limit corresponding to the
right vertical arrow follows from Theorem IV.2 in [50]. It should be mentioned
that the case of the classical limit of the Hartree equation for singular potentials
including the Coulomb case is treated in Theorem IV .4 of [50] — one should however
keep in mind that this proof assumes that the Wigner function of the density
operator solution of the Hartree equation is assumed to be bounded in L?, which
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excludes the case of pure states, such as solutions of the Schrodinger equation with
WKB initial data, for instance.

Since we are interested in a situation involving two small parameters (specifically
% and h), it is natural to investigate the uniformity of the mean-field (large N)
limit in the semiclassical (small h) regime. It seems that the first result in that
direction is [43] — see also [51].

To conclude this introduction, one should also mention that the mean-field limit
in classical mechanics (the lower horizontal arrow) remains an open problem in the
case of the Coulomb potential — see however [45] [46] in the case of interactions
with a singularity at the origin weaker than that of the Coulomb potential, and
[59] in the case of the Coulomb potential itself, but for a restricted class of initial
data (specifically for monokinetic data). The quantum analogue of [59], i.e. the
joint mean-field and classical limit of the N-particle quantum dynamics in the
case of monokinetic data, which is based on Serfaty’s remarkable inequality on the
Coulomb potential (Proposition 2.3 in [59]).

2.3.1. Quantum N-Particle Dynamics. The state of a quantum N-particle system
at time ¢ is represented by a density operator R(t) € D(£)n), where $Hx = H® is the
N-particle Hilbert space. If $ = L2(R?), then it is easily seen that y = L2(R*).

Since the N particles are indistinguishable, their density operator should com-
mute with permutations of the particle labels. More precisely, for each o € G, we
define the map

Us: OV =T (21,...,25) > (U, V) = \P(ma—l(l),...,xofl(N)) €ENN.

One easily checks that the map o — U, is a unitary representation of the symmetric
group G on the set of N elements in ). A density operator for a system of IV
identical particles should satisfy the relation

U,R(t)U; = R(t), ceBn, teR.

Henceforth, we denote by D*($n) the set of density operators on )y satisfying
this symmetry property:

D*(Hn)={ReD(Hn) st. U;RU; =R forall c e Gy}.

Remark. One should avoid confusing this symmetry, corresponding to indistin-
guishable particles, with the symmetries corresponding to the Bose-Einstein, or
the Fermi-Dirac statistics. The Bose-Einstein statistics applies to particles with
integer spin, referred to as bosons, such as photons, *He nuclei (o particles). At
low temperature, large numbers of bosons can condense in a a single energy state,
thereby forming a Bose-Einstein condensate. The Fermi-Dirac statistics applies to
particles. with half-integer spin, referred to as fermions, such as electrons, protons,
neutrons, *He atoms. Fermions satisfy the Pauli exclusion principle: two (or more
than two) fermions in a given quantum system cannot occupy simultaneously the
same quantum state. The difference between bosons and fermions can be read on
their N-particle wave functions: for all o € G, one has

U,y =Upn, if the N particles are bosons,
U,¥n =(—1)Sign(‘7)\I/N , if the N particles are fermions.
Notice that, in both cases, one has

UslUNWYN|U, = [Us YN (UsUn| = [UNHUN|, 0e6n,
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so that the density operator |Uny )} (¥ | e D*(Hn).

The quantum N-particle Hamiltonian is the unbounded operator on the V-
particle Hilbert space $y = L2(R4Y)

N 2
Z_thmAlk + Z V(mk—xl).
k=1 1<k<I<N

Of course, it is assumed that N > 2.
Since the N particles are identical, the total mass of the system is M = Nm, so
that the “energy per particle” is

N 2 N 2
]{,(Z—Q”‘mAwar 5 V(mk_m)):z_;g\j%% S Viap-).
k=1 1<k<I<N k=1 1<k<I<N

Henceforth we set M = 1 without loss of generality, and consider as the quantum
Hamiltonian the energy per particle, i.e.

N
2
HN = Z—%Azk-ﬁ-% Z V(:vk—xl).
k=1 1<k<I<N

We shall adopt the following assumptions on the interaction potential:
VeC"(RY)  with V- e L®(R?) and V(z)=V(-z)¢eR.
Hence
Hy is self-adjoint on $)y with domain Dom(Hy) > H*(R™).

By Stone’s theorem, the quantum Hamiltonian Hy generates a unitary group
Uy (t) = e NP on 6.

The operator Ry, n(t) = Un (t) R¥UN(t)* solves the N-particle von Neumann
equation

ihO Ry n (1) = [Hy, Rpn ()], Ran(0) = RY € D(SHy).
If RV is a pure state, meaning that R% = |Wi) (W], then
Ry v (t) = [Wh,n () (Whn (1)l
where Wy, n(t,-) :=Un ()P is the solution of the N-particle Schrédinger equation
ihWs n(t,) = Hy Uy N (1), Up n(0,-) = UL
We leave it to the reader, as an easy exercise, to check that
U,Un(t) =UNn (1)U, foralloeSy and all teR.
Therefore
N eD (Hy) = Run(t) =Un()RTUN()* e D*(Hy) forall teR.

Henceforth, we are interested in situations where N > 1 (mean-field regime) and
h « 1 (semiclassical regime).



QOT AND MANY-BODY PROBLEMS 45

2.3.2. Mean-Field Equations. The purpose of the mean-field limit is to replace the
description of a N-particle system by the quantum Hamiltonian Hy — involving
functions of N variable in L2(R%), therefore functions of dN > 1 variables, by
an equation, or a system of equations posed on the single-particle phase space $)
instead of $. The physical idea leading to these mean-field equations can be
expressed as follows: one seeks to write an equation governing the evolution of a
single, “typical” particle. This typical particle is driven by the interaction with
the N — 1 other particles, approximated as follows: call p(¢,2) the single-particle
density function, i.e.

p(t,x) =r(t,x,x)

where r(t,x,y) is an integral kernel of R(t) € D($)), the density operator of the
typical, single particle, such that z + (¢, + z,2) belongs to Cy(R%; L*(R%)) for
each t € R (see Lecture I, Quiz 4). Then, one expects that

% IS]ZS:N V(zj-y)= /Rd V(xz-y)p(t,z)dz =(V = p(t,))(y)
= trace(V (- = y)R(t)) = Vag) (y)

as N — oo. This time-dependent potential Vg is usually referred to as the mean-
field, self-consistent potential. Then one can write the equation governing the
(quantum) evolution of R(t): this is a von Neumann equation where the potential
is the mean-field potential, i.e.

ihOyR(t) = [-2h*A + Ve, R(1)].

This is a quantum dynamical equation, referred to as the (time-dependent) Hartree
equation, set on the single-particle Hilbert space $) = LQ(Rd), instead of the IN-
particle Hilbert space = L>(R*). The advantage of this description is obvious:
one has to manipulate wave functions depending on d space variables (d < 3 in
practice) instead of Nd space variables, which is untractable. The drawback is that
the mean-field equation is nonlinear (but the nonlinearity is relatively mild since it
involves a convolution), and that it is only an approximation of the true, N-particle
dynamics.

In the case of pure states, the (time-dependent) Hartree equation takes the form

ihOp(t, ) = =3h*Dptp(t, ) + (1, 2)V . [0 (t,2), zeR?,

In the classical setting, the idea is the same: the classical mean-field potential
is defined in terms of the single-particle distribution function f = f(¢,z,£) by the
formula

Vittay= [ Vi@-p) ity m)dydn = (V 5 f(t)(@).

Then, the mean-field equation, known as the Vlasov equation is written in terms
of the mean-field Hamiltonian with the usual single particle Poisson bracket:

Otf(t,m,§) +&- wa(t,x,f) - VIVf(t,l‘) : V5f(t,l‘,f) =0.
={(31EP+Vy (t,2), F(t,a,6)}
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2.3.3. Uniform in h Error Bounds for the Quantum Mean-Field Limit. In this sec-
tion, we present error bounds comparing the solution of the N-particle von Neu-
mann equation and the solution of the quantum (Hartree), or the classical (Vlasov)
mean-field equations.

We begin with the error bound for the quantum mean-field limit (from the N-
particle von Neumann equation to the Hartree equation). This is the upper hori-
zontal arrow in the diagram above.

Theorem 8. Assume that V e C1'(R?) is a real-valued function such that

V(z)=V(-2z)>-M for some M >0,

and set
L:=2(1 +4Lip(VV)?).
Choose an initial (1-particle) distribution function f™ such that f"dzd¢ € P2 (R2?).
Set the Hartree initial data to be R™™ = T[ fi"], and the N-particle initial data to be
R = (R™)®N = T[(f™)®N]. Let t = R(t) be the solution of the time-dependent
Hartree equation with initial data R™, while t = Uy (£)T[(f")®N JUn(t)* is the
solution of the N-particle von Neumann equation with initial data R}f}.
Then, for each t >0,

QN in\®N +\2 Lt
2 (RO UNOTIU™* U)o, BIVV = -1
N N-1 L

Next we study the error bound for the joint mean-field and classical limits (from

the N-particle von Neumann equation to the Vlasov equation). This is the diagonal
arrow in the diagram above.
Theorem 9. Under the same assumptions as in Theorem 8, choose an initial (1-
particle) distribution function f such that f"dzd¢ € Po(R??). Set the N-particle
initial data to be R = T[(f")®N]. Let t = f(t,-,-) be the solution of the Vlasov
equation with initial data f*, while the solution of the N-particle von Neumann
equation with initial data R is ¢ = Uy (£)T[(f)®N UN (t)*.

Then, for each t >0,

O(£(t- )N Un OTIEN UN )y STV g o1
N - N-1 L

Several comments are in order before going further.
Remarks.
(1) In both Theorems 8 and 9, we have restricted our attention to Toeplitz initial
density operators. The reason for using such well-prepared initial data comes from
statement (1) in Theorem 1: if T is a Toeplitz operator in Dy (), then

(T, T)=v2dh= min d(R,R).
ReD($)

Similarly, if f is the symbol of T'— i.e. if T =T[f] — then
o(f,T)=vdh= min 02(g,R).
gePo (R2d)
ReDy ()

Therefore, for this choice of initial data, the first terms in the right-hand side of
the upper bounds in both theorems are as small as possible.
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(2) The reason for considering the expressions

2 (RN Uy (D TL™N Un (1)*)°

N
and
O (F(t )N Uy (TLU™)* Un (1))’
N )
instead of 4 )
o (R()®N Un (DT ™) N UN (1))
and

. . 2
(St NN UNOTIU ™) UN (1))
comes from the fact that the quantum-to-quantum transport cost and the classical-
to-quantum transport cost in $) are sums of IV terms, respectively
N
®(k-1) ®(N-k)
> Iyen ®Ch®lggq

and

N
> Iﬁ’(’“‘“ ® cp (2, &) ® IE’(N"“) .
k=1

(3) For all Ry € D*(Hn), we consider its k-th marginal Ry € D?(9;) defined
by the following prescription

traces, (RyxA) = traceg y (RN (A®IXF ), forall AeL($).

NAN-k
Quiz 19. Let Ry, Sy € D5(Hn) and let fy be a symmetric probability density on
(R? x R?)Y with finite second order moments. Prove that

2 2
D(RN;l,SN;l)QS...SMS...SM, 1<k<N,
k N
and that
2 2
a(szl,SNzl)zs...sMg...gm, 1<k<N,
k N
where
fvw(@e, &g, k) = [(Rded)N_k fn(@,&n, e on v ) degn e - dondén

(Hint: use the formulas for the quantum-to-quantum and the classical-to-quantum
costs in (2)).

In particular, Theorems 8 and 9 imply the following result on the first marginal
of the N-particle density operator.
Corollary 10. Under the same assumptions as in Theorems 8 and 9, one has

o (R(1), (MN(t)T[(fm)@’N]Z/lz\z(t)*);l)2 < 2dhe™t + BIVV 1= e -1

N-1 L’
Lt
D(f(tV?'))?(uN(t)T[(fm)®N]Z/{N(t)*);1)2SdheLt*'%%'

(4) One can obviously use Theorems 8 and 9, together with Corollary 10 and
Theorem 1 (2) in order to compare the Vlasov solution and the Husimi transform
of the Hartree solution to the Husimi transform of the first marginal of the N-
particle density operator.
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Corollary 11. Under the same assumptions as in Theorems 8 and 9, one has

Wa (LR HL Uy T W (0 )a]) < 2an(eP + 1)+ STV = 221

N-1 L’
oLt
W (F(0. ), RN (O TIG ) T (1))a])° < dn(e 1)+ = €221

(5) Since density operators are characterized by their Husimi transforms (see Quiz
20 below), and since the Husimi transform of a density operator is a probability den-
sity, a natural idea to define optimal transport distances between density operators
is to use the formula

dzs(p1,p2) = Wa(H[p1], Hlp2]),  p1,p2€D2(H).

This approach has been proposed by K. Zyczkowski and W. Slomezyniski [65].
This definition has some advantages over the pseudometric 0 discussed in these
lectures
(a) it is a bona fide metric (see quiz below), and
(b) one is always dealing with probability densities, i.e. functions on phase space,
which are easier to manipulate than operators.
Similarly, one might prefer considering

Wa(f,H[R]) instead of o(f,R)

for R e Dy($) and f a probability density on P(R? x R%) with finite second order
moments. Indeed, with the first quantity, one transforms the density operator R
into a probability density by means of the Husimi transform, and then compares this
probability density with f by means of the Wasserstein distance. On the contrary,
the second quantity compares two very different objects (a probability density and
a density operator), which is like comparing apples with pears.

Quiz 20: the Husimi transform is one-to-one. Set $ = L?(R%).

(1) Let R e Dy($). Prove that H[R] is a probability density, and compute

ffRded (ql* + Ip|>)H[R](q, p)dqdp

in terms of R.
(2) Let R, S € D3($), and assume that H[R] = H[S]. Prove that R =S5. (Hint: let
r =r(y,y’) be an integral kernel of R. Set

J(z,€) = [/ r(y, YW+ P2 o (s i€ (/) gy
RIxR4

Prove that J extends as a holomorphic function on C?*xC¢?, and therefore is uniquely
determined by its restriction to R% x R%. Conclude (a) by finding the formula
relating H[R] to J, and (b) by computing the integral kernel 7 of R in terms of .J.)

However, there is a rather heavy price to pay with this approach, which is that
the Husimi transform, and therefore dzg is not easy to propagate by usual quantum
dynamics. This is easily explained if one returns to Quiz 11 (3) and (5): if ¢ » R(%)
is a time-dependent density operator, solution of the von Neumann equation

ihOR(t) = [-2*A+V,R(t)],  R(0)=R™,
we have seen that its Wigner transform Wj,[R(t)] satisfies the Wigner equation
(00 + & Ve )Wa[R()](2,€) + O[VIWa[R(1)](2,€) = 0,
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and that
H[R(1)] = exp(f Ag ) Wa[R(1)].
Therefore, the evolution of H[R(t)] can be described as follows:
H[R™] = W[R™] » Wx[R(t)] » H[R(t)].

The second arrow is the value at time ¢ of the group generated by the Wigner
equation, and the third arrow is eXp(%A$75). But the first arrow corresponds to
expressing Wj[R™] in terms of H[R"] by solving

exp(§ A, ¢ )Wh[R™] = H[R™].

This first step corresponds to inverting the heat flow at time h/4, hence the difficulty
of this problem.

A more thorough discussion of the evolution of the Husimi transform of a solution
of the von Neumann equation can be found in [5].

This discussion explains one of the advantages of the pseudometric 0 over dgg,
that is the remarkable simplicity of the propagation estimate stated in Theorem
6, and the fact that the bounds reported in that theorem are exactly the same
as the pair dispersion estimate in classical mechanics (with the same potential in
both dynamics). In other words, when compared by means of the pseudometric 9,
quantum particles behave as if they were points moving on classical phase-space
trajectories. This picture of quantum dynamics is known to be wrong in general
— see for instance Young’s double-slit experiment and its discussion in chapter I,
section 2 of [23] — but turns out to be true as far as the pseudodistance 9, or its
variants 0 discussed in Theorem 6, are concerned. Accordingly, the assumptions
on the potential used in Theorem 6 are those used in the definition of a classical
dynamics by means of the Cauchy-Lipschitz theorem, which require in particular
that V e CL1(R?), which are much more restrictive than the conditions on V
which imply that —%A +V has a self-adjoint extension as an unbounded operator
on L?(R%).

After this long list of remarks, here is a quick sketch of the proof of Theorems 8.
Theorem 9 is proved in essentially the same way, and the necessary modifications
are left to the reader as a (relatively) easy exercise.

Sketch of the proof of Theorem 8. This proof is split in several steps.
Step 1. Pick Q% € C(RY, (R™)®N) and solve for Qn(t) € D(Hn ® H) the linear
von Neumann equation with time-dependent potential

N
ihOrOn(t)=|Hn®Ig, + Iy ® Z Jk,N(—L;A+VR(t)), oOn() |,
k=1
n(0) = O,
with the notation
Jk,NA = Ig(k_l) RA® IE(N_k) .

One checks, by taking partial traces and using uniqueness for the solution of the
von Neumann equation with time-dependent potential, that

On(t) e C(Rn (1), R(t)®N), for all t> 0,
where R(t) is the Hartree solution, while

Ry(t) := UN(t)R?uN(t)* .
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Step 2. Let
Dy (t) = 5 traceg yasy (Qn (1) ChQn (1) 7).
with Cj, defined for all ® = ®(Xy,Yy) € S(R?) by

N
Cndi= Y (1~ 2@ = B (diva, ~divy, ) (e, ~V,,)8))(Xx, V).

j=1
Step 3. By definition of Dy (t), Step 1 shows that
Dn(t) > Lo(Ry(t), R(t)®V)?, for all t>0.
Step 4. On the other hand
ithN = % traceﬁN@,ﬁN(QN(t)%[HN ® If)N7Ch]QN(t)%)

dt

L traces, yosy (On (1) [y ® Jon (~2h2A + Vagy), ChlQn (1)),

M=

+
k

I
=

and it remains to compute

- N
(3
N = _E Hy ®IYJN +If31\r X Z Jk7N(—%h2A+VR(t)),Ch
k=1

Step 5. Using the notation Av B := AB + BA, one finds that

Zn = Z —y;) v (=ihV,, +ihv,,))

N
% Z V(l‘] - .’Ek) + vVR(t) (y])) \% (—ihij + ihvyj) y

HMZ

and one uses the elementary operator inequality (see Quiz 7 (2))
AB*+ BA* < AA* + BB*

to prove that

N 2

ZN <2CH + Z

VVR(t) y]) N Z VV(QSJ - l‘k)
=1

Split the summand so as to involve the difference between the N-body and the
mean-field potentials on the y; variables only
2

N
%;(W(yj —yk) ~ VV(zj —a))

N
ZN §2Ch+22

j=1

N 2

=

vVR(t)(yj) N Z vV(y] yk)

N

<2Ch + & Lip(VV)? (5 = yk) = (25 — i) ]?
jik=1

[

<ANCh

N
VVR(w(ya %Z vV (y; -

TMz
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Step 6. It remains to bound

N N 2 )
3 traces y oy (Qz\r(t)2 VWri (Y5) = w 2 VV (yj — k) QN(t)z)
=1 k=1
N 2
= Z tracey,)N ( VVR(t)(y]) N Z VV(yJ yk) R(t)®N)
j=1 =1

This is easy since all the potentials considered involve only the variables y; for
j=1,...,N, so that Qn(t) can be replaced with the factorized density R(t)®",
where R(t) is the Hartree solution. Here is the argument.

N 2
traceg ( VVR(t)(y1 - % Z YV (y1 - k) R(t)®N)
k=1
N N
= traceg | |+ Z(VVR(t)(yl) vV (y - R(t)®
traceﬁN ( Y AVVR@ (1) = VV (51 - wr)| R(t)®N)
+9 Z traces,, (VVR(t)(yl)va(yl Yk) VVR(t)(yl)NVV(yl ym)R(t)®N)

1<k<m<N
1 ol 2 QN 4 2
= 2 traces,y 2 VVem (v1) = VV (51— ) PR()®Y | < N IVVILeme) -
k=1

since

traces y ((VVae) (1) = VV (1 = yk)) - (VWaay (1) = VV (y1 = ym ) ) R(H)®V) =

for all m >k > 1.
Step 7. Hence

N X 2
VWVerwy(¥5) -~ Z VV(xj—xp)|
J=1 k=1
and therefore
d 1 1
i D (1) =traces v, (Q(1)* Zn Q(1)?)
. 8
<2(1+4Lip(VV)*) Dy () + NHVVHQL“(Rd) :
By Step 3 and the Gronwall inequality, one has
1 ®N\2 e, 8 2 e -1
FO(BN (1), R(1)®7)” < Dn(t) < Dy(0)e™ + 7HVVHL°°(Rd)7
This inequality holds for each initial coupling i of (R™)®N with , so that
i in eLt -1
%D(RN(t),R(t)@’N)2 < Lo(RW, (RM™)®N)2elt 4 NHVVHQLN(RL{)T

Specializing this inequality to
m-T[f™] and RY =(R™)®N

and using Theorem 1 (1) leads to the announced result. ]
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2.4. Time-Splitting Numerical Schemes for Quantum Mechanics. In this
section, we study the numerical error relative to some time-discretizations of quan-
tum dynamical equations.

Consider the von Neumann equation with unkown R(t) € D($)

ih R=[-3h*A+V,R],  R|_ =R",
where the potential V' is chosen so that the operator
Hj = -1h*A+V

has a self-adjoint (unbounded) extension to $ = L?(R%).

Our purpose is to obtain uniform in A error bounds for various time-splitting
schemes for the von Neumann equation. The simplest example of time-splitting
scheme for the von Neumann equation is as follows:

Time-split Heisenberg equation. Starting from R° = R™ € D(§)), we define a
sequence R™(t) € D($) for m € £N by the following formulas:

R = exp(%A)R” exp(—ihQAt A),

R™! =exp(SLV)R™ 2 exp(-5LV).

The analysis of time-splitting schemes like this one has been studied in detail, for
instance by [27]. This particular time-splitting scheme is known as the Lie-Trotter
splitting method.

Error bound. [27] Pick R™ € D($)) such that

(AD,)R"™(hD,)|1=M < oo with (AD):=(1-h2A,)? .
Then, for each integer n > 0, one has
[R(nA) - R™[y < C(M, |V |y~ )AL

This error bound is obviously not uniform as A — 0. The convergence of this
scheme requires that At <« h, which is obviously very costly in the semiclassical
regime, where i < 1.

In the sequel, we seek to obtain an error bound for the Lie-Trotter time-splitting
scheme that is uniform in ~ by the methodology of asymptotic preserving (AP)
schemes. The idea is to use the Descombes-Thalhammer error bound for 7 > 1, and,
in the case where A «< 1, to use the same time-splitting scheme for the classical
Liouville equation, which is the classical dynamical equation obtained by passing
to the A — 0 limit in the von Neumann equation, as explained for instance by the
Lions-Paul theorem recalled above. This last error estimate involves comparing the
numerical quantum and the classical solutions, and the exact classical and numerical
solutions on the other hand. This leads to two different error bounds depending on
h, and one hopes to get a uniform in A error estimate by optimizing in h > 0. This
is summarized by the diagram in Figure 5.

The first result on the uniform in A convergence of the Lie-Trotter method for
the von Neumann equation was obtained in [6], without any error bound. The goal
of the present section is to provide such uniform in A error estimates by means of
the 0 pseudometric.
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von Neumann Liouville
R(nAt) Ey, (f(nAt), R(nAt)) f(nAt)
h—0
dist arrc,2 (WR(R")V Wi (R("A‘))) At -0 At — 0 |distak 2 (f(rAt), f7)
h—0

Ey (f", R™) fm

R
time-split N . e .
1me-spiit von feumann time-split Liouville

F1GURE 5. The horizontal arrows represent the semiclassical limit
h « 1 and the vertical arrows the convergence of the numerical
scheme At « 1.

2.4.1. Lie-Trotter Time Splitting for the Liouville Equation. As recalled above, the
classical dynamical equation corresponding to the von Neumann equation is the
Liouville equation with unknown f = f(¢,x,&) > 0, written as

atf(t7$,§)+{H(I,£),f(t,l’,€)}:O, f|t=0:fina
where the classical Hamiltonian is
H(z,8) =3¢+ V().

We shall assume here that V' e W2*(R?), and that V > -M on R? for some
constant M > 0.

This is a first order PDE that is solved by the method of characteristics. If
one denotes by ®; the Hamiltonian flow generated by H, one finds that

f(t,@,8) = f"(@4(2,6)),  x,6€R’ teR.
The Lie-Trotter time-splitting method for the Liouville equation is

5 (y,m) = o K_a(y,m)
Y y,m) = 772 0 Poar(y,m)

starting from f°:= £, where the maps K_a; and P_a; are defined by the following
formulas:

Ki(y.m):=(+tn.n),  Py,n):=(yn-tvV(y)).
The error bound for the Lie-Trotter splitting scheme for the Liouville
equation is formulated below in terms of the Wasserstein distance of exponent 2.
Setting

(X1, E¢) = Pu(x,)  and (Y, Hy) = Pro Ke(y,m),
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one finds that
X, = VP + (5 = Hi? <(Jw = yf* +1¢ = nf*)e@+DN
(2+A)[t] _ 1
(&
W%AZ(% + A (L +yf + ),
with
As=max(L, B, [V?V]pe), Bi=[vV(0).

Quiz 21. Prove the inequality above. (Hint: write a differential system satisfied
by t — (Y, Hy), and compare the trajectories of that system with those of the
Hamiltonian system corresponding to H(z,£) by means of the Gronwall inequality.)

The inequality above implies the following error estimate for the Lie-Trotter
scheme in the case of the Liouville equation.
Lemma 12. Let V e W2 (RY) satisfy V > —M for some M > 0. Assume that f*
is a probability density on R?? such that

2 2y pin
S Gl 1) 5 (@,€)dadg < oo
Then, for each At € (0,1) and each n=0,...,[T/At], one has
W (f", f(nAt)) < Cr[A, B, f]At,

where C7[A, E, f] is a positive constant depending only on the computing time

T, on the constants A and E defined above, and on the initial data f™".

2.4.2. Lie-Trotter Time Splitting for the Liouville Equation. At this point, we use
Theorem 6 first with A=m =1 and V =0, so that

(f" o K_py, R™2) <o(f™, R")e™
Next we use Theorem 6, this time with A =1 and m — +o0, so that
a(fm% o P_At7Rn+1) < o(fn+§7Rn+%)€% Lip(VV)
Hence, for all integer n > 0, one has
o(f", R™) <o(f™, R™)exp (%nAt(l + Lip(VV))) .
On the other hand, applying Theorem 6 with m =1 shows that, for all ¢t >0,
O(f(1 ), R(1)) =0(f™ 0 @y, /M i iHin )
<(f™, R™) exp (%t(l + Lip(VV))) .

Putting together these two bounds, and the error estimate in the previous sec-
tion, we arrive at the following result.
Theorem 13. Let V e W2 (R?) satisfy V > —M for some M > 0. Let f™ be a
probability density on R x R? such that

S (ol 1€ £ o ) < oo

Set R™™ = T[f"™]. Then, the Lie-Trotter splitting scheme for the Heisenberg equa-
tion satisfies the uniform as h — 0 error bound

(R™, R(nAt)) < Cr[A, |V e, AL + 2V/dhe s (HHPEV))
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This implies the uniform in & convergence rate
[ #@. ) (MR ) - HR(n ) ) dads

<Cp[A, |V wes, f]AE.

sup
max(2]¢[ e ,Lip(¢))<1

The uniform as i — 0 error estimate follows from the two bounds obtained in
this section before Theorem 13, and the error bound for the Lie-Trotter method
for the Liouville equation in the previous section (Lemma 12). One uses also the
following triangle inequality, which will be discussed in Lecture III:

D(R,S)SD(R,f)+W2(f,g)+D(g,S)

The uniform in A convergence rate follows from optimizing between the uniform as
h — 0 bound and the Descombes-Thalhammer bound.

There is a similar result with higher order splitting formulas, such as Strang’s
splitting scheme, leading to a uniform O (At2/ 3) estimate. The interested reader is
referred to [36] for these higher order estimates, and for the missing details on the
case of the Lie-Trotter splitting method.

2.5. Observation Inequalities for Quantum Dynamics. The observation prob-
lem for a general PDE can be formulated as follows: let P(z,d,) be a (linear) partial
differential operator on some open set ¢ R?%, and let w be an open subset of Q.
Is a solution u of the PDE P(x, 0, )u(x) =0 for all x € Q completely determined by
its restriction to w?

Example. Here is an elementary example. Set d = 2, and identify R? to C (by
sending (x,7) e R? to z =z +iy € C). Set

P(xavaac:Dy) = a = %(8@ + Zay) y

(the Cauchy-Riemann operator) and set w c Q c C be (nonempty) open sets in C.
Any distribution « on  such that du = 0 on  is a holomorphic function on €.

The restriction of u to the connected component of w in §2 is uniquely determined
by the restriction u|w. In particular, if u|w =0, then ©u =0 on .

In the context of quantum dynamics, the observation problem can be formulated
as follows. Consider the von Neumann equation with unkown t — R(t) € D($)

ihR=[-2-A+V,R], R|,_ =R".
The real-valued potential V is chosen so that the quantum Hamiltonian
H:=-2A+V

has a self-adjoint (unbounded) extension to L2(R?).
Specialists of control usually consider R(¢) = [¢)(¢,-)){¢(¢,-)| with
ihop(t, x) = - A (t, ) + V(2)Y(t,z).

A class K of solutions t — R(t) € D($) of the von Neumann equation can be
observed on a domain Q c R? during time 7 if there exists a constant Cpopg > 0,
which may depend on K, on T and on {2, but not on the specific solution R € IC,
such that

T
1(=|R()]1) < Cogs /0 traceqn (LoR(t))dt for all Re K.
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The reason for the interest in this notion is explained by the HUM method (Hilbert
Uniqueness Method) introduced by J.-L. Lions: if Q and T are such that all solu-
tions of the Schrédinger equations — meaning that K = Cy(R; L?(R%)) — can be
observed on (0,7T) x £, one can control the Schrodinger equation by acting only on
the domain 2 and on the time interval (0,7") via a source term in the Schrodinger
equation. (As a matter of fact, Lions’ initial interest was with the wave equation,
or with the equations of linear elasticity [49], and the problem was to eliminate
vibrations on large solid structures by acting with motors on small regions of the
structure; the question was obviously to find the optimal way of placing the stabi-
lizing motors.)

Quiz 22: The Lions HUM method. Let H be an unbounded self-adjoint
operator on L?(R%) — for instance the Hamiltonian H = —%A + V under some
appropriate conditions on the real-valued potential V. Consider the control problem

{Zat(z5 = H(j) + l(O,T)fov
¢, =0.

Can one drive any solution ¢ € Cy(R; L%(R?)) to 0 at time T by acting on the
domain §2 only via the control f7 In other words, is the control operator

C: L*((0,T)x Q) 5 f = —ig|,_, € L*(R?)
onto?
To answer this question, one considers instead the observation problem
0y = Hip,
{w|t_0 =y,

and the observation operator

O: L*(RY) 9™ qp’(O’T)XQ e L*((0,T) x Q).

If the full class Cy,(R; L?(R%)) of solutions of the Schrédinger equation is observable
on (0,7) x © in the sense of the definition above, the operator O is one-to-one.
(1) Prove that C and O are bounded operators.
(2) Prove that O is the adjoint of C.
(3) Which statement about the control operator can be deduced from the fact that
the class Cy(R; L2(R?)) of solutions of the Schrédinger equation is observable on
(0,7)x Q7

The controllability problem for the wave (or elasticity) equation has been stud-
ied by several authors under various specific conditions, until Bardos, Lebeau and
Rauch [9] came up with a very satisfying answer based on the propagation of high
frequency waves. As is well known, high frequency waves propagate according to
the laws of geometric optics, and one approach to relating geometric optics to the
wave equation is through the consideration of the wave front set in microlocal anal-
ysis. (There was a serious additional difficulty in the Bardos-Lebeau-Rauch paper,
namely the fact that they sought to control the solution only at the boundary of
the domain, which involved using the Melrose-Sjostrand theory of propagation of
the wave front set along “broken bicharacteristics”, in other words, optical rays
from the theory of geometric optics interacting with the boundary.) However, the
key idea in the Bardos-Lebeau-Rauch approach was a “geometric condition” saying
that all the rays of geometric optics should hit the region of control at the boundary
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at least once in the time interval (0,7"). Under this condition, all solutions of the
wave equation can be driven to 0 after time 7" by some appropriate action on the
region of control at the boundary of the domain.

In view of the analogy between geometric optics and the classical limit of quan-
tum mechanics (see for instance §§6 and 46 in [48]), we shall consider the following
geometric condition, which can be formulated in terms of the trajectories of the
classical mechanics for the same potential as in the quantum problem for which the
observation problem is posed.

Thus, to the quantum Hamiltonian H above, we associate the classical Hamil-
tonian

H(z,€) = 5|6 + V(2)

generating a flow ®(t;-,-) = (X (t;-,-),2(t;-,-)) on R% x R? defined by the following
prescription:

E=-VV(X), 2(0;7,8) =¢.

Bardos-Lebeau-Rauch Geometric Condition. Let K ¢ R?*? be compact, con-
sider a domain Q ¢ R? and let T > 0; the triple (K,,T) is said to satisfy the
Bardos-Lebeau-Rauch (BLR) geometric condition if

for each (x,€) € K, there exists
te(0,7T) such that X (¢;x,£) €.

{Y:;E, X(0;2,8) =1,

(GO)

Lemma 14. Assume that V e Cb1(R?) is real-valued and satisfies V > ~M on R¢
for some M > 0. Let K be a compact subset of R? x R%, let © be an open set in
R? and let T'> 0. Assume that the triple (K,Q,T) satisfy (GC). Then

T
C[K,Q,T] ::(z,l?)EK ; 1o(X(tx,£))dt>0.

Proof. Since € is open in R?, its indicator function 1q is lower semicontinuous
(Ls.c.) on RY. By Fatou’s lemma, the function

T
(x,8) — [ 1o(X(t;2,€))dt € (0,+00) is Ls.c. on R x R?.
0
Since K is compact in R% x R%, there exists (z*,£*) € K such that
T
CIK,.T]= [ 1a(X(t2",€))dt.
0
By the geometric condition, there exists t* € (0,7") such that
lo(X(t%;2*,6%))=1.

Since t —» 1o (X (t;2*,€*)) is L.s.c. on (0,7, there exists n € (0,7") such that

17| <y = 1o(X(ta".€)) = 1.

Hence

T
C[K,Q,T] = fo Lo(X(t2*,6))dt 27> 0.
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K ®(1/2,K) <I>(§1;K)

owXR

O

FIGURE 6. The geometric condition in space dimension d = 1, with
V = 0. The classical free flow is ®(t;z,£):= (X (¢;2,£),2E(t;x,£)) =
(x +t&,€). The picture represents the image of the closed phase-
space rectangle K by the map (z,£) — ®(t;2,€) at time ¢ = % and
t = 1. The interval ) satisfies the geometric condition with 7" =1,
at variance with w. Indeed, phase-space points on the bottom side
of K stay out of the strip w x R for all ¢ € [0,1].

With the propagation estimate for ? presented in Theorem 6 above, one can

formulate a quantitative observation inequality for the von Neumann equation, with
rather explicit observation constants defined in terms of the classical dynamics. The
following result has been obtained in [41].
Theorem 15. Let V e CY1(R?) be a real-valued potential satisfying V > —M for
some M > 0. Let K be a compact subset of R% x R%, let € be an open set in R?
and let T > 0. Assume that the triple (K,,T) satisfy (GC). Then, for all initial
density operator R"™ € Dy($)) and all § > 0, one has the “observation” inequality
on the open set Q5 = Q + B(0,6)

T .
/O traceg (Lo, U(t)R™U(t)*)dt >C[K,Q, T)

1 1exp(iT(2 Lin(VV)))_ . .
. e P(21 ( ; (VAV) )) inf a)\(fl’VI’Rln).
0 x>0 1 5(%4— p)\ ) supp(fin)cK

We have put the word observation between quotes in Theorem 15, since the
inequality in that theorem is a bona fide observation inequality only if there exists
A >0 and a probability density f** with support in K such that

o (A, Lip(VV)
(3 )

m
exp(% (% + 7Lip(/\vv))) -1

Here are two examples where this inequality is known to be true.

u(f™ R™) < CIK,Q,T]
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Example 1: Toeplitz initial data. Assume that the initial density operator R™™
is of the form

R™ = T[p™], where 1" € P(R??) satisfies supp(p™) c K .
By Theorem 1 (1) (see Lecture I)
Adh <0y (f™, R™)? < max(1, \X))Wo (™, u'™)? + dh,

supp(p'™) c K — inf) KOA(fi"7Ri”):\/%(A2+1)dh.

supp(fi"

so that

Indeed,

su "MK = inf Wu(f™, ™) =0,
pp(p™) - 2(f" 1)

since any probability measure p'" supported in K is the weak limit of a sequence
of absolutely continuous (with respect to the Lebesgue measure of R2¢) probability
measures supported in K. (To see this, let (. be a regularizing sequence on R4,
and set

Jl@. €)= 22 (" 5 )@ O (@), with  Zow= [[ p s G dwde.

Then f. is a probability density on R?? with support in K, and one easily check
that

fo = p'™ weakly in the sense of probability measures as € = 0,
and since supp(f.) ¢ K for each € > 0, this implies that Wy (fe, u'") = 0 as € - 0*.)
Example 2: Pure state. Assume now that R(t) = |U(t)y™ (U (t)y"™"|, where
U(t) = e/ i the Schrédinger group. (We recall that

H:=-2A+V,
m
and the assumptions on V' imply that H has a self-adjoint extension to L*(R%).)

Choosing
mn q,pwzn 2 in in
and setting A = 1 leads to
- iny2_dgdp _ : S[in]
COBS—C[K,Q,T]//KI<(J,19|¢ ) a2 = DT, Lip(VV)] -,

where
o(E+D)T/2 _q
Lyr
m
Sl = 2Pt = [ ™)
(W= DA™ - ("] = ih V™)
Quiz 23. The missing argument to arrive at the formula for Cppg in the pure
state case is a good opportunity to revise some elementary facts about 9.

(1) Find CCH[ly™ )(w™ ], [0 }y™)).

(2) Compute d(H[[%™ ) (™ (], |4} (¢""]). (Hint: observe that x;, —ihd,,, a:f and

D[T,L] =4

)

—h283]_ are Toeplitz operators, and compute their symbols.)

Here is a sketch of the proof of Theorem 15.



60 F. GOLSE

Proof. Call f(t,-,-):= f o ®(~t;-,-) and R(t) := U(t)R"U(t)*. For each coupling
Q(t) € C(f(ta K ')ﬂ R(t))a one has

traceq (XY R(t)) - /]RM X(I)f(t,x,f)dxdg‘
- ‘f/md traces ((x(z) - x())Q(¢, z, §)dxd§‘

< 100 (I' traces (@F (V=g 416 + ihv,)@F ydude )
so that, by the propagation estimate in Theorem 6,
traceq (YR(1)) - /fR X(@) f(t, 7, €)dade| < B0, (f(t,-,), R(t))

< Lip}\(X>DA(fin,Rin)eXp(;t(:; + Llp(VV))) '

A
Since .
[ @it &dwds = [ (X(t,0)) 5™ (2, 6)dade,
one has
T T .
f traceq (YR(1))dt > inf (X (,€))dt ff £, €)dade
0 (z,€)eK Jo K
Lip(VV)
Lip(X) eXp(%T(%-i_ p>‘ ))_10 (fzn Rzn)
- © A 9 .

V()

Conclude by choosing x(z) := (1 - M)g so that Lip(x) = %. O

The main result in this lecture is obviously Theorem 6, which explains how the
pseudometric 9, or its variant 0, are propagated by self-adjoint quantum Hamilto-
nians of the form )

~L A4V
However, there are other quantum dynamics for which it may be useful to know
how 0 is propagated. The example in the following exercise was communicated to
us by E. Carlen.
Quiz 24: Quantum Heat Equation.
(1) Let pu,v e Po(R™). Prove that

Wa(e® 1, e ®v) < Wa(p,v).

(Hint: represent e*“pu(z) by means of the Brownian motion, and consider the
process (x + B,y + By) €e R™ x R", with the same Brownian motion By.)

(2) Find another proof of (1) without appealing to the representation of the solution
by means of the Brownian motion. (Hint: pick p;, € C(u,v) and propagate p;, by
a degenerate diffusion operator A* A, i.e. set

Oipr + A" Apy = 0, PO = Pin s

where A is a 1st order differential operator such that Alz —y|? =0.)
(3) Set $ := L2(R) and qy(y) := y¢(y) while py(y) := —ih%(y). Consider the
Quantum Heat Equation

atR:_le?[pv [p,R]]_}Tg[Qa [qaR]]a R(O) :RZHGD2(‘6)
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Prove that the Cauchy problem above is solved by a contraction semigroup on
L2($), and that R(t) € Da($) for all t > 0.
(4) Let Ry, Ry be the solutions of

OBy = —3z[p, [p, Rl - 7=[a, [0, 1], Ri(0) = Ry € Da(H),
O Ry = —35[p, [P, R2]] - 5[0, [, R2]], Ra2(0) = R € Da().
Prove that
(R (t), Ra(t)) <O(RY™, RY™),  t>0.
(Hint: consider the operators [p®I+I®p,q®I-I®q] and [¢@I+1®q,p®I-1®p].)

3. LECTURE III: TRIANGLE INEQUALITIES AND OPTIMAL TRANSPORT
IN THE QUANTUM SETTING

We have seen in Lecture II that the pseudometric ? defined in Lecture I behaves
very satisfyingly under propagation by the most fundamental quantum dynamics
(i.e. the unitary group generated by self-adjoint Hamiltonians of the form —%Aﬂ/,
and also by the quantum heat equation). We have not treated the interesting case
of the Schrédinger equation with a magnetic field, leading to Hamiltonians of the
form

LI ihv+ AP +V
where A is the vector potential (so that the magnetic field is B = curlA): see [12]
for a comprehensive treatment of this case.

Although Lecture IT gives (hopefully) convincing arguments, mostly based on
applications, in favor of the pseudometric 0, we have already seen in Lecture I, that
0 is not a bona fide metric, in particular becausﬁ (T, T) >0 for all T € D2($).

In Lecture I, we have postponed the necessary task of exploring the properties
of the pseudometric 0, except those reported in Theorem 1, which have proved
already very useful for applications of the pseudometric ? to quantum dynamical
problems. For instance, we have not discussed the triangle inequality for 9, in spite
of the fact that we used it in Lecture II in deriving a uniform in A error estimate
for the Lie-Trotter splitting scheme for the von Neumann equation.

In this last lecture we shall return in particular to this question. We shall also
discuss further properties of the pseudometric 9 by analogy with the Wasserstein
distance W,. Specifically, we shall study the following topics:
ea Kantorovich-type duality for quantum optimal transport (section
etwo kinds of triangle inequalities for the quantum pseudometric ® on ® (presented

in section |3.1)), and

ethe structure of optimal couplings for the pseudometric ? (section [3.5)).

130ne might think of changing the definition of 0, for instance by replacing the quantum-to-
quantum cost operator C}, in Lecture I by Cp, — 2dhlsgs. However, if you have understood the
essence of the proof of Theorem 6, this is not going to help. Indeed, this proof is based on the
operator inequality

[H®Ig+1I5® H,Cp]<LCh

2
for some positive constant L, where H is a Hamiltonian of the form —2-A + V. Changing Cj
into Cp, — algggy will obviously not change the commutator on the left-hand side, but changes the
right-hand side.
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3.1. Restricted Triangle Inequalities. In this section, we shall prove the trian-
gle inequality for ? in some special cases — hence the terminology of “restricted”
triangle inequality used here. Our goal is the following statement.

Theorem 16. For all py, pa, p3 € © = Po (R x RY) UDy($), one has

0(p1,p3) <0(p1,p2) +0(p2,p3),

provided that py is a probability density in R? x R? or one of the p;s is a rank-1
density operator on .

See Theorems A and 3.1 in [40]; see also Theorem 3.5 in [39)].

3.1.1. Operator Inequalities. As a preparation to the proof of Theorem 16, we
prove several inequalities involving the quantum-to-quantum and the classical-to-
quantum transport cost operators. These inequalities are of the same type as
triangle inequalities, with some arbitrary parameter « > 0.

First, we discuss inequalities where the intermediate “point” is an operator.
Lemma 17. For all a > 0, one has

[ = 2 + 1€ = 7 <(1 + @)en(, 6, hV,)
+(1+ Den(2,Gy hvy),
cn(z,82,hV,) <(1+ a)ep(x, &y, hV,y)
+(1+ 2)Ch(y, hVy,2,hV.),
Ch(x,hVy, 2,0hV.) <(1+ @)Cp(2, hV 4, y, hVy)
+(1+ é)C’h(y,hvy,z,hvz) )

These operator inequalities mean that, for all ¢ € S (Ri‘fg x RZ x Rg‘fg), or all

¢ e S(RY% xRy xRY), or all p € S(RY x Ry x RY),
(lr-h.s. —l.h.s.|¢) > 0.
Proof. Write
On(2, WV, 2,hV,) =l —y +y - 2|* = A%V, -V, + V, - V. [?
=Ch(z,hV4,y,hVy) + Ch(y, AV, 2, AV )
+2(x-y) (y-2) = 20°(Va = V) (Vy - V2).
Use the Peter-Paul elementary inequality
2(x-y)-(y-2) <ale -yl + Ly -2,
and, for operators A, B, the analogous inequality
A*B+B*A<alA’ + 1|BP
with A = A* = —ih(0,, - 0,,;) and B = B* = —ih(0,, - 0.,) for all indices j =1,...,d.
(Observe that these operators commute, which is inessential here). The operator
inequality comes from expanding
0< ‘a%A - a—%B‘Z =a|AP+ LBP - A*"B-B*A.

See also Quiz 7 in Lecture 1.

Hence
2z -y)-(y-2)-20* (Vo= Vy) - (Vy - V2)

< aCh(2,hV4,y,hVy) + LCh(y,hVy, 2, hV.)
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With the previous equality involving Cp(x,hV,,2,AV.), we arrive at the 3rd in-
equality of Lemma 17. (]

Quiz 25. Prove the first two inequalities in Lemma 17.

Next, we discuss inequalities similar to those of Lemma 17, but with classical
phase-space point as intermediate term.
Lemma 18. For all a >0, one has

en(2,62,hV:) <(1+ a)(|lz - y* +|¢ - nf*)
+ (1 + é)ch(ya iz, hvz)
Cn(, AV, 2,0V ) <(1+ @)en (2, AV, y,n)
+(1 + é)ch(yﬂ% 2, hvz) .
These operator inequalities mean that
(P|r.h.s. —1.h.5.|p) 2 0
for all ¢ e S(R2% xRY, xR2%), or all ¢ € S(RE xRy, xRY).
Quiz 26. Prove Lemma 18 (by the same method as in the proof of Lemma 17).

3.1.2. The Rank-1 Case. At this point, we can prove the part of Theorem 16 in-
volving a rank-1 density operator.

Proof of Theorem 16: sketch for the rank-1 case. Assume for example that p; and
p2 € Do($) while p3 is a rank-1 density operator, and let Q € C(p1, p2). Set

T:=Q@®ps, Tiz=traceaT €C(p1,p3)-
Hence, by the 3rd inequality in Lemma 17,
o(p1,p3)? < traceg_,oaz(Tl%C’h(x, hVg, 2, hVZ)Tlég)
= traceges (T% Cr(z,hV 4,2, hvz)T% )
< (1+ @) traceges (T%C’h(x7 hVz,y, hvy)T%)
+(1+ 1) traceges (T%Ch(y, hVy, 2, hv,)T?)
= (1 + ) tracege: (Q%Ch(x, AT hvy)Q%)
+(1+ é) tracegez ((p2 ® pg)%Ch(y, hVy,z,hV.)(p2 ® ,03)%) )

=0(p2,p3)?

That the last term on the r.h.s. is equal to d(pa, p3)? follows from the fact that
C(p2,p3) = {p2 ® ps} since ps has rank 1 (see Lemma 2 in Lecture I). Minimizing
the last r.h.s. in @ € C(p1, p2) shows that
3(p1,p3) < (L+a)d(pr,p2)” + (L+ 2)0(p2, p3)°.
Minimizing the r.h.s. in a > 0, i.e. setting
0
Q= 2p2,p3) assuming d(p1, p2) >0,
D(pla p2)

leads to

(p1,p3)* <0(p1,p2)* +0(p2, p3)? +20(p1, p2)0(p2, p3) -
Conclude by taking the square root of both sides of this inequality. O
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Quiz 27. Complete the missing argument in the proof by justifying the equality
1 1
tracege: (T73Ch (2, AV, 2,hV ) TVS)
= traceges (T%Ch(x, hVgz, 2, hVZ)T%) .

(1) Prove this identity when Cj, is replaced with (Igs2 + = Cp) " Ch.
(2) Using the Fatou lemma for trace-class operators, prove that

(T% Ch(2,hV2,2.hV>) %)

lim trace T
992\ 1137 g2+ L Ch(2,hV4,2,hV2) " 13

n—oo

1 1
= tracege: (ngCh(a:, hVa, 2, hvz)Té) ,

lim traceges (T%

n—o0

On(@hVe.2hV2) ok
Iy03++Ch(w,hVz,2,hVz)

= traceges (T%Ch(x, hVg, 2, hvz)T%) )

Quiz 28. Complete the proof of Theorem 16 by treating the missing cases where
one of the p;’s is a rank-1 density operator.

3.1.3. The Case of a Classical Intermediate Density. All the cases of the triangle
inequality involving a rank-1 operator are easy, because of Lemma 2. Indeed, the
set of couplings of any density (quantum or classical) with a rank-1 density operator
is a singleton, and therefore the pseudometric 0 is easily computed explicitly in such
a case.

In the present section, we shall discuss all the cases of the triangle inequality
where the intermediate point is a classical density on phase-space. The triangle
inequality in such cases is much more involved, but fortunately, the proof can be
modelled on one of the proofs of the triangle inequality for Wy (See the proof of
Theorem 7.3 in [63].)

The key step is the following lemma, which explains how to disintegrate a cou-
pling between a classical probability density on phase-space and a density operator.
Lemma 19. Let f be a probability density on R x R%, let R € D($) and let
Q €C(f,R). There exists a weakly measurable map

R xR 5 (,€) = Qf(,€) € L1(9)
defined a.e. on R% x R%, which satisfies
Qr(2,8) = Q(x,€)" 20,  trace(Q(x,£)) =1,
and
Q@,8) = f(2,6)Qs(2,€)  ae. in(z,§) e R xR’
Proof. First replace f with a Borel representative, and consider the set

N = f7({0}),

which is Borel measurable. Pick u € §) such that |u|g =1, and set

Q.6 + Ly Ol
Q@) = S e (e L)

Obviously
Q(z,8) =Q(x,£)" 20 and f(x,£)20
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and hence
Qs (2,8) = Q(x,6)* 20, forae. (z,£) e RTxR™.
Moreover
traces (Q(, &) + Ly (2, §)lup(ul) = f(z,£) + Ln(2,8)
so that
traceq (Qs(z,€)) =1, for ae. (z,6) e R xR?.
Finally

@00
f(:cvg)Qf(xag)_ f(m,f)+1j\/($7§) _Q( 76)

for a.e. (z,€) e R x R, Indeed, whenever f(z,€) > 0, one has 1a(z,£) = 0 and
the claimed equality is obvious. On the other hand, since

Q(z,§) =Q(x,§)" >0 and traces(Q(,)) = f(z,£)
for a.e. (z,¢) e R x R, it follows that

f(x,ﬁ) =0 = Q($>£) :O:f(l‘,f)Qf(Jf,f)-

O

With Lemma 19 at our disposal, the proof of Theorem 16 in the case where the
intermediate point is a classical density follows the proof of Theorem 7.3 in [63].

Proof of Theorem 16: the case of a classical intermediate density. Consider for ex-
ample the case where both p; and p3 € D2($), and assume that ps = f(y,n)dydn €
Po(R% x R?). Choose couplings Q' € C(py, f) while Q3 € C(f,ps). Call Q?c the
disintegration of @3 with respect to f as in Lemma 19. Set
T(y.n) = Q" (y,m) ® Q}(y,n)-
By construction
T(y,n)=T(y,m)" 20,

and
tracer (T'(y,n)) =f (y.m)Q}(y,n) = Q°*(y,n)

traces(7'(y, 1)) =Q" (y, 1) traces (Q% (y, 1)) = Q" (y,m) -
In particular

o T mydyin = Qe Clpr,ps)

By the second inequality in Lemma 17
0(p1,p3)? < traceges (Q2 Ch (2, hV,, 2,hV.) Q2 )
= [, tracesea (T (y,n) Ch(, W2, 2, h )Ty, 1)y
<(l+a) [R?d trace; (trace3(T(y, n)%ch(x’ hvx7y7n)T(y7n)% )) dydn
+(1+3) me traces (tracer (T(y,1) ca (2, AV, y, )T (y,m)*) ) dydn
<(I+a) me traceq (Q'(y, 1) 2 cn (@, AV, 4, 1) Q" (y,n) ) dydn

1+ 1) [ traces (@3 mEen(e,hVesy, QG (ym)?) £ (yom)dyd.
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Minimizing the last right-hand side in Q' € C(p1,p2) and in Q3 € C(p2, p3) leads to
the inequality
0(p1,p3)* < (L+@)(p1,p2)? + (1+ 2)0(p2, p3)?

and we conclude as in the rank-1 case. O

Quiz 28.
(1) Complete the missing details in the proof of Theorem 16 in the case where
p1, 03 € Do($H) and ps = f(y,n)dydn. In particular, prove the identity

tracessz (Q* Cn (7, hVz, 2, hV..) QF)
= fde tracege: (T(y,n) Ch (2, hV 4, 2, AV )T (y, 1) )dydn .
(2) Write the proof of Theorem 16 in the missing cases.

3.2. Applications of the Restricted Triangle Inequalities. Before going fur-
ther in our discussion of the triangle inequality for the pseudometric 0, we shall
present two easy applications of the (restricted) triangle inequalities already estab-
lished in the previous section.

3.2.1. Definition of 0 on Po(Re x R?) x Dy($). Our first application is of a quite
fundamental nature, since it completes our definition of 9 in Lecture I. So far we
have defined d(u, R) = 0(R, ) for g € Po(R? x R?) and R € Dy($)) only when
w = f(z,&)dxde, with f a probability density on RY x RY — i.e. only when p is
absolutely continuous with respect to the phase-space Lebesgue measure, by the
Radon-Nikodym theorem.
Theorem 20. For each R € D2($)), the map f — d(f, R), defined for all probability
density f with finite second order moments on R% x R? has a unique extension to
Po(R? x R?) satisfying
P, R) ~0(v, R) < Wa(f,g). v ePay(R?xRY).

See section 3 in [40].

Remark. This extension of d obviously satisfies the restricted triangle inequality
0(p1,p3) <(p1, p2) +0(p2, p3)

for all p1, pa, p3 € © provided that ps € Po(R% x R?) or if one of the p;s is a rank-1
density operator on $) = L?(R?).

Proof. For all f,g probability densities with finite 2nd order moments on R% x R4,
one has the triangle inequality

o(f,R) <o(f,9) +0(g, R)
by Theorem 16, so that
o(f; R) -0(g, R) <2(f,9) = Wa(/f,9) -
Exchanging f and g in the inequality above implies that
P(f, R) —0(g, R)[ < Wa(f,g)-

Thus the function f ~ 9(f, R) is Lipschitz-continuous for the metric W5. It has
therefore a unique Lipschitz-continuous extension to Po(R% x R%) by the density
argument recalled in Lemma 21 below. [
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Lemma 21. Let u € P2(R™) and let x.(x) = x(z/e)/€™ be an even C'* mollifier
with support in B.(0). Then f, := x. * u is a C*° probability density on R™ and

Wa(fe,n) =0 ase—0.
This is Lemma 3.2 in [40].
Proof. For all ¢ € Cy(R"™), one has
[ e@ntda) - [ f@)o@)dz= [ (0() - xc * 6(@)n(d)

since x. is even, so that

| [ s@mtan) - [ ()o@

Hence f. — p weakly in P(R™) as € - 0.
It remains to establish the tightness property (see the properties of Wy recalled
in Lecture I). Since y. is even,

o Vo rlelXe * (@) = [ s (U rle) ).
On the other hand, for all € € (0,1)

<|l¢ =@ * XelL=(mny = 0.

Xer Uaperlo) <Lpperon [ o=yl x(v)dy

1z | 2 + € fRn ly*x (y)dy

[ S —
<1

Hence
sup f Lo rle*xe * p(z)de <2 [ Lapersr (|2 + 1)p(dz) -0
O<e<1 JR™ R™
as R — oo, by dominated convergence.
Therefore, by Theorem 7.12 of [63]
Wa(xXe * pt,0) = 0 ase—0.

O

3.2.2. Wy is the Classical Limit of 0. Our next application of the restricted triangle
inequalities presented in Theorem 16 can be thought of as a confirmation of the
geometric picture proposed in Lecture 1.

We recall the idea of considering Py (R? x R?) as a limit set, or boundary set,
of Do(H) in ©. The next result completes this picture by showing that Ws is the
limiting metric deduced from the pseudometric 0 on D(£)).

Theorem 22. Let Ry, S € Do($) and g, v € Po(RY x RY). Assume that u, v are
the classical limits of Rp, Sy respectively, i.e.

o(p, Rp) +0(v,S,) =0 ash—0.
Then
Hmo(Rp, Sh) =0(p,v).
This is Theorem C (see also Theorem 5.5) in [40].
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D>($) pseudometric d h

Po(R??) metric Wy

FIGURE 7. The Wasserstein distance Ws is the classical limit of
the pseudometric 0 as i — 0.

Proof. By the restricted triangle inequality
O(Rh, Sh) <(Rp, ) +0(p,v) +0(v,5h)

so that
ma(thsh) < D(/j,7 V) = WQ(M; l/) .

On the other hand, by Theorem 1 (2) of Lecture I,
(Rn, p)* 2Wa(H[Rn], p)* = dh = lim Wy(H[Rp], 1) =0,
(S, )2 2 Wa(H[Sh],v)? - dh — lim Wa(H([Sh],) =0.

Hence
O(Rp, Sn)? > Wa(H[Rn], H[Sr])? - 2dh,
implies that

im d(Rn, Sp) > i Wo (H[Bn], H[Sh]) = Wa(p, v).
h—0 -
(This part of the argument does not appeal to the restricted triangle inequality,
and had been already established in Theorem 2.3 (2) of [37], albeit in a slightly
different form). Summarizing
Wa(p,v) < im 0(Rp, Sp) < ?I%D(Rm Sh) <Wa(p,v).
h—0 -
d

3.3. Quantum Kantorovich Duality. In the classical setting, Kantorovich du-
ality has several important consequences. The Knott-Smith and Brenier theorems,
giving invaluable information on the structure of optimal couplings between two
(Borel) probability measures on R™ are among the most important applications of
duality — at least in the case of the Wasserstein distance Ws.

It is therefore natural to seek extensions of Kantorovich duality to the quantum
setting. However, the examples studied at the end of Lecture I (in the section
showing that “quantum optimal transport is cheaper”) suggest that the structure of
quantum optimal couplings might differ significantly from that of classical optimal
couplings.

First we consider the case of 9(f, R), where f is a probability density on R%xR?
with finite 2nd order moments and R € Dy($).
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Define the set £ of test Kantorovich potentials, as follows:
t:={(a,B) : a e Co(Rx R?) and B = B* € L(9) s.t. a(x, )]s+ B < cp(x,€)}.
The operator inequality in the definition of € means that

a(x, O)¢l5 + (4|Blo) < (dlen(,€)lo),  x,6 e R,
for all ¢ € HY(RY) n L2(RY; |y dy).
Theorem 23. Let f be a probability density on R? x R? with finite second order
moments and let R € D2($). Then

o(f,R)*> = sup (/ a(z, &) f(z,&)dzdE +trace5(BR)) .
(a,B)et \JR?d

The proof of Theorem 23 is somewhat involved technically, and we shall not
repeat it in these notes. We refer instead the interested reader to Theorem 4.1 and
section 4 of [40].

However, it is a good idea to keep in mind the core argument in that proof,
which is based on convex duality, exactly as in the classical setting.

Set € := C,(R*%; L(H)) with

IT]e = sup |T(2,&)]c(s)-

xz,£eR4
Define - o »
= 0 lTJ,‘,f :Tx’f*z_chxvgv
o) = { + 00  otherwise,
and

T(x,6)=T(z,&)*
fm df($,§)d$d£+trace5(BR) if {_(fc £) I(x ;)
H(T) = " —CL(J?,{) o+ B,

+ 00 otherwise.
Theorem 23 follows from the Fenchel-Rockafellar duality formula
inf (G(T) + H(T)) = miax (<G* (-A) = H* ()

The role of the functional G in this formulation is obviously to penalize the inequal-
ity constraint in the definition of £. (Sometimes, in convex analysis, the functional
equal to 0 if a constraint is satisfied, and to +co otherwise is referred to as the “in-
dicator function” of that constraint. This is not to be confused with the classical
notion of indicator function of a set, equal to one on the set, and to zero outside.)

Next we consider the case of (R, S) where R, S € Do($)). Here again, there is
an analogue of the classical Kantorovich duality theorem.

Define the set K of test Kantorovich potentials as follows
R:={(A,B): A=A and B=B" € L($) s.t. A®I5+I5®@B<Ch}.
The operator inequality means that for all ® = &(z,y) € H ® H such that
(Vo-V,)®e L*(RYxR?) and & e L*(R?xRY |z - y|*dedy),

it holds
(PlA® I + I ® B|®) < (D|Ch|D).
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Theorem 24. For all R, S € Dy($)), one has

(R,S)*= sup traces(AR+ BS).
(A,B)eR
Here again, the proof of Theorem 24 is too technically involved to be of immediate
interest for these lecture notes. We refer the interested reader to [20] for a detailed
exposition of duality in the quantum-to-quantum setting, together with various
applications thereof.

Although we have chosen to avoid reproducing the proofs of Theorems 23 and 24,
we believe that both results are of key importance in the study of the pseudometric
0, and in our approach of quantum optimal transport. As a matter of fact, the end
of Lecture III will be focussed on two applications of Theorem 23, which we believe
are of some importance.

3.4. Generalized Triangle Inequalities. In this section, we return to the ques-
tion of the triangle inequality for d for pi1, p2, ps € ®, and consider the case where
the intermediate point ps is a density operator and none of the points p1, p2, p3 are
rank-1 density operators.

In that case, we do not know of any analogue of Lemma 19, and at the time
of this writing we do not know how to “glue” Q12 € C(p1, p2) and Q23 € C(p2, p3)
along p2 as in Lemma 7.6 in [63], to mimic the proof of Theorem 7.3 in [63] in the
classical setting.

At the beginning of this lecture, we have proved “restricted” triangle inequalities
for 0, i.e. the triangle inequality under addditional assumptions on pi,ps,p3 —
specifically if one of the points p1,ps2,p3 is a rank-1 density operator, or if the
intermediate point po is an element of Po(R? x RY).

In the sequel, we shall prove a “generalized triangle inequality”, which holds for
all p1, pa, p3 €D, but includes a correction term of order v/4 in the right-hand side.
Theorem 25. For all py, p2, p3 € D, one has

0(p1,p3) <0(p1,p2) +0(p2, p3) + Vdh.
In particular
0(p1,p3) <0(p1,p2) +0(p2, p3) + %D(Pmpz) .

Remark. One should compare this result with the De Palma-Trevisan generalized
triangle inequality for their distance — which is reminiscent of our generalization of
the Wasserstein distance W to D2 ($) in [37] (the restriction of d to D ($)xD2(9)).
They arrive at the inequality

dapr(R,T) <dgpr(R,S) +dapr(R,T) + dapr (S, S)

for all R, S,T € D3($) for dgpr defined in formula (38) of Definition 8, on p. 3208
in [26]: see formula (51) in Theorem 2 of [26] on p. 3210. Notice however that dgpr
differs from the restriction of ® to D2($) x D2 ($) — in particular the definition of
couplings in [26] uses the notion of quantum channel and is very different from the
definition used in these lectures, which comes from [37].

Quiz 29. Can one slightly modify the definition of 0 so as to obtain a functional
0 defined on ® x D that is symmetric and satisfies the (genuine) triangle inequal-
ity? Same question for the DePalma-Trevisan functional dgpp. (Of course, the
functional d so obtained satisfies 9 > 9 > 0 and therefore is not a bona fide metric
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either, since 9(p, p) > 0 for each p € ®. The functional d obtained in this exercise is
therefore of limited interest.)

The proof of Theorem 25 is very different from the proof of the triangle inequal-
ity for the original Wasserstein metric Ws — although it uses at some point the
restricted triangle inequality in Theorem 16, whose proof is modelled on the proof
of Theorem 7.3 in [63].

A key step in the proof of Theorem 25 is the following lemma, which can be seen
as a consequence of duality for the classical-to-quantum pseudometric presented in
Theorem 23.

Lemma 26. For each R, S € D5($)), one has

(R, S)* > 0(R,H[S])? - dh.
Taking this lemma for granted, we give a quick proof of Theorem 25.

Proof of Theorem 25. Using H[p2] as intermediate point, the restricted triangle
inequality implies that

o(p1,p3) <0(p1, Hp2]) +0(H[p2], p3) -

Then, Lemma 26 implies that

(p1, Hp2]) < V0(p1,p2)? +dh <(p1,p2) + %\/%,
3(H[p2],p3) < VO(p2,p3)? + dh < (pa2, ps3) + 3Vdh.

The second inequalities above result from the following elementary observation
X>Y>0 = VX2+Y2<X+1Y,

whose proof is left to the reader as an (easy) exercise.

With the restricted triangle inequality above (Theorem 16), this implies the first
generalized triangle inequality in Theorem 25.

To get the second inequality, observe that

p2 € Da(H) = 0(p2,p2) > V2dh.

Remark. In fact, we have proved the slightly more precise inequality

0(p1,p3) <V/0(p1,p2)? + dh +\/0(pa, p3)? + dh.

Proof of Lemma 26. For all a € Cy(R? x RY) and all B = B* € L($)) satisfying

a(z,§) I + B < cn(,£),

one applies the Toeplitz map to both sides of the inequality above in the variables
x,&, to find

Tlal® I + (2rh) "I © B <(2nh)" [ |g.p){g.plen(q.p)dadp
<(27h) (Ch + dhIges)
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(see the basic properties of the Toeplitz map and Quiz 8 in Lecture I). Thus, for
all T e C(R,S), one has

(2mh)" (tracenes (T ChT?#) + dh)
> traceges (T (Tla] ® I + (27h) 15 ® B) T?)
= traceqes (T'(T[a] ® I + (2rh) 15 ® B))

= traces (RT [a]) + (2rh)? traces (SB).

Transforming traces(R7 [a]) into an integral involving the functions a and
H[R], i.e. (see Lecture I, formula (4) on Husimi transforms)

traceq (RT[a]) = (2h)? me H[R](q.p)a(g, p)dgdp,
we arrive at the formula

(27h)? (traceyj@,yj(T%ChT%) + dh)
> 2an)! ([, MR p)a(a.p)dadp + traces (SB))

Maximizing the right-hand side above in a € C,(R? x R?) and B = B* € L($) s.t.

a(z,§)Is + B < cn(z,8),
and applying the duality formula in Theorem 16 shows that

(2mh) (tracenas (T2 CaT?) +dh) > (2rh) 2 (H[R], 5)*

ie.
traC€ﬁ®5(T%ChT%) >0(H[R],5)*-d.

Minimizing the left-hand side of the inequality above in T € C(R,.S) leads to the
desired inequality. [

Quiz 30. Use Lemma 26 to recover the following result (already known as state-
ment (2) in Theorem 1 of Lecture I)

(R, S)? > 0(H[R],H[S])? - 2dh.

Remarks.

(1) If you include the proof of the duality formula in Theorem 16, this is the longest
and most difficult proof of the inequality above... On the other hand, Lemma 26 is
a (much) stronger statement — it is the key to the generalized triangle inequality.
That its proof is more involved than the proof of the inequality (2) in Theorem 1
is only natural.

(2) Summarizing, in order to prove the triangle inequality for 0 when the interme-
diate point is not a classical density and none of the density operators involved are
rank-1 projections, you

(i) first use the exact (restricted) triangle inequality from Theorem 16

o(p1,p3) <0(p1, Hp2]) +0(H[p2], p3)

(ii) and then pay the price for replacing ps with its Husimi function

3(p1,p3) <\/3(p1, p2)? +dh +\/3(p2, p3)? + dh
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which is the result in Lemma 26, based on the Kantorovich duality for the the
classical-to-quantum distance (Theorem 23). The end of the proof is Kindergarten
analysis.

The reason for the detour through H[p2] instead of py is due to the fact that
question (5) in the following quiz is answered in the negativ

Before working on this exercise, it is a good idea to review the proofs of Theorem
7.3 (the triangle inequality for W,) and of Lemma 7.6 (i.e. the disintegration and
the glueing of couplings) in [63].
Quiz 31. Pick py,p2,p3 € Da(H), all of them or rank > 2 — otherwise, there is
nothing to prove. Pick Ri2 and Rs3 to be optimal couplings of p1,p2 and ps, ps3
(recall briefly why such couplings exist).
(1) Assume there exists T € D($H® H ® £) such that

trace1 (T) = Ros  and  trace3(T) = Ryo.
Prove that

2(p1,p3) <0(p1,p2) +0(p2, p3) -
(Hint: observe that traces(T') € C(p1, p3).)

Therefore, proving the triangle inequality boils down to proving the existence of
such a T. The classical analogue of this is precisely the content of Lemma 7.6 in
Villani’s book [63].

Let us consider this problem in finite dimension: $) = C2 — notice that 2 is
the first interesting dimension, because if one of the densities p; for j = 1,2,3 has
rank 1, the triangle inequality is already known (see Theorem 16 on the restricted
triangle inequality).

(2) Let R, R’ € M5(C). Find a necessary and sufficient condition on R, R’ such that
there exists A, B,C € M>(C) for which the block-wise matrix

A B “ o

satisfies
P B [ trace(A) trace(B)\
T(T):=A+C=R and 7(T):= (trace(B*) trace(C) | = R'.

(3) Assume now that R, R’ € M2(M>(C)). Find a necessary and sufficient condition
on R, R’ such that there exists A, B,C € M3(M>(C)) for which the block-wise

matrix
A B R
T':(B* C)’ A=A", C=C

satisfies

o B tracens,(c)(A)  tracery,(c)(B)) _ pr
T(I)=A+C=R and (traceMQ(C)(B*) tracear,(c)(C) ) -

Mywhile preparing the final version of these lecture notes, I showed the problem to Prof. Denis
Serre, who found a counterexample. At first sight, Serre’s counterexample does not seem to suggest
that the triangle inequality itself (without the extra V/dh term on the right-hand side) should be
wrong. However, it shows that the procedure of “glueing” classical couplings described in Lemma
7.6 of [63], which is key to proving the triangle inequality for W), with 1 < p < co, does not have an
analogue for general quantum couplings. This is a rather fundamental difference between classical
and quantum optimal transport.
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The notation needs being explained. An element of B € My(M2(C)) is of the form

_[B11 B .
B = (321 Bzz) with By € M2(C) .

Then

while
traceM2(c)(B) = Bll + ng .

(4) Explain how (3) is related to the problem of finding 7" as in (1), in the case
where p1, pa, p3 € D(C?).

Now, there’s the rub...

(5) Assuming that R, R’ € D(C?), does (the) block-wise matrix (matrices) T ob-
tained in (3) satisfy T' =T > 07

Remark. A final observation on the generalized triangle inequality is in order.
The presence of the additional term v/dh in the right-hand side of the generalized
triangle inequality may be related to the fact that some points in ® have positive
thickness, in the sense that (R, R) > \/2dh for all R € Dy(). However, the idea
of relating this additional term to the “thickness” of the intermediate point ps in
the triangle inequality could be misleading. In the first place, the genuine triangle
inequality holds if ps is a rank-1 density operator, although d(p2,p2) > V2dh in
that case.

Besides, the extra term \/dh on the right-hand side of the generalized triangle
inequality seems more related to the method of proof of Theorem 25 (viz. the idea
of replacing the intermediate point py with its Husimi transform H[p2]) than to
some intrinsic feature of 0.

Ultimately, it could be that question (5) in Quiz 31 is answered in the negative,
and yet the genuine triangle inequality holds on © because there always exists
an optimal coupling with a special structure for each pair of finite energy density
operators on $), and this special structure acts in favor of the genuine triangle
inequality.

This suggests investigating the structure of optimal couplings for the “pseudo-
metric” 9 — however, the example discussed in Proposition 5 suggests that this is
not an easy task.

3.5. Towards Quantum Optimal Transport. Until now, we have not said much
about quantum optimal transport per se, although it is the topic of this school.

We shall conclude these lectures with some (partial) remarks in that direction.
The material in this section mostly comes from [40)].

We recall that the proofs of the Brenier, or of the Knott-Smith theorems use
some form of Kantorovich duality to obtain some additional information on the
structure of optimal couplings. That an optimal coupling for W5 is supported in
the graph of the subdifferential of some appropriate function comes from the specific
structure of the inequality constraint in the Kantorovich dual formulation of the
Ws metric, and from the specific structure of the quadratic transport cost.

It is therefore natural to study the quantum analogue of Kantorovich duality in
order to obtain some information on the structure of optimal couplings for 9. In the
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sequel, we shall follow this approach with the classical-to-quantum duality formula
in Theorem 23.
Our first task is to give a systematic procedure for constructing elements of the
class ¢ of test Kantorovich potentials defined before the statement of Theorem 23.
Set 2 := (z,£) e RYx R% and Z := (y,-ihV,), with the notation

2 Z=x-y—1ih&-Vy.
Thus cp(x,€) = |Z|* + 2?15 - 22+ Z > dhIg and by Weyl’s theorem (see Corollary 2
of Theorem XIII.14 in [55])
BeL($H) = cn(2)'BeK(H) = ess-spec(cn(z)-B) = 2.

Assume that B = B* is such that c,(z) — B has nondegenerate ground state (i.e.
with geometric multiplicity 1) for each z € R??. (For instance, choose for B to be
a bounded multiplication operator, and apply Theorem XIII.47 in [55]).

Define next

(2) = minspec(ep () - B) = inf_(dlen(z) - Blo)

— cp(2)-B2a(2)Iy.
Besides, z — a(z) is continuous (even real-analytic) by the Kato-Rellich theorem
(Theorem XII.8 of [55]), and
a(z) < (zlen(2) = Blz) = dh - (z|B|z) < dh + | B,
a(z) > dh+ M&fﬂ(@ - Bl¢) > dh - | B].

Hence @ € Cp (R x R?), and we have obtained in this way
(a,B)et.

The Kato-Rellich theorem recalled above also implies the existence of a continuous
(even real-analytic) map

RIxRI5z00,¢6H st {(Ch(z) " Bz = (=)0,

and ||¢,]ls =1, 2eR?*.

With this, we can define a notion of quantum optimal transport from Py (R?xR?)
to Dg (f))
Theorem 27. Let B = B* be such that cn(z) - B has nondegenerate ground state,
set a(z) := minspec(cp(z) — B), and let z = 1, be a continuous map from R% x R?
to §) such that |, ] g = 1 and ¥, € Ker(cy(2) - B - a(2)I5).

Then, for each probability density f with finite 2nd order moments, the map
z = f(2)|.){1,] is an optimal coupling for the pseudometric d between f and the
operator

TR = [, PR eeldz € Do()
Example. Take for example B = 0; then, one easily checks that
a(z) =dh, Ker(cp(z)-dhlg)=Clz),
where |z) is the Schrodinger coherent state centered at z := ¢ + ip, so that
T°Lf1=TLf]

is the Toeplitz operator of symbol f.
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We already knew from Theorem 1 (1) in Lecture I that

(f, TLf]) = Vih =

inf 0.
P2(R24)xD2($)

Proof of Theorem 27. Set Q(z) = f(2)|1.)(¢.], so that Q(z)% =/ f(2)|Y N .],

and

[, traceq (R en(:)Q()H) dz = [ (walen(2)1v:)f(2)d
= [ @) + (Bl £(2)dz
- fR i(2)(2)dz + traces, (BT f]).
Since (d, B) ¢ £ and Q € C(f, TB[f]), this implies that
[ traces (Q(2)Een()Q(2)? ) dz
= min [ tracey (1) en()T(2) ) dz =0 (£, 7711

TeC(f, TEf])

This also implies that
Lm gl(Z)f(Z)dZ + traceﬁ (BTB[f])

= dz +1t BT® .
R SLOUCTE races, (BTP[/])
Therefore, in this case, the sup is attained in £ (this is not true in general).

O

Remarks.
(1) Thus the optimal transport map for d between Po(R% x R%) and D5 ($)) can be
thought of as a deformation of the Toeplitz quantization, at least when B is such
that cx(z) — B has a ground state of geometric multiplicity 1.
(2) Notice that the starting point in Theorem 27 is the pair (&, B) € £, and not the
pair consisting of f (the probability density) and the density operator which are the
arguments of 0. This approach is vaguely reminiscent of the notion of geodesic in
Riemannian geometry: the original definition of a geodesic curve on a Riemannian
manifold is that of the shortest path between two points on the manifold. The
calculus of variations shows that geodesics define local solutions of an ODE system
set on the tangent, or cotangent bundle of the manifold. Conversely, solutions of
this ODE system define local geodesic curves, which may differ from prescribing
arbitrary end points and finding a shortest path between these points. There is a
very loose analogy between the local theory of geodesics through the ODE system,
and the definition of optimal couplings starting from elements of ¢ as explained in
Theorem 27. In other words, the transport map 72 is independent of the choice
of the endpoints — or more precisely the endpoints f and 72[f] follow from the
optimal transport map, instead of the other way around.

This raises the following question: in Brenier’s theorem, the (classical) opti-
mal transport map is the gradient of a convex function. Is there some analogous
property in the quantum setting?
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Operator Legendre Duality and Quantum Optimal Transport. If (a, B) € £, one has
|Z + |22 L - 22- Z 2 a(2)[g + B < a(z)+B>z-Z,

=cp(z)
with B
a(z)=3(2~a(2)),  B=3(2F-B).
Besides, one has
Dom(cy(2))=Dom(|Z*)= H*(R?) n L*(R%, |y|*dy)=:D.
After these preliminaries, we define a notion of Legendre transform of an (un-
bounded) operator on .
Definition. Let B satisfy |Z|* - 2B € £($)). The Legendre dual of B is the convex
function (upper envelope of affine functions)
BY(z):= sup  (z(¢|Z]¢) - (¢lBl¢)) -
¢eD, ||p] =1
Indeed, we recall that, if T is an operator on §), one can think of ¢ — (¥|T|¢)) as
the noncommutative analogue of the evaluation at © € R" of a real-valued function
f defined on R". Therefore, the definition above is analogous to the usual definition
of the Legendre(-Fenchel) transform

(&) = Sgg((f,x)Ef,E -¢(x)), EeFE',

for all ¢ : E - (—o0,+00] where E is a normed linear space on R, and ¢ is not
identically equal to +oo0, and E’ is the topological dual of E, i.e. the space of linear
functionals on E that are continuous for the norm topology.
Theorem 28. Let B = B* be such that cn(2) — B has nondegenerate ground state,
set a(z) := minspec(cp(z) — B), and let z = v, be a continuous map from R? x R?
to $ such that [, |s = 1 and ¢, € Ker(cp(2) - B —a(2)1g).
(1) Setting
a(z):=3(12P ~a(2)),  B:=3(127-B),
one has
a=B".
(2) Besides
Va(z) =Z- Vd(z) = (¢Z|Z|wz) .
Proof. Statement (1) follows from the definition and the variational formula for the
ground state. As for (2), differentiate in z the identity

By, —z-Zv, + a(Z)qu)z =0,
and take the inner product with ¢, to get

(=B =2 Z +a(2)|.) +{=] = Z + Va(2)|e2) = 0.

=0 since B=B*,Z=Z*,a(z)eR

O

Remarks.

(1) In the Knott-Smith theorem recalled in Lecture I, optimal couplings for W are
supported in the graph of the subdifferential of a l.s.c. convex function, while, in the
Brenier theorem, the optimal transport map is the gradient of a convex function.
In both results, the function is obtained from an optimal Kantorovich potential by
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the same transformation as a — a. Theorem 28 (2) is a partial analogue of this
crucial piece of information, except that, in the quantum setting, density operators
are not “functions of Z7.
(2) In classical optimal transport, there exist an optimal pair (a,b) of Kantorovich
potentials; they are l.s.c. proper convex functions and are Legendre duals of each
other, so that Va o Vb = Id; besides a € L, and b€ L,,. If one tries to proceed by
analogy, in the present case, one should define some notion of “quantum gradient”
of the operator B.

One idea to do so is to use the phase space symplectic structure. For a smooth
function a = a(z,¢) on R% x R?, one has

aa:ja:{gjaa}7 a{ja:_{zjva}v j:17~-'ad'

This suggests to define “quantum derivatives” as follows,

0P B:= +[-ihd,,,B], 09B:=-1[y;,B],, j=1,....d,
by using the correspondence principle and the analogy between commutator and
Poisson bracket

%['7 ] - {'7 }

recalled in Lecture II. Since

By,=z-Zy,+a(z)y,, B=B", Z=Z"anda(z)eR,

one easily checks that
Ty = <wz|8yQJB|wz)

fj = (¢z|81c72]B|wz>
This formula can be viewed as the inverse transform of Theorem 28 (2).
(3) Analogous ideas on a definition of an optimal transport “map” between elements
of D2($) can be found in [20]. Partial results analogous to Theorem 28 have been
obtained there, but much remains to be done.

Following the proof of Theorems 27-28 suggests viewing the operator
—1(|z - A, - A)
as the “smallest eigenvalue” of the operator
syl =h*Ay = B) 2y + 'V, vy,

viewed as a “matrix” whose entries are operators in the xz-variables. However,
inequalities between operators do not define a total order relation, so that even the
notion of ground state in this setting does not seem to make much sense.

New ideas on this problem are obviously needed.
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