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ABSTRACT. How and why could an interacting system of many particles be described
as if all particles were independent and identically distributed ? This question is at
least as old as statistical mechanics itself. Its quantum version has been rejuvenated
by the birth of cold atoms physics. In particular the experimental creation of Bose-
Einstein condensates leads to the following variant: why and how can a large assembly
of very cold interacting bosons (quantum particles deprived of the Pauli exclusion
principle) all populate the same quantum state 7

In this text I review the various mathematical techniques allowing to prove that
the lowest energy state of a bosonic system forms, in a reasonable macroscopic limit
of large particle number, a Bose-Einstein condensate. This means that indeed in
the relevant limit all particles approximately behave as if independent and identically
distributed, according to a law determined by minimizing a non-linear Schrodinger en-
ergy functional. This is a particular instance of the justification of the mean-field ap-
proximation in statistical mechanics, starting from the basic many-body Schrodinger
Hamiltonian.
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CHAPTER 1

Aims and scope

This introductory chapter is perhaps long. Readers already acquainted with quan-
tum statistical mechanics will probably want to skip to Section [[4] after glancing at
Section [LT], and very briefly at Sections and to get familiar with the notatior(]
I use. The first three sections are intended as a very basic introduction to newcomers

in the field.

1.1. Introduction

We start with the basic mathematical description of N non-relativistic
d—dimensional quantum particles in a scalar (electric-like) potential V : R? — R and
a gauge (magnetic-like) vector potential A : R? +— R? interacting via an even pair-
interaction potential w : R — R. It is done via the action of the N-body Schrédinger
operator

Hy =37 (<iV, + AG)) + VO + Y0 wlxi—x)) (1.1)

1<i<j<N

on the space of wave-functions L?(R% C). The coordinates of the N-particles in the
Euclidean space are the vectors xi,...,xy and the units are such that h = 2m =1
(reduced Planck constant, twice the mass, set equal to 1). This means that if A
represents a real magnetic field coupling to the electric charge of the particles, it is
proportional to the square root of the fine structure constant o = e?/(hic) (e= electric
charge, ¢ = speed of light). We rarely consider actual Coulomb interactions between our
particles, but in these units their strength would be proportional to a. Spin is ignored
as irrelevant for most of the topics discussed below. I refer to [201] Section 2.17] for a
discussion of units. In most of the text our applications will be to cold alkali gases [249),
255], [35], 83, 08|, [71, [315], where the particles are neutral atoms, the magnetic field
is artificial, the external potential is a magneto-optic trap and interactions are via van
der Waals forces (actually only s-wave scattering most of the time, because of dilution).

Under standard suitable assumptions on A, V, w, the above operator is well-defined
and self-adjoint on some domain related to that of the N-body basic kinetic energy
operator (the Laplacian on R%). For physical reasons recalled below, one is in fact
interested in the action of Hy

T have tried to make it so that the glance need only be very brief. Perhaps you will instead prefer
to jump to Section [[L4] immediately and go back as needed for notational issues.
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e either on L2, (R™,C), the subspace of functions totally antisymmetric under
the exchange of the coordinates x1, ..., Xy,
e or on L2, (R™ C), the subspace of functions totally symmetric under the
exchange of the coordinates xq, ..., Xy.
The former option is relevant for fermions, i.e. quantum particles that obey the Pauli
exclusion principle (colloquially, “no more than one particle in a single quantum state” ).
The latter option is appropriate for bosons, quantum particles subject to no such
exclusion rule.
This review is solely concerned with the second case, that of bosons, and its main

message might be summarized as

Particles that may populate only a single quantum state
do populate a single quantum state.

This is a particular instance of the surprising efficiency of the mean-field approxi-
mation, wherein one assumes all particles to be independent and identically distributed
according to a common statistical law (which, roughly speaking is the classical mechan-
ics equivalent for “populate a single quantum state”).

Let me be a bit more precise regarding the meaning of the above bold statement.
Indeed, (as any statement so colloquially formulated) it must be taken with a few
grains of salt. First let us recall how exactly the action of Hy specifies the physics of
a system of spinless non-relativistic bosons. The state of the system is described by
a wave-function Wy € L2, (R™,C) (or, perhaps, a statistical ensemble of such wave-
functions). For reasons of interpretation recalled below, ¥y must be L*-normalized:

/ WUy* = 1. (1.2)
RAN

The dynamics is prescribed by the many-body Schrodinger equation
10, W N (t) = HyW (1) (1.3)

that we supplement with a Cauchy datum Wy (0). Consequently, the equilibrium states
are the eigenfunctions (or, again, statistical ensembles of such) of Hy. Said differently,
equilibria are the critical points of the energy functional

En[UN] = (Un|HN|VN) 2 (1.4)

under the mass constraint (L2).
All these candidate wave-functions are in addition symmetric, i.ef]

\IIN<X17"'7XN):\IIN<XO'(1)7"'7XU(N)> (15)

2An antisymmetric, fermionic, function, would have (—1)%"() multiplying the right-hand side,
with sgn(o) the signature of a permutation.
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for all permutation o. Now, what is the simplest symmetric wave-function ? I think
we all agree it is of the form

RN

Un(xy,..xy) =u (X1, .., xXy) == u(xg) ... u(xy) (1.6)

with v € L?(R% C) a function of a single variable. The above represents a pure Bose-
Einstein condensate, with all particles in the quantum state wu.

The surprising fact is that, in great generality, a large bosonic system (N — 00)
will have a very strong tendency to prefer simple states of the form (L€). This is
the phenomenon that is our main concern here. We shall limit ourselves to the case
of the most stable equilibria, called ground states, the minimizers of the energy func-
tional (L.4) under the unit mass constraint (L.2)). Reviews of the dynamical pendant of
this theory (the manifold of states of the form (IL6]) is approximately invariant under
the Schrodinger flow (IL3])) may be found e.g. in [30], 137, 281], B07].

The first grain of salt regarding our main statement is that it can be valid only
in special scaling limits of the many-body problem. In fact, what is required is a
N-dependent scaling of the interaction potential w (we take as reference length scale
that of the trapping potential V') in the limit N — oo. There are several ways of
achieving this, with a wide range of physical relevance and mathematical difficulty
(unfortunately but unsurprisingly, the two aspects are rather positively correlated).
This review aims at a systematic exposition of the known means to give mathematical
rigor to the above vague bold statement, i.e. prove its validity (or rather, that of
its mathematically precise version) in the scaling limits just mentioned. These come
in different types, and after introducing more background material in the rest of this
introductory chapter, three families of limits will be considered in the next chapters.

I have tried to review the material in a pedagogical rather than chronological order.
As the reader will see, several methods exist to deal with the problem at hand, and
I have tried to be rather exhaustive in that regard. In particular, I have not limited
myself to the one or two only known methods that are able to obtain the full results
we aim at in the most general /difficult case. This is to avoid having to “kill a fly with
an atomic bomb”, as one colleague would put it. There is thus a gradual build-up in
mathematical sophistication in the following, and at each stage I try to be exhaustive
as to what exactly each method can achieve, and in which circumstances. Throughout
the text I give mathematically precise statements of most lemmas and theorems that
serve as our main tools, but, for want of space and time, I refer to the literature for
most proofs.

1.2. Basic quantum statistical mechanics

Our focus shall be on many-body quantum mechanics. A lucid exposition of this
topic usually starts from one-body classical mechanics.

One classical particle. To know the state of this simplest of systems we need to
specify a position x € R? and a momentum p € R? The energy of the particle is
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then given by a Hamilton function H(x,p) from the phase-space R? x R? to R. In
non-relativistic classical mechanics (with mass m = 1/2) this is given as

H(x,p) = |p|* + V(x) (1.7)

where the first term is the kinetic energy and V : R? — R an external potential.
The dynamics is given by Newton’s equations (here in Hamiltonian form)

Ox =V,H(x,p) =2p
op = —ViH(x,p) = —VV(x).

The zero-temperature equilibria are the minima of the Hamilton function H(x,p).
They are not particularly exciting, being specified by p = 0 and x being a minimum
point of V. This changes when one moves to quantum mechanics.

A bit of vocabulary is in order to introduce the sequel. We shall call observables the
functions (say continuous and bounded) on the phase-space R? x RY. They correspond
to all quantities that could in principle be measured. The state of a system is then a
recipe to input an observable and output a number, ensuring that the process is linear.
The latter assumption is natural if we want the measurement of A + B to bl the
measurement of A plus the measurement of B.

In other words, the state of a system is a probability measure 1 on R? x R?. Given
an observable f we interpret the number

/ £(x, p)dpu(x, p) (18)

as the expected value of the quantity modeled by f, if the state of the system is
described (probabilistically) by p. Note that the latter could be a Dirac measure at
some point X, p, in which case the result of measurements is deterministic.

The most noteworthy point for the sequel is that the algebra of classical observables
is a commutative one, that of bounded functions from R? x R? to R.

One quantum particle. Let us a make a long story short: quantization is the art of
introducing a constraint as to the possible values of the position and the momentum
of a particle. In hindsight (this is the content of the Gelfand-Naimark-Segal theorem),
one can realize that any modification of the previous classical set-up that preserves
commutativity of observables leads to a description equivalent to classical mechanics.
Therefore we need to introduce some non-commutativity if we want to make some
progress.

What could the simplest form of non-commutativity be 7 Perhaps we want to start
from the observables z;,p; (j-th coordinates of x and p, j = 1...d) and construct
them as operators on some suitable space satisfying

[l‘j,pj] = xjpj — pjxj = lh (]_9)

3This does not go without subtleties however: Eugen Wigner liked to ask colleagues the question
“How do you measure x + p ?”
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We demand the simplest possible form of non-commutativity: the commutator is a
constant (purely imaginary for latter convenience, and proportional to a number called
h, soon to be set equal to 1). This is the Heisenberg uncertainty principle which, as we
will see, prevents one from knowing exactly the position and momentum of a particl
at the same time.

The connection with the formalism quickly described in the introductory paragraph
is as follows. Supposeﬁ we brutally decide that the state of the system is described by a
function ¢ : RY — C. Suppose we decide that x; acts on ¢(x) via multiplication by the
first coordinate of the argument x, that p; acts on ¢)(x) by multiplication in the Fourier
domain by the first coordinate of p, the dual variable of x. Then it is equivalent to
demand that p; acts as —i0,, and we have constructed operators satisfying our simplest
non-commutative requirement (L9).

This crash-course on quantization is of course rather short, but I hope it motivates
the following choices. Our quantum phase-space for one particle shall be the Hilbert
space L2(R?, C). Square-integrability is demanded because we want to interpret |¢(x)|?
as the probability density of our particle in position-space and ‘{D\ (p)|?
density in momentum space. Here

as its probability

~

1 —ip-x
Y(p) = e /Rdwx)e dx

is the Fourier transform, normalized so as to be a L?-isometry. This implies that
functions of x or p can be given a natural meaning as observables: the expected value
of f(x) (respectively, f(p)) in the state ¢ is, in similarity with (L), given by

|, rolutopax, (1.10)
respectively
[ 1o} . (1.11)

Here we see that (LO) has lead us to the fact that one cannot specify with certainty
both the position and the momentum of a quantum particle: this would demand that
both [1]* and [+)|? are (close to) Dirac masses, a notorious impossibility. The Sobolev
inequality is a convenient way to quantify this.

Now, applying the above recipes ([LI0)-(LII]), we can bluntly replace x,p by the
corresponding (vector-valued) multiplications in (7)) to turn H(x,p) to an operator
acting on L*(R? C)

H=-As+V(x)

where the Laplacian is identified with the multiplication by |p|*> on the Fourier side
and V(x) acts as multiplication. The expected value of the energy in the state 1 is

4Continuing in the line of the previous footnote, it becomes even more difficult, even in principle,
to measure x and p simultaneously and add the findings.
*Pretending we are unaware of the actual historical route to these ideas.
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then
Wl = [ 7 [5w)] ap-+ [ Veolueopax
= [ (V66 + VI GP) dx

As dynamics it is natural to take the Hamiltonian flow associated with H, namely the
Schrodinger equation

There can now be plenty of stationary states: all the eigenfunctions of H, and we shall
be particularly interested in those achieving the lowest possible eigenvalue.

Mixed states. It will be useful to allow some statistical uncertainty on the state of a
particle. In classical mechanics this is achieved by identifying a pure state, i.e. a point
x, p in the phase-space, to the corresponding Dirac mass, and then to take the convex
envelope (all statistical superpositions) of such, obtaining of course all probability
measures as state space. Slightly more abstractly, the phase space is R? x R? the
observables include all continuous bounded functions thereon. The state space is the
dual thereof, the set of probability measures. This convex set contains all mixed states,
and its extreme pointd], the Dirac masses, are the pure states.

In quantum mechanics we shall identify a pure state, i.e. a wave-function @ €
L?(R?, C) with the corresponding orthogonal projector, denoted |+/)(1)|. Then we may
form statistical (meaning convex) combinations thereof, obtaining (by the spectral
theorem) all positive trace-class operators on L?(R¢, C) with trace 1.

Another way of saying this is that the phase-space is now L?(R? C), and that the
observables include bounded operators thereon. There is a twist in that we do not
consider as state-space the full dual of the bounded operators, but restrict] this to the
trace-class [299, [280]. This is because we want the extreme points of the space of
mixed states, identified with pure states, to be rank-one orthogonal projections.

Many classical particles. For a system of N classical particles the generalization is
straightforward. The phase-space becomes R x R the observable space C°(R¥ x
R the state space P(RY x R¥). A prototype Hamilton function is

=

Hy(XniPy) =Y (D P+ V) + Y wixi—x) (1.12)

j=1 1<i<j<N

6Those one cannot write as non-trivial convex superpositions.
"For an infinite-dimensional Hilbert space, the dual of the bounded operators acting on it strictly
includes the trace-class, which is actually the pre-dual of the bounded operators.
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with the notation Xy = (x1,...,Xn), Py = (pP1,...,pn) and we have introduced a
pair interaction potential. Newton’s equations take the form
atpj = —ijHN(XM PN)

and they specify the evolution of pure states identified with points of the phase space.
More generally one might be interested in the evolution of mixed states py € P(R¥ x
RY), given by the push-forward along the trajectories of Newton’s equations. Zero-
temperature equilibria can become much less trivial to describe, because we are now
looking for the minimal points of

N
XN —> ZV(XJ)+ Z w(xi—xj).
j=1 1<i<j<N
Something of importance is that we always choose Hy to be symmetric under the
exchange of particle labels:

HN <X17-"7XN;p17"'7pN> = HN (XU(1)7"'7XJ(N);pU(1)7"'7pU(N))

for any permutation o. This is because we are thinking of identical particles, that
must be indistinguishable. Accordingly, any reasonable equilibrium state of Hy will
be a probability measure symmetric under particle-label exchanges. Time-evolution
also preserves this symmetry condition. Thus we are ultimately only interested in
states invariant under particle exchanges: probability measures over the phase space
satisfying

KN (Xl, XN P, pN) = MUy (Xo(l), «o 3 Xo(N); Po(1)s - - - ,po(N)) (1.13)
for any permutation o.
Many quantum particles. The phase-space now becomes L*(R¥) and accord-
ingly the observables (respectively states) includdi all bounded self-adjoint operators
(respectively positive trace-class operators) acting thereon. Thus a pure state is a
wave-function Wy € L?*(R%) identified with the corresponding orthogonal projector

| W) (¥y|. A mixed state is a positive trace-class operator Iy with trace 1 that we see
(via the spectral theorem) as a statistical superposition of pure states

Pn =) A Un ) (Ul

Jj=1

with (U ;); an orthonormal basis of L?*(R™) and Ay ; positive numbers adding to 1.
We obtain a quantum Hamiltonian from (LI2) as previously

N

Hy =) (A +V(x))+ > wlx—x). (1.14)

j=1 1<i<j<N

8Mamy observables of interest are unbounded.
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This specifies an energy,
En[YN] = (Un[Hn[Vy)
for a pure state, and
SN[FN] ="Tr (HNFN>

for a mixed state. The time-evolution is the many-body Schrédinger flow

10Uy = HyWy
for a pure state, and the von Neumann equation

i0,'y = [Hy, I'n]

for a mixed state, with [A, B] = AB — BA the commutator of two operators A and
B. Equilibrium states of this evolution shall be our chief concern in this review, in
particular energy minimizers (under L? unit mass constraint).

Many bosons. In quantum mechanics there is a twist as to how we implement indis-
tinguishability of particles. Certainly, in accordance with (IL.I3]) and the interpretation

of [Wn|?, |\f17v|2 as probability densities in position/momentum space, we would like to
have

Uy (1, X)) = [T (Xo(1)s -5 Xo () }2
o~ 2 — 2
\IIN <p177pN)‘ = ‘\IIN (po(l)a"'7pU(N))) . (115)

For various reasons we shall not delve into, this is not a sufficient requirement (for
starters, quantum mechanics is settled in linear spaces, whereas ([LIH]) are non-linear
constraints). As indicated previously, we want to restrict further to fully symmetric
or fully antisymmetric wave-functions. A possible rationale for this is that these seem
the most simple choices guaranteeing (LIH]). One can further argue that, denoting U,
the unitary operator permuting particle labels according to o,

(Us¥n) (x1,...,%xN5) = Uy (Xa(l)a ce >XJ(N)) ) (1.16)

any reasonable operator of the form (LI4) will commute with U, for any o. It thus
makes sense to look for normalized eigenfunctions Wy that are also eigenfunctions of
U, for all ¢. But if for all o

Wy (Xa(l)a . >XJ(N)) =e(o)VUy (X1, .., %XN)

the map o +— ¢(0) must be a one-dimensional representation of the permutation group,
hence either €(c) = 1 or e(o) = (—1)%n().
This means we consider the action of Hy only on fully symmetric functions

\IIN<X17"'7XN):‘IIN<XU(1)7"'7X0'(N)>7 Vo (117)
or on fully antisymmetric functions

\I/N(Xl,...,XN) = (—1)Sgn(a)\I/N(XU(1),...,XJ(N)), Vo. (118)
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This dichotomy reflects the empirically observed division of fundamental particles into
two types, bosons and fermions. Suggestions of exotic quasi-particles falling outside of
this dichotomy shall not be discussed here, see [271], Chapter 7] and references therein.
The above choices are referred to as “quantum statistics” because they determine the
way particles in thermal equilibrium with no interactions will populate the energy levels
of the Hamiltonian.

From now on we always restrict to Case (LI7]). This means our many-body Hilbert
space is actually

N
Hn = Q) L*(RY) ~ L2, (R™).

sym

Observables are always assumed to act on this space, which is legitimate because even if
extended to the full L?(R%) they commute with the unitaries U,. States are positive
trace-class operators with trace 1 acting on $). Note that a state I'y on the full
L?(R¥Y) preserves $Hy (i.e. is bosonic) if it satisfies

U,y =TnU, =Ty (1.19)

for all permutation o. A weaker notion of indistinguishability, closer to what is de-
manded ([LI3)) for classical particles (“boltzons”) would be

U,TxU? =Ty, (1.20)

Reduced density matrices. The full state I'y (or the full wave-function ¥y) in
fact contains too much information. It is often convenient/necessary to forget some
of this information to make rigorous statements. In classical mechanics we can form
the marginal densities of a state py;, i.e. integrate out some of the degrees of freedom.
The k-particle reduced density, given by

[Jfg\]j) (Xl,...,Xk;pl,...,pk)

= / B(X1, o X, Xkt 1y - -5 XNSP1y -+ o5 Pl Pht1s - - - PN) AXpepr - - dXndppyr - - - dpy,
R2d(N—k)

contains all the information we need to describe what a typical k-tuple of particles does.
Usually, it is sufficient to retain this information only for small values of k (compared
to N). This is all we need and hope to record. Observe that ,1,55) is obtained from gy
by testing against observables that depend only on 2k coordinates. Let us generalize

this to the quantum case.

Given a state (aka, density matrix) 'y on Hy (I'v = |Un)(Py| in case we are
actually thinking of a wave-function W y) we define its k-particles reduced density matriz
Fgl\;), a positive trace-class operator on $; by demanding that

N
Trg, (Akrg’;’) - ( k)Trm (A ® 18N -RT ) (1.21)
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for every bounded operator Aj on ;. Here A, @ 1°(V=F) acts as A, on the first k
coordinates and trivially on the N — k others (the choice of which particles are “first”
and which are “others” is irrelevant because we always consider states satisfying (L20])).
The combinatorial factor (],X ) is there for normalization reasons: it is natural to have

the trace of Fg\l;) equal to the number of k-tuples of particles.
What we have just defined is in fact the partial trace

N
r = ( k)TrHHN (Ty) (1.22)

where again the choice of which N — k degrees of freedom to trace upon is irrelevant.
We could also identify T'y with its integral kernel [262], Section VI.6]

FN(I)N(XN) = /dN FN(XN§YN)(I>N(YN)dYN>
R

i.e., for a pure state I'y = [V n)(Uy|,

FN(XN;YN) = \I’N(XN)‘I’N(YN)-
Then the integral kernel of Tg\]?) is obtained as

N
k

Observe, as a first use of reduced density matrices, that the energies we are interested
in depend only on the second density matrix. With Hy as in (L14]),

(x| Hy W)z = Trg (—A+ V)T ) + Trg, (wix - y)r¥).

Pﬁ’J)(Xk;Yk>:< ) / o T (%0 2o Vi Zov ) AZov
RA(N—F

1.3. Second-quantized formalism

Roughly speaking, we have so far been working in first quantization: observables
are defined as operators acting on classical fields, i.e. wave-functions. By second
quantization one usually means that fields too become operatord]. This can range from
a deep physical move (as in quantum electrodynamics, where the electromagnetic field is
quantized, and the number of associated photonic particles may physically fluctuate) to
a basic calculational trick (as in the ordinary non-relativistic quantum mechanics that
concerns us in this text). In the latter case, second quantization has a grand-canonical
flavor: we can let the particle number fluctuate (fixing the chemical potential instead)
if it turns out to be computationally convenient. This comes with a set of algebraic
tools that are also extremely handy in the canonical (fixed particle number) context of
this text. It will often be handy to rely on this “second quantization” formalism, by
which we mean introduce creation and annihilation operators.

9Edward Nelson used to say that first quantization is a mystery but second quantization is a
functor.
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We will not use this formalism throughout the text, so some hasty readerd] might
skip this section for now. A word of warning though: physicists learn this formalism
in kindergarten, and it is tremendously useful. I would urge less hasty readers to take
the occasion of them reading this text anyway to get acquainted with these notions.

See [88], 141, 305] for more details.

Fock space. Recall we consider only the case of bosons in this review, but fermions
are treated very similarly. It is convenient to gather all N-particle spaces under one
roof, the bosonic Fock space

F=3)=CoN0NO..OHND... (1.23)

One calls
0)=10000c... (1.24)
the vacuum vector, that has no particles at all.
We shall call grand-canonical state (by opposition to canonical, N-particle, states
encountered previously) a positive trace-class operator on § with trace 1. We shall
only be interested in “diagonal states” of the form

i TI'an Fn =1.
n=0

A N-particle state is recovered if all the I',, are 0 except I'y. If that is not the case we
interpret the particle number as a genuine observable/operator

N =P nis, (1.25)
n=0

with

whose expectation value in a state I' is
[ee]
Tr (NT) =Y nTrg, T,
n=0

Reduced density matrices, again. Given a k-particle observable A, acting on £
we can lift it to Fock space in the natural way

Ay = @ Z Ay i

n=k 1<i1<...<ip<n

where A;  _; denotes Aj acting on variables iy, ...,14; of a n-particle wave-function.
Then, we define the k-particle reduced density matrix of a grand-canonical state I' by
setting

Trg, (A T®) = Trg (AT). (1.26)

10And those who are already familiarized, of course.
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For a diagonal state we have

n

n>k n>k

where the reduced density matrix ' of a n-particle state is defined as in the previous

section (L22).

Creation and annihilation operators. Given a one-body wave-function u € L?(R?)
we define the associated annihilation operator a(u) acting on the Fock space as specified

by

(a(u)n) (X1s -y Xpo1) == /10 g w(X) (X, X1, -+, Xp1)dx.

Here 1, is a n-particles bosonic wave-function, and the action is extended by linearity
to the whole Fock space. Note that any annihilation operator “annihiliates the vacuum”

a(u)]0) = 0.
The formal adjoint a'(u) of a(u) is the creation operator

1 n+1

(aT(u)lpn) (X1, Xpa1) Z W) (T1, 0 1, T, - o5 T)
=1

VRS

Note that a(u) sends the n-particles sector of Fock space to the (n—1)-particles sector,
while a'(u) sends the n-particles sector to to the (n + 1)-particles sector, whence the
names annihilation and creation operators.

The main thing to remember about these operators, and basically the only one
used in practice to calculate with them is that they satisfy the canonical commutation
relations (CCR). Namely, let u,v € L*(R?), then

[a(u), a(v)] = [a'(u),a'(v)] = 0, [a(u), a'(v)] = (ufv) 2. (1.27)
It is sometimes convenient to consider operators ay,al, annihilating/creating a

particle at a point z € R? rather than in a state u € L*(R%). These operator-valued
distributions are defined by requiring that, for all u € L?(R%),

a(u) = /u(x)axdx, al(u) = /u(x)aldx.
The CCR now takes the form

[ax, ay] = [ak, a}] =0, [ax, al] = d(x —y) (1.28)
with ¢ the Dirac mass at the origin.

Relation with Hamiltonians. Consider extending (LI4) to the Fock space in the

natural way
H =P H.,.
n=0
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There is a very useful expression for H (or any other reasonable operator on the Fock
space) in terms of annihilation and creation operators: Let (u;);en be an orthonormal
basis of L?(R?). Then

H = (] — A+ Vug) 2 ggaal (u;)aluy)
gk
1 TR
+3 D {w @ ulw(x = y) u © ue) o geay af (wi)al (ug)aug)alug). (1.29)
i3k 0
Observe that a one-particle operator corresponds to a quadratic operator in cre-
ation/annihilation operators while a two-particle operator corresponds to a quartic

one.
Using ay, al, instead we also have

1
H= [ al (—Ax + V(X)) axdx + = // w(x — y)aia;axaydxdy. (1.30)

R4 Rd xRd

Relation with density matrices. For any state I" over the bosonic Fock space (in
particular any N-particle state living on only one sector), its reduced density matrices
can be characterized by

<U1 ®sym v ®sym Uk‘F(k)‘ul ®sym v ®sym uk>L2

= Trg (a'(w1)...a'(ug)a(vr) .. .a(vp)T) . (1.31)

Alternatively, I'®) being a k-particle trace-class operator, we can identify it with an
integral kernel which satisfies

TR (xy, . X Y1, V) = Tr (a;1 . .a;kaxl .. .aykf) )

1.4. Mean-field approximation and scaling limits

We can now return to the main theme of the review. We consider the general
many-body Schrodinger operator

Hy =Y (=iVie, + A(x))" + V() + > wylx —x;), (1.32)

j=1 1<i<j<N

re-introducing the vector potential A of an external magnetic field B = curl A. Note
that the interaction potential got decorated with a N to indicate that it will soon be
chosen N-dependent for reasons we shall explain. We could change the kinetic energy
operator (—iVy 4+ A(x))” to something pseudo-relativistic, but we refrain from doing
so. The above operator essentially includes all the possible types of difficulty one might
encounter when dealing with mean-field limits. We shall mainly work variationally by
considering the energy functional

En[UN] = (UN|HN|TN) 2. (1.33)
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Bosonic ground states. We focus on the action of Hy on the bosonic space (we
often denote $) = L?(R?) our basic one-particle Hilbert space)

f)N = ‘S:j = LzymaRdN? C)
and consider the ground state energ

B =t {{wnliisfon) vx e ow, [ usp=i} s
RdN

implicitly assuming the Hamiltonian is bounded from below so that the infimum exists.
Of course E(N) is the bottom of the spectrum of Hy. Most of the time we will consider
the case where F(INV) is actually a minimum, thus the lowest eigenvalue of Hy, and
we will study the associated minimizer(s)/eigenfunction(s) ¥y. When there is no
minimizer or when the method allows it, we will also consider sequences of quasi-
minimizers satisfying
(Un|Hy[Vy) < E(N)(1+o(1))

in the limit N — co. Our main goal is to argue that, for large N, minimizers or
quasi-minimizers can be looked for/approximated in the form of a Hartree trial state

Un(x1,. ., xn) = u®N(xy,. ., xy) = u(xy) .. u(xy) (1.35)

when N — oo. Ansatz (L35]) is a Bose-Einstein condensate, the quantum analogue of
independent and identically distributed (iid) particles.

Scaling limits. Of course there is no reason to believe that the ground state of a large
bosonic system should necessarily factorize, even in the large N limit. Certainly, many
types of correlations can occur. What is however true, is that for weakly interacting
systems, the ground state essentially always factorize. Here “weakly interacting” is
not meant in a perturbative fashion: it is in fact sufficient that one-particle energies
and interaction energies be of the same order of magnitude, i.e. that the two sums
in (L32) weigh roughly the same in the limit. Since there are N terms in the first sum
(one-particle energy) and ~ w terms in the second sum (interactions), we have to
assume some N-dependence of wy to achieve that.

We shall always take as fixed reference length scale that of the one-particle
Schrodinger operator (—iVy 4+ A(x))” + V. Think of the particles living in a fixed
box if you wish, although we typically prefer V' to be a soft confinement, i.e. a poten-
tial on R? with trapping behavior at infinity

V(x) — +oo.
|x|—00
In particular, we do not work in the thermodynamic limit of large volume/fixed den-
sity, which is sometimes thought of as the only relevant one in condensed matter
physics. The latter view has its reasons: typical real-life systems have gigantic num-
bers of particles, an extension extremely large compared to their size, and the density

Hywigh (U n|Hn|Pn) understood in the sense of quadratic forms and set equal to +oo is ¥y is
not in the quadratic form domain of Hy.
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is the experimentally adjustable parameter. However, scaling limits give some insights
that would be extremely hard to vindicate in the thermodynamic limit. Besides, cold
atoms experiments [249), 255, 35], [83], 108, [71], B15] are mostly in regimes different
from condensed matter physics (particle numbers are much smaller, and the extent of
the system is set by a trapping potential). Moreover, their parameters can be tuned
to a large extent (in particular, interaction potentials can be accessed via Feshbach
resonances).

There are then N particles in a fixed volume and (because they do not satisfy any
exclusion principle), the total one-body energy scales like N. We would like the total
interaction energy to do the same, which requires something of the sort

N x (Range of interactions)® x (Strength of interactions) ~ 1 (1.36)

N—oo

for the first two terms yield the number of particles a given one typically interacts with.
Thus we think of wy as being of the form

where w is a fixed potential and Ay, Ly (energy and length scales of the interaction)
are chosen to depend on N in such a way that (L36]) holds. It is by now common
practice to guarantee this by picking a fixed non-negative number 5 and setting
Ly=N"Ay=N¥"1
thus (the choice of dividing by N — 1 instead of IV is for notational convenience later)
1 1

Tuning S gives some freedom as to the physics we are describing, as we know explain.

Mean-field limits. Let us start with the simplest case § = 0. The range of the
interaction is then comparable to the extension of the full system, so each particle
interacts with essentially all the others. To make the interaction energy per particle
finite we brutally divide the interaction potential by N. This is perhaps the most
sensible thing to do mathematically if we think of long range forces, say electrostatic-
gravitational. In this situation we really expect some statistical averaging to take place,
in the spirit of the law of large numbers.

Actually, the physics is not much different for § < 1/d: the range of the interaction
can be much smaller than the full system size, but it stays much larger than the
typical inter-particle distance N~/ To fulfill (IL36) the interaction strength stays
small, Ay — 0 in the N — oo limit, so that each particle interacts weakly with many
others at a time.

One can think of the case 0 < f < 1/d as a = 0 case but with w (formally !)

replaced by a Dirac mass
( / w) 5 (1.38)
Rd
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at the origin, leading to local interactions in the limit even though they are fairly
long-range in the original system.

Dilute limits. When f crosses the crucial 1/d threshold upwards, one enters a rather
different physical regime. We now have that the range of the interactions is much
smaller than the typical inter-particle distance Ly < N~'/¢ but the strength of the
interaction becomes large Ay > 1: each particle interacts with very few particles at
a time, but very strongly. It is less intuitive now that the system should stay weakly
correlated in such a situation, but it in fact does as long as [ is not too large.

In fact, for

tooifd=1,2

1.39
lifd=3 ( )

1/d< B < {
one hardly notices any difference in the asymptotics of the bosonic many-body problem
as compared with the mean-field regime: we end up again with an effective poten-
tial (L38). This is a remarkable fact when one thinks of the rather different physical
situations involved. As we shall see, even if statements look very similar, one does
notice a difference when it comes to proofs. The dilute case is much more difficult than
the mean-field case, which is only fair from an analysis standpoint: the interaction is
much more singular.

Gross-Pitaevskii limit. The most challenging analysis questions arise when we leave
the dilute regime (I39) upwards. We shall only discuss this in 3D. In 2D one would
need [55, 155, [222), (205, 283] to make the scaling of the interaction potential depend
exponentially on N. In 1D I am not aware of any equivalent of the regime we shall
now discuss.

Thus we focus on the case § = 1 in 3D. What is special with this 7 To answer
we need to introduce the scattering length a,, of an interaction potential w. It can be
characterized as

47raw:inf{/Ra\Vf\2+%w|f\2, flx) — 1}. (1.40)

|x|—00

One should think of the above problem as giving the minimal energy of a pair of parti-
cles interacting locally via the potential w (locally because of the boundary condition
we require). The wave-function f corresponds to the relative motion of the particles
(the center of mass coordinate is removed). Going back to (L36]) we see by scaling that
it 6=1,d=3

Qo =N'lg,<— [w

where the upper bound is obtained by using the trial state f = 1 in (L40). On the

other hand, if 5 < 1
oy ™~ NI/w.
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In full generality, one should always take the scattering length into account to model
interactions when § > 0, but this affects the leading order in the large N limit only if
£ = 1. See Section [B.]] for more details.

It is better appreciated why the above is a length by introducing the zero-energy
scattering solution f,, i.e. the solution of the variational problem (L40). It solves

—Afw+%wfw:0inR3, fulx) — 1 (1.41)

|x|—00

and behaves, for large |x|, as

Following the early works of Gross and Pitaevskii [139] 256], in most situations
of interest for the dilute Bose gas one should replace wy ~» 8ma,,dy and, perhaps,
only then take the limit N — oco. In other words, the interaction potential obtained
when taking first the limit of short-range interactions has the scattering length as its
parameter. This limit does not make a lot of sense mathematically, because delta (or
point) interactions are hard to define (see [73), [74] [78, [85] and references therein for
works in this direction). The Gross-Pitaevskii limit N — oo, 5 = 1 yields the same
final result as one would get if one could take first the range of the interactions to
0, and then only N — oo. This is the way physicists usually think of the mean-field
approximation in a dilute gas.

The main difference with the cases discussed before is that the effective potential
obtained in the limit is indeed

87T(1,w50 (142)

instead of (L38). The difficulty is that this is an effect of short-range correlations
between the particles, so that one has to go beyond the iid ansatz (I3%) in this regime.

1.5. Non-linear Schroédinger functionals

Let us now turn to the limit objects we shall derive in the large N limit. Es-
sentially they are obtained by inserting the ansatz (L35) in the many-body energy
functional (L33]) and computing what one gets for large N. There is a significant twist
however as regards the Gross-Pitaevskii limit.

Pure mean-field case, § = 0 in (L36). We simply insert (L33) in (L33)). Modulo
approximating (];[ ) by N?/2 we then get

with the non-local Hartree energy functional

ENu] (—iV + A)u* 4+ Vl]ul® + % //Rd y lu(x)Pw(x — y)|u(y)|*dxdy. (1.43)

= Rd|
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Under standard assumptions on the data A, V. w there exist minimizers for the ground

state energy
EY" = inf {EH[u], / lu|? = 1} :
Rd

We denote one such minimizer by u" and by M the set of all minimizers. Non
uniqueness occurs [16], 140} [284], [81], [80] typically for non-zero A and/or attractive
interaction w. We do not insist on the required conditions on A,V w, for they are
anyway implied by what we need to assume for the many-body problem to make sense.
We shall mostly focus on the case of trapping external potentials
V(x) — oo (1.44)
|x|—00

in which case the direct method in the calculus of variations leads straightforwardly to
existence of minimizers. Sometimes we make more specific assumptions to control the
growth of V' at infinity

Vi(x) > cs|x|® — Cs (1.45)

for some s > 0 and constant cs, Cs > 0. In case V does not grow at infinity (non-trapped
case), existence of minimizers is a more subtle matter and requires concentration-
compactness techniques. This case shall concern us only in Section B.1.3

Non-linear Schrédinger case, § > 0 in ([[L36). As discussed above, there is a clear
distinction between the regimes § < 1/d and f > 1/d. It however does not show
up in the form of the limiting functional, as long as /3 satisfies (L39). As previously,
inserting (L3%)) in (L33) leads to the, now N-dependent, Hartree functional

dp
LT Ay viaf) « 5= [P (7 =) )Pty

(1.46)
N%w (NP) = (/ w) do

as distributions, the sensible thing to do is to replace, in the large N limit, the above
functional by a local version. For shortness we denote

by = /R w. (1.47)

The non-linear Schrodinger functional is then

Since of course

ENBSTy) = / (=Y 4+ A)u)® + V]ul> + %”/ |u(x) | dx. (1.48)
R4 Rd

There is now some discussion to be had as to whether the above is bounded below.
Contrarily to the pure mean-field case, this is not implied by the N-body problem
being well-defined for fixed N.
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In the non-linear Schrodinger case we shall always assume (L44]). Then the infimum

ENYS . — inf {ENLS[u], / lu|? = 1}
R4

exists and is attained by minimizers u™*S forming the set MN'S if one makes the
following

AsSSUMPTION 1.1 (Stability of NLS energy).
Let w be the unscaled potential w in (L37) and by, its integral. We assume:

e In 1D, nothing particular.
e In 2D, b, not to be too negative. We demand

by > —a*

where a* is the best constant in the Gagliardo-Nirenberg inequality

fws(L) (L) am

e In 3D, that b, be non-negative b, > 0.

These constraints are imposed by the respective scalings of the interaction [ |ul?
and kinetic energy [ |Vu|? terms under mass-preserving changes of functions

1 X
The enemy is indeed mass-concentration of a minimizing sequence at some point un-
der the influence of attractive interactions (L — 0 schematically). Under the above
assumptions, such a scenario is always prevented by the coercive kinetic energy, for it
would lead to the energy being +o0.

Gross-Pitaevskii case, § = 1 in (L30). We discuss this case only in 3D, in lower
dimensions it would require a different scaling of the interactions [203 Chapters 3
and 6]. The limit object is a NLS functional as above, but with a different coupling
constant. Of course that does not change the mathematical properties of the limit,
or the existence theory for its minimizers. It does however change tremendously the
derivation from the many-body problem and we thus prefer to use a different notation
to avoid confusions.

Let thus BT, u®” MSP respectively be the minimum, a minimizer, and the set
of minimizers (all this under unit mass constraint of course) of the Gross-Pitaevskii
functional

EPu] = |(=iV + A)ul® +V|u|2+47raw/ |u(x)[*dx. (1.50)
R3 R3

where a,, is the scattering length (IL40) of the fixed potential w appearing in (L30).

We assume it is non-negative to ensure boundedness from below of the energy.
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Observe that (L40) ensures that

bu
dra,, < —
Ta 5

by taking the trial state f = 1 in the variational principle and observing this cannot be
an exact minimizer (as per (L4I])). Thus for § = 1 the energy is lower than one might
expect from the arguments discussed above, leading to the NLS functional. This comes
about because short-range correlations must be inserted on top of the ansatz (L35]).

We will be more precise later in this text, but, roughly speaking, the idea behind
the emergence of the Gross-Pitaevskii functional is that the ground state of the system
actually looks like

N
Un(xr,.oxn) ey [Jut) ] for =) (1.51)
j=1 1<i<j<N
with f,, the solution of (L.40)-(L41]) for the potential (I36) and ¢y a normalization
constant. The extra pair correlations in the second factor are responsible for the
reduction of the effective coupling constant. Note that for 8 < 1 we have

SWawN]\:O)obw:/w

so that the effect of pair correlations in (LE5]]) is not seen at leading order.

1.6. Main theorem

We are now ready to state a “meta-theorem” embodying the kind of results the ma-
terial reviewed herein aims at proving. In the rest of the review we will present several
avatars of this general statement. As we shall see, only a handful of methods allow to
prove it in its full glory, i.e. with minimal assumptions and maximal conclusions.

Comments on assumptions. As far as the assumptions are concerned, we shall
not be picky as to the regularity of the data A,V,w. A minima we need to assume
that the original many-body Hamiltonian (L32)) is (essentially) self-adjoint, which is
ensured under the

AssuMPTION 1.2 (Potentials).

Let max(1,d/2) < p < oo. We assume that
o Ve IP (RY) + L2 (RY) with

loc loc

V(x) — oo

|x|—00
o w e [P(RY) + L>®°(RY) with

w(z) — 0

|x|—00

o A €2 (RYRY

loc
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See e.g. [268, Remark 3.2] and [263] for more background. The discussion of
magnetic fields is in [17]. We will not try to stick to the above in our statements, and
shall often be rather liberal as regards regularity. Our criteria of success are indeed
more structural:

e does the method allow for a non-zero A 7
e does the method allow for (partially) attractive interactions ?
e how large a 5 (how singular an interaction) can the method afford 7

The third point has been discussed at length above. In particular, in the
NLS/dilute/GP limits we do not cardd too much about the regularity of w since it is
scaled to converge to a Dirac delta function anyway. In the pure mean-field regime
B = 0, the singularity of the potential accommodated by the method of proof is more
relevant.

As regards the other two points, first recall that non-zero A or interaction poten-
tials with attractive parts in general lead to the minimizers of the limit problem to be
non-unique. The inclusion of non-trivial gauge fields in addition forces one to make
crucial use of bosonic symmetry. Indeed, for A = 0, minimizers of the N-body prob-
lem without symmetry constraint are automatically bosonic wave-functions (see [201],
Section 3.2.4] or Theorem 24l below). Thus one may drop the constraint if it turns out
to be convenient. This simplification is not possible in the presence of a non-zero A:
examples are known [285] of situations where bosonic ground states differ from ground
states without symmetry.

As for attractive interactions, the main issue is that in a NLS limit g > 0 they
render even the question of whether the energy is bounded below proportionally to
N highly non-trivial. We shall need to distinguish between several notions of stable
potentials:

DEFINITION 1.3 (Stability notions).
We say that the unscaled interaction potential w from (L3T) is

(1) repulsive if w > 0.
(2) classically stable if there is a constant C > 0 such that for all xy,...,xy € R

Z w(x; —x;) > —CN.
1<i<j<N
(3) Hartree-stable if
(e PP = y)luly) Py
ueH1(R4) Jga [u)? [ra [Vul?

(4) NLS-stable if it satisfies Assumption L1, or GP-stable if it has positive scal-
tering length.

We say that the many-body Hamiltonian (L32) is stable

127 remarkable aspect of some of the methods we discuss is however that they can accomodate
hard-core potentials, see Section 5.1}
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(1) of the first kind if Hy > —C'(N) as an operator, for some function C(N) > 0.
(2) of the second kind if Hy > —C'N as an operator, for some constant C' > 0.

In the above, “bounded below as an operator” has the usual meaning that A > B

if
(Y, Ap) = (4, Bip)

for any vector 1. In particular the spectrum of Hy (and thus the ground state energy)
is bounded below, i.e. no sequence of state can give an arbitrarily negative energy.

The four different stability notions for the potential w are listed from the most
stringent to the less. “Repulsive” speaks for itself: any particle encounter costs energy
and (recall that w — 0 at infinity) particles prefer to be as far apart as can be.

“Classically stable” [277] means the potential does not need the quantum kinetic
energy /uncertainty principle to obtain a bound from below. Note that if w is classically
stable then the scaled wy in (L37) also is provided 8 < 1/d. In the dilute regime
[ > 1/d this is no longer the case. A typical example of a classically stable interaction
which needs not be repulsive is a potential of positive type: w > 0. We will use this
notion in 3D mostly, where (because of scaling, cf the comments after Assumption [[])
we cannot hope that the quantum kinetic helps stabilizing the system.

“Hartree-stable” is a refinement of NLS-stable: it guarantees that the N-dependent
Hartree functional (.46) with potential wy g is bounded below independently of N. It
could indeed very well be that the limit NLS functional is stable, but not the interme-
diary Hartree functional one obtains in the first place by inserting a factorized ansatz
in the many-body energy. In 3D (because of scaling again) Hartree stability boils down
to classical stability. We will use the notion in 2D mostly, where it is implied [179] by

the more transparent
/ lw_| < a” (1.52)
R2

where a* is the optimal constant in (L49) and w_ the negative part of w.

We refer to [201] for further discussion of the notions of stability for the many-body
Hamiltonian. Stability of the first kind is our basic starting point: the many-body
Hamiltonian makes sense and its spectrum has a lower bound. Stability of the second
kind is part of our conclusions. As we shall see, depending on the stability of the
interaction w it ranges from “trivial statement” to “the main thing we have to prove”.

Comments on conclusions. The first conclusion we would like to obtain, which
serves as a minimal requirement, is the convergence of the ground state energy

E(N)

MF
N N—o0 E

where the mean-field energy E™MY is the Hartree, non-linear Schrodinger or Gross-
Pitaevskii energy, depending on the regime (value of ) under consideration. In this
text we shall discuss only convergence and not error estimates, although their precision
might also be considered a criterion of efficiency for the methods. We do not consider
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it explicitly however, for the error estimates given by the methods we discuss would
most of the time be far from the expected optimal ones.

The obvious next question after the convergence of the energy concerns the conver-
gence of ground state themselves. Namely, how well can we expect an actual many-body
ground state ¥y to be approximated by a pure Bose-Einstein condensate (BEC)

\IIN ~ U®N
with 4 minimizing the appropriate mean-field energy functional ? The first remark is
that these objects live in a N-dependent space, so that one cannot expect a convergence.
Both are L?-normalized, so a meaningful estimate could be
®N

H\I/N —u HL2(RdN) Nt 0.
This is unfortunately wrong as soon as the interaction w is non-zero (see Section
below for further references). The reason is that we physically do not expect that all
particles are in the same quantum state, merely a vast majority of them. But

u@W-1 Rsym U L u®N

in L2(R™) assoon as v L uin L*(R?). Thus, even a single particle in a state orthogonal
to w would ruin a norm estimate as above. We thus definitely have to make sense of
the idea that “most particles are in the same quantum state”.

This is precisely what reduced density matrices

N
FE’J) = (k ) Tri1-n|Yn) (Y|
are good for. We aim at a statement of the form

L o ®k\ /, @k
@FN o [ W,
say for k fixed when N — oo. Modulo the (]IZ )71 normalization this is saying that the

reduced density matrix Fg\lﬁ) of the full many-body state I'y = |V ) (W | converges to
that of a pure BEC. Colloquially this means that most particles k-tuples are in the
state u®*. The convergence above should be strong in trace-class norm (the natural
topology for reduced density matrices).

The above implicitly assumes that there is a unique mean-field minimizer u that
the interacting particles would want to populate. If that is not the case, we should
lower our expectations to a statistical statement: the reduced density matrix Fg\lﬁ) is
close to a convex combinations of projectors |u®*)(u®*| on mean-field minimizers:

Ik
it o [ )
() N=oo Jagr
where y is a probability measure (independent of k) over the set MM of all mean-field
minimizers (see the previous section).
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The meta-statement. Now that we have lucidly evaluated what our expectations
should be, we are ready to state a main theorem. We shall be slightly informal, the goal
being to put all the different situations that we shall discuss under a single standard
roof that we will afterwards decorate in different manners:

THEOREM 1.4 (Scaling limit of bosonic ground states, generic statement).
Let A,V w be (say smooth) functions such that Hy, the many-body Hamiltonian (L.32)
makes sense as a self-adjoint operator on L*(R¥,C). Assume that V is trapping

V(x) — +o0 (1.53)
|x|—00
so that Hy has compact resolvent and discrete spectrum. Let then E(N) be its lowest
eigenvalue and ¥y an associated eigenfunction (ground state energy and ground state,
respectively).

Let 5 > 0 be as large as we can afford (but 5 < 1 if d = 3). If 5 > 0 and
d > 2, further assume Hartree stability for d = 2 or classical stability (for d = 3) (see
Definition[1.3).

Let EMY EME o ME - MME be respectively the mean-field functional, its ground-state
energy, one of its ground states and the set of its ground states respectively. Here MF
stands (see Section[I) for H if 5 =0, for NLS if >0 (and f < 1 when d = 3), for
GPiff=1andd=3.

We have, in the limit N — +o0o:

Convergence of the energy:

E(N) ME
— = E. 1.54
N (1.54)
Convergence of reduced density matrices: let FS@’, k > 0 be the reduced density

matrices of a many-body ground state V. There exists a Borel4 probability measure
w on MMY (independent of k) such that

(];Z)IFE\I;)_)/MMF @) (0¥ | dpa () (1.55)

along a subsequence (independent of k).

COMMENTS.
If the mean-field minimizer is unique, (L55) for £ = 1 implies that the first reduced den-
sity matrix has an eigenvalue of order NV, which is Bose-Einstein condensation. Indeed,
the eigenvalue of the one-body density matrix should be identified as the number of par-
ticles occupying the corresponding eigenfunctions (the notion originates in [248]). O

13We use the L2 topology on wave-functions.
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1.7. Outline

The rest of the text, devoted to different versions and proofs of the main meta-
statement above, is organized in four chapters. The rationale is to offer as exhaustive
as possible a panorama of the tools relevant to deal with the problems defined above.
Many of those tools have a broader interest and range of application. I very much hope
this review can serve as an introduction to those, even though their full power will not
necessarily be revealed here.

For pedagogical reasons I wanted to introduce new methods one at a time, in (what I
felt was the) order of increasing mathematical sophistication. A smoother presentation
is hopefully achieved by separating the regimes of our interest in three families: mean-
field limits, dilute limits, Gross-Pitaevskii limit. I also felt the need of separating in
two parts the discussion of the basic mean-field limits. This leads to the following
organization:

e Chapter [2 presents two classes of methods that deal with mean-field limits
of bosonic ground states without really using the quantum character of the
problem. They have their limitations, but also an appealing simplicity.

e Chapter [3] presents the basic methods to be used throughout all the rest of
the review (with the notable exception of Sections [B.5l and [5.0]), in the simpler
context of mean-field limits. Here we fully use the fact that we are dealing
with bosonic quantum mechanics.

e Chapter Ml tackles the dilute limit. As discussed above, there is a qualitative
change in the physics as compared with the mean-field limit. This is reflected
in the mathematical attack on these problems: basically we supplement the
tools of Chapter [ with refined estimates allowing to tame the singular nature
of interactions.

e Chapter [l addresses the Gross-Pitaevskii limit, that we see as a special kind
of dilute limit where two-particle correlations have to be extracted. The tools
to achieve this are to a large extent superimposed on the techniques of the
previous two chapters.

Before embarking on this program, let me mention a few connections to topics not
covered here.

1.8. Connections and further topics

The main body of these notes is limited in scope, a necessary consequence of my
choice to be rather precise on the topics I did choose to cover. The reader should
however bear in mind that the ideas and tools we shall encounter belong to a broader
context and have wider applications.

Below is a brief review of the literature on topics very much related to these notes.
[ apologize for not being able to cite all the relevant material (I have favored review
texts when they are available), and for connections I might be unaware of. References
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for quantum statistical mechanics in general are [277, 47, 48], 141], and for Bose
systems in particular [314], 203, 255|, 249, 272, 268, 286].

1.8.1. Bogoliubov theory. Several hints on this topic are provided in Sec-
tions B.3H5.8 but for reasons of space I had to refrain from trying a full review.

The question is “what is the next-to-leading order in the large N expansion, af-
ter the mean-field contribution”? The answer is: Bogoliubov’s theory, as formulated
in 1947 [41], or maybe appropriately generalized (see [15], [72], [320] for review). A
particularly appealing heuristics is that, since the minimizers of the mean-field func-
tional gives the leading order, the next order ought to be given by perturbing around
minimizers. By definition the first variation vanishes, and thus the Hessian of the
mean-field functional at its minimum is the relevant object. This is a one-body ob-
ject that one can second-quantize (cf Section [L3) to obtain a quadratic (in annihi-
lators/creators) many-body Hamiltonian describing the quantum fluctuations around
the Bose-Einstein condensate. Many results are known on such bosonic Bogoliubov
Hamiltonians [20], 86, [87, 236].

In recent years, important progress has been made in this direction. It is now known
rigorously that Bogoliubov’s theory indeed describes the next-to-leading order of many-
body minimizers, as well as the low-lying excitation spectrum (first few eigenvalues
above the ground state energy). See [291], 135], 89, 87, 241] for results in the
mean-field limit, [36] for the dilute limit, and [38] for the Gross-Pitaevskii limit. More
recently, the expansion of the low-lying energy spectrum [43] and of the ground state
density matrix [239] have been considered in the mean-field regime, beyond Bogoliubov
theory. Another approach to such large N expansions is in [257], [258], [259].

Bogoliubov’s theory also plays a role in the ground-state energy expansion of the
extended homogeneous Bose gas, in the low-density regime (the Lee-Huang-Yang cor-
rection [102), 317]). By this we mean that the thermodynamic limit is taken first, and
only then, ideally, the density sent to 0 (see Section 5.5, this is even harder than the
Gross-Pitaevskii limit). This has been justified first in simplified settings [130] [52]
(“mean-field-like” and “dilute-like” settings, respectively) before a full derivation of
the Lee-Huang-Yang formula was given in [51], 112] (see also [109]). To the best of

my knowledge, the first rigorous justification of Bogoliubov’s theory, on a particular

example, is to be found in [213], 214, 304].

1.8.2. Dynamics. There is a huge literature devoted to the time-evolution of
(approximately) Bose-condensed initial data along the many-body Schrédinger flow.
This is the natural dynamical pendant of the ground-state theory I review below.
Reviews are in [30} 131), [281], 307]. The message is that an initially factorized wave-
function stays approximately factorized after time-evolution. There are by now many
methods to prove this and I apologize for inevitabld omissions in the brief list below:

e the BBGKY hierarchy approach [306] [, 105], 99, 101, 103, 104, 22] 23]
62, [61), 65, (67, (66, 63, [64].

1A quick search in my (not exhaustive) folders reveals more than 120 papers on this topic.
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e Pickl’s method of “Gronwalling” the number of excited particles [252, [253),
254, 164, 155], 156].

the coherent states method [7l, 148, 125l 126, 266, 26, 60, [50].

the “Egorov method” [116], 118, [14].

the Wigner measure method [9, 10}, 1T, 12, [8].

the Lieb-Robinson bounds approach [100].

the optimal transport method [133], 132].

More recently, the derivation of the dynamical counterpart of Bogoliubov’s theory
has also attracted attention [49] [40, 186l 231l 137, 138, 136l 233, 232, 234].
In addition to giving the next-to-leading order in the dynamical setting, it can also
serve as a means to control quantum fluctuations, and thereby derive the mean-field
equation quantitatively, an approach pioneered in [148]. Mean-field dynamics beyond
Bogoliubov theory are studied in [42].

1.8.3. Positive temperature. The scaling limit of positive temperature bosonic
equilibria is not a topic as developed as that of zero-temperature equilibria and the
time evolution thereof. Lots of things remain poorly understood, in particular the holy
grail, a proof of Bose-Einstein condensation in the thermodynamic limit, seems way
out of reach, except in very special cases [4}, [157]. Here is a selection of papers:

e free-energy estimates for dilute gases in the thermodynamic limit [90] 286

e rigorous bounds on the critical temperature for BEC [292), [33].

e proofs of BEC in scaling limits [92), [91].

e derivation of classical field theory from Gibbs states in a mean-field limit [119]
120, 121, 178, 183, 184, 182], 185 303].

The latter topic is a natural extension of the derivation of ground states and the
time evolution of factorized data (see [122, 270} 273, 175] for more informal accounts).
“Classical field theory” here means a measure of the form exp(—&EM¥[u])du on one-body
wave-functions u. This is the natural “positive temperature equilibrium” of mean-field
theory, and indeed, once properly defined, an invariant of the non-linear Schrodinger
evolution. One difficulty lies in actually defining this object when the one-body state
space is infinite dimensional. In finite dimension the problem is simpler, see [163], [134]

and [268], 269, Appendix B].

1.8.4. Bosons in special settings and other approximations. Various gener-
alizations of the setting we discussed are of interest. In particular, if another physically
relevant limit is superimposed to the mean-field/dilute/GP one, it is of interest to in-
vestigate whether and how the limits commute. Here is a selection of topics:

e Reduced dimensionalities [209], 207, 283, 293].

e Multi-components gases [13|, 229, 228, 244, 227, 243].
e Multiple well potentials [245], 246, 276].

e Large magnetic fields/rotation speeds [53|, 188, 211].

e Fragmented condensation [313), [94].
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I also mention a few works on different types of approximations for the ground
state of the Bose gas. There does not seem to be too many of those that one could
turn into rigorous mathematics. The Lieb-Liniger model for 1D bosons with contact
interactions is remarkable in being basically exactly soluble [165, 127, 194, 190].
An alternative (to mean-field/Gross-Pitaevskii/Bogoliubov) approximation scheme is

studied in [197], 195, 198, 58| 59, 57].

1.8.5. Quasi-classical systems. The topic of this review might be called “semi-
classical”: a macroscopic quantum system to some extent behaves Classicall at
leading order. Ome could call “quasi-classical” a variant of this situation: a finite-
size quantum system acquires an effective classical interaction by coupling to an-
other, macroscopic system. The latter becomes classical in an appropriate limit,

see [219], 96, (75, 77, [76, 114, 115, 170, 168, 169] and references therein.

1.8.6. Classical mean-field and related limits. The mean-field limit for Bose
systems has a natural analogue in classical mechanics. For equilibrium states this
is dealt with in [226], 158, 159, 54, 161], see [272, 268, Chapter 2] for review
and [296, 297] for more advanced topics. As regards dynamics (derivation of Vlasov or
Boltzmann equations, propagation of molecular chaos), see [131], 307, [124], 230, 260,
153, B06] for reviews. Note that in this context as well, mean-field (typically leading
to Vlasov’s equation) and low/density dilute limits (typically leading to Boltzmann-like
equations) should be distinguished, cf the aforementioned references for discussion.

1.8.7. Fermionic mean-field limits and beyond. Finally, fermionic systems
also have scaling limits of their own. Because of the Pauli principle, it turns out they
are naturally coupled with semiclassical limits. This requires specific methods to couple

the two types of limits. A selection of references is [18, 19} 29, 98, 212, 250} [310,
110, 215} 216, 217, 111}, 220}, 174].

Because of the Pauli principle again, fermions have a tendency to avoid one another
a lot more than bosons, which makes dilute limits (with few particle encounters) more
tricky to study. If spin is taken into account however, dilute-type interactions between
different spin components are particularly relevant and pose problems akin to some we
encounter in this review [202, [288), [106].

An interesting recent direction is to study rigorously the corrections to the energy
of the homogeneous Fermi gas, in the mean-field limit [25, 28] 27, 144]. It turns out
that they are due to correlations of a special form that can be understood via bosoniza-
tion, i.e. the emergence of bosonic quasi-particles. The latter are effectively weakly
correlated and hence described by a bosonic (Bogoliubov) quadratic Hamiltonian.

Some exotic/hypothetical quasi-particles known as anyons interpolate between
bosons and fermions. Deriving effective mean-field models for those is also of inter-

est [225], 128, 129].

1510 that the non-commutativity of quantum fields is ignored.



CHAPTER 2

Mean-field limits, classical mechanics methods

We start our grand tour of derivation of mean-field type results by reviewing meth-
ods whose inspiration is drawn from classical mechanics. They proceed by either ma-
nipulations of the interaction potential, seen as a classical energy (Section 2.]) or by
recasting the problem as a classical statistical mechanics ensemble (Section 22]). The
common point is that we do not use the full quantumness of the problem (in particular,
bosonic statistics) and thus will not get optimal results. The simplicity of the methods
still makes them appealing.

2.1. Hamiltonian-based methods

By “Hamiltonian-based” we mean a method that uses one or several special as-
sumptions on the basic Hamiltonian (L32)). There is simply not enough structure
in (L32)) as it stands to prove the general form of Theorem [[L4] by simply manipulating
the formal expression of the Hamiltonian. One must crucially rely on the structure of
the space we act on, namely use bosonic symmetry in one way or another.

By contrast, the methods of this section are insensitive to bosonic symmetry. They
work only in restricted cases, but their relative simplicity makes them appealing. With-
out further ado, let us present the simplifying assumption we shall use:

AssumpTION 2.1 (Positivity improving case).
Pick A=0 and V >0 in (L32). In particular the one-body Hamiltonian h = —A+V
satisfies
<u‘h‘u>L2(Rd) > (lul, h |u|>L2(Rd) (2.1)

and the associated heat flow e~ is positivity improving for any t > 0. Namely it maps

non-trivial non-negative functions to positive functions.

CoMMENTS. If we had included pseudo-relativistic effects, Laplacians would be
replaced by fractional Laplacians. In the absence of magnetic fields (Z1]) holds also
in this case, and the heat flow stays positivity preserving, so that the methods of this
section generalize to this case.

For the usual Laplacian, our case of concern, (2] is essentially just the fact (used
with A = 0) that, writing u = /pe’?

/Rd‘<_1V+A>“|2:/Rd|v\/ﬁ|2+/wp‘ (V+A)90|22/Rdlv\/ﬁ|2. (2.2)

See [196], Theorem 7.8].
35
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As regards the positivity improving property, the Trotter product formula roughly
says the following (see [801] or [264] for details): for self-adjoint operators A and B

oot B i (o (2 o (2))

Applied to e~ this gives an approximate expression of its integral kernel:

—th(

e ""(x;y) = lim

n—0o0
/d( 1) etA(X Y1)€ "V(yl) (Y1,YQ) tA(Yn—l;Y)e_%V(y)dw coodyn-1. (2-3)
]R n

Since the heat kernel
1

(x;y) = (dmt)i2

e~ Ix—yl?/(4t) (2.4)

—th( .
)

is positive, it follows that also e " (x;y) > 0, so that e~"* maps non-negative functions

to positive functions.
Omne may recognize that (23)) at finite n is a discretization of

7th( y) /efo V(w(t))dtdu;y(w)

where dpi! ,(w) is the conditional Wiener measure, the probability density for a Brown-
ian motion leaving y at time 0 and reaching x at time ¢ to follow the path w : [0, ] — R?.
This is the Feynman-Kac formula, see [301] or [264] again for precise statements. [

Assuming the above, one can give a relatively soft proof of part of our main State-
ment [[4l Recall the notation from Section [[3t the Hartree functional is

/ IVl + ViaP + // w(x — y)lu(y)Pdxdy
R4 xRd

E" and minimizer u®. The NLS

ENES[y] /|Vu\ + Viul* + /\u )|*dx.

ENS minimizer «N® and the notation

with minimum (under unit L? mass constraint) F
functional is

with minimum (under unit L? mass constraint)

by ::/ w.
Rd

THEOREM 2.2 (Mean-field limit, positivity improving case).
We make Assumptions L2 and (2 (i.e. A =0 in [L32)). We also assume Hartree
stability (see Definition[1.3). Let 0 < g < 1/d.

If B = 0 let the mean-field energy and ground state(s) EMY uMY stand for the
Hartree objects recalled above. If B > 0 replace them by the corresponding NLS objects.

We have the following, in the limit N — oo
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Convergence of the energy: the lowest eigenvalue E(N) of (L32) satisfies
E(N)

EMF
N N—oo

Convergence of reduced density matrices: if in addition the mean-field ground
state uMY is unique,

(]Z>_ FE\I;) . }(uMF)®k> <<uMF>®k’ _ (2.5)

where Fg\l;), k > 0 are the reduced density matrices of a many-body ground state W .

In this chapter we shall follow the pioneering works [31], [220], with additions
from [172] and [181]. See also [24), 242], 243], 295] where similar tools are used.
The proof we reproduce below for general interaction potentials does not seem to have
appeared before [172]. In [31), [220] the interaction potential has positive Fourier
transform (Coulomb potential) or negative Fourier transform (Newtonian potential)
respectively. In fact, if the interaction has positive Fourier transform one does not
need Lemma 27 below and one can prove stronger results [295] with variants of the
methods below.

2.1.1. Toolbox. We start with the main consequence of assuming a positivity-
improving heat flow. The next statement is [264], Theorem XII1.47].

THEOREM 2.3 (Ground states of Schrédinger operators).
Assume V € LL _(R™) is trapping

loc
V(x) — oo.
|x|—00
Let H = —Agn +V, seen as a self-adjoint operator (Friedrichs extension of the associ-
ated quadratic form) on L*(R™),n > 1. Then H has discrete spectrum. The eigenspace
corresponding to the lowest eigenvalue is one-dimensional, of the form {c®} .. with ®
a positive function.

COMMENTS. [264], Section XIII.12] contains much more general results, in partic-
ular, the trapping assumption for the potential V' is not needed. It is just convenient
to ensure the existence of the lowest eigenvalue. In our applications we will use lo-
cally bounded potentials, which can be assumed positive by just shifting the energy
reference.

Briefly, the idea of the proof is that, because of ([2.]]), if ¥ is a ground state, so is
|W|. Then, either |¥| — ¥ = 0 or it is also a ground state, and hence an eigenfunction
of e tH,

But e * is positivity improving. One can see this using the Trotter product for-
mula as above (or the Feynman-Kac formula, see [262] Theorem VIII.30] or [301]
Theorem 1.1]) to write the integral kernel of e " in terms of that of e'®, which is
explicit and positive.
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A non-negative eigenfunction of a positivity improving operator may not vanish on
a positive measure set (i.e. the heat flow spreads mass instantaneously, so a stationary
state thereof is non-zero almost everywhere). Thus either || — ¥ =0 or V| — ¥ > 0
almost everywhere. In the latter case we must have |U| = —W¥ almost everywhere.

This shows that any candidate eigenfunction for the lowest eigenvalue can be chosen
positive almost everywhere. Clearly, there cannot be two such orthogonal positive
functions. 0J

As far as the mean-field limit is concerned, the essence of Assumption (2.1]) is that
it allows to ignore bosonic symmetry, as per the:

THEOREM 2.4 (Unrestricted minimizers are bosonic).
Let Wy be an absolute ground state for (L32), namely

(Un|Hy|Wy) = min{<\1fN\HN\\pN>,\pN € L2(RdN),/ Uy|* = 1} .
RdN

Under Assumption 1)), ¥ must be bosonic, i.e. Wy € L2 (R).

sym

PROOF. A simple proof is in [201] Section 3.2.4]. Here is another, less simple (in
that it uses Theorem above). It follows from (2ZI]) that

(Un, Hy W) > (Y], Hy [Pn]),

hence |Wy| must also be a minimizer and there exists a ¢ € C,|c| = 1 such that
\I/N = C|\I/N|.

On the other hand, Hy commutes with all the unitaries U, permuting particle
labels (LIG). Thus, a ground state (unique modulo a constant phase factor) must
satisfy for any permutation o

UU\I/N = GJ\I/N

for numbers e, € {—1,1}. Applying this to |¥y| > 0 all the e,’s must be 1, and thus
|W | be symmetric under particle label exchange. As per the above, any minimizer
W must also be. OJ

It is often useful (but not strictly needed) to know another consequence of (2.1]),

first derived] in [151].

LEMMA 2.5 (Hoffmann-Ostenhof? inequality).
Let Uy € L*(R¥™N) and py, be the corresponding one-particle density

N
N E 2
pq/N(X) = / |\I/N(X1,...,Xj_l,X,Xj+1,...,XN)| Xm,...,de_l,de_H,...,dXN.
= RA(N-1)

(2.6)

IThe square in the attribution is the (by now standard) way to give credit to both authors of [I51].
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If h satisfies (2.1)) then
N
<\I,N7Zh’j \I]N> > <\/p\I/N 7h\/p‘I’N>L2(Rd)- (27)
j=1

L2 (RdN)

PRrOOF. The following proof is from [172]. We do not assume Wy to have any
symmetry, so we extend the definition (L22) of the one-body density matrix:

Yo = 3 Trgy ([ Un) (Ty|) (2.8)

J=1

where the symbol Try; means taking the partial trace with respect to all degrees of
freedom but the j-th. Observe that in terms of integral kernels

Yoy (X5X) = puy (X). (2.9)
The desired inequality follows by noting that for any real-valued functions vy, ..., v
" e 1/2 e 1/2
> (vp, hog) > <<Z |vk|2> h <Z |vk|2> > .
k=1 k=1 k=1

Indeed (1)) being valid for complex valued functions implies

(1LY + (glbla) = (7 +ig) I +i9)) > (VI + ToR IRV + o)

for any real-valued functions f, g, and it suffices to iterate this inequality.
Then, using the spectral decomposition of vy,

Yoy = > nlug) (ugl

we have (the first equality is similar to (L21]))

N
<\I!N D b \I!N> = Tr (hye,)
j=1

L2 (RdN)

and we recognize that (Z9) says that

> el = pay.
k
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Now we introduce two tools that will allow us to bound the interaction from below
using one-body terms. We first have a lower bound for repulsive interactions (more
precisely, interactions with positive Fourier transform), originating in [247):

LEMMA 2.6 (Onsager’s inequality).
Assume w € L*®(RY) has a non-negative Fourier transform.  Then, for any
X1,..., Xy € R and p € L' (RY)

> w<x@-—xj>z;w*p<xj>—§ [ sutx=y)ply)axdy=u (). (210

d d
1<i<j<N xR

PrRoOOF. Modulo a density argument, we assume that w is smooth. For any 7 :
R? R such that the integrals make sense we have

//RW nx)w(x —y)n(y)dxdy = /Rd @ (k)|7(k)[2dk > 0.

In particular we can apply this (with a slight abuse of notation, or another regulariza-
tion argument) to the Radon measure

and this gives the inequality. 0]

It turns out that one can bound an arbitrary (regular) interaction from below,
combining Onsager’s lemma with a trick due to Lévy-Leblond [I71], whose use in the
context of our interest originates in [218, [220].

LEMMA 2.7 (Lévy-Leblond’s trick).
Let w € L>®(RY), which we write in the form
w = w; — Wa.

Let then Hy be the associated many-body Hamiltonian (IL32]), with A = 0 as in As-
sumption [Z1. Assume N = 2M is even for simplicity and let Zy = (21, ...,2Zy) €
R™ | Define a new Hamiltonian on L?*(R™), parametrized by Zy;,

Hu(Zar) = Y <—2ij Fave) - 2B S - zk>>
+ % > wi(xi—x;) (211)

1<i<j<M

with associated bosonic ground-state energy E(Zy). We have,

E(N)> inf <E(ZM)+M > wQ(zk—zg)) (2.12)

Zp ERIM M—1
ME 1<k<t<M
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where E(N) is the ground state energy of Hy.

In applications we will write the splitting w = w; — wy with w; and w, having
non-negative Fourier transforms, so that one can apply Lemma to both parts. In
words, the lemma means that one can bound the energy from below by artificially
splitting the particles in two groups: M quantum particles feeling the Hamiltonian
Hy; and M classical particles at positions zy, ..., zy;. The lower bound is attained by
first optimizing the position of the quantum particles, given those of the classical ones,
and then optimizing over the positions of the classical particles. The point is that all
the attraction (mediated by ws) is now inter-species, so that from the point of view of
the quantum particles (in the first minimization), it is a one-body term. One may also
split the particles in groups more elaborately (in particular, assuming N even is not
necessary), see the aforementioned references.

PROOF. Denote

2(2M — 1
o, =21

202M — 1)
M—1 '

M

For ease of notation we split the particle labels in two groups

Y = (Yh---a}’M) = (Xla---va)
and
ZM = <Z17 e ,ZM) = (XM+17 e ,XQM).

Let then Wy be a bosonic N-particle wave-function. Using its symmetry

N M
<\1/N| thj|\11N> =2 <\1/N| Zhyj|\11N>
i=1 i=1

and

/RNd ( Z w<Xi - Xj)) ‘\IIN<X1,- .. 7XN)‘2 = W(YM,ZM) |\I’N<X1, .. -7XN>|2

L<icj<N R2Md
with (using the handy prefactor (N — 1)~! in front of the interaction)

W(Yau,Zu)=Cr Y wilyi—y;) —Cod > walyi—2)+Cr Y wa(z —2))

1<i<k<M i=1 j=1 1<i<j<M
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Denote I'y; the mixed M-particles state obtained from I'y = |W ) (W x| by tracing out
the z variables. Then using the above notation we have

M
(U |Hy|¥y) = Tr (Z hijM> +/ Un (Yo, Zar; Yar, Zoag)AY 3 dZy
j=1 R

2M

+ (Un|Wa(Z)| V)

M
= / Tr Z hy, + Wi(Ynr, Zar) + Wa(Zr) | Uz, | dZy
ZMERdM

j=1
where we identify density matrices with their integral kernels, denote
Tz, (Yar: Yiy) = Tn(Yar, Zar: Yy Zg)

and observe that the latter, integrated over Z, yields I'y(Ys; YY),). There remains
to use, at fixed Z,,, the operator lower bound

al 2(2M — 1)
E hyj+W1<YM, ZM)+W2<ZM) Z ZMig[ng (E(ZM) + ﬁ E w2<Zk — Zg))
J=1 1<k<t<M

and note that

/ Tr (fzv) dZy = 1.
Zyg

The previous lemmas will allow us to prove energy convergence. To deduce con-
vergence of states, we will rely on a very simple observation, the Feynman-Hellmann
principle. This applies to variational problems whose dependence on an extra pa-
rameter is of interest. The statement is roughly that “derivative of the minimum =
derivative of the functional, evaluated at the minimizer”.

We state this as a lemma, but prefer to stay vague as to the actual formulation. We
find it more convenient to decline the (very simple) proof as needed in specific cases
rather than have too abstract a formulation.

0

LEMMA 2.8 (Feynman-Hellmann principle).
For € € [—eq, 0] we are given a variational principle

E(e) = min{&.[u], u in some space } .
Assume that, at ¢ = 0 there is a unique minimizer uy. Further assume that
E SE[UO]

s continuous and
e Ee)
1s differentiable at € = 0. Then

<86E<5))\e=0 = (0:€) [uo)- (2.13)
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In most of our applications we will have the special form
E[u] = &Elu] + ePlu]

so that ¢ — FE(e) is concave as an infimum over linear function.
Argument. Taking € > 0 and using the variational principle we have

E(&) — E(O) < gg[UQ] — 50[U0]

€ €
and
E(O) — E(—&) > 50[U0] — S,E[UQ]
5 - 5 '
Letting ¢ — 0 gives the desired result. O

2.1.2. Applications. We now explain how to use the above tools to prove Theo-
rem 2.2l For pedagogical reasons, redundancies in the argument are not tracked down.
We assume that w € L®(R?) in the sequel, in order to apply Lemmas and 2.7 as
they stand. If the potential is more singular, a suitable regularization allows to adapt
the proof. Our main sources [31], 220] deal with Coulomb/Newton interactions. For
the former, the Lieb-Oxford inequality [193), 197, 201] can be used.

PrOOF OF THEOREM 2.2l We separate the more difficult issue of convergence of
states from that of energy convergence.

Energy convergence. Using a trial state of the form ¥y = u®Y as in (L35) we
immediately get

@ < SJP\I,[ | = (ulh|u) + //RdXRd Ndﬁ (Nﬁ(x — y)) lu(x)|?dxdy. (2.14)

For g = 0, the right-hand side does not depend on N and is exactly the Hartree
functional, so we get the inequality

E(N)
N
For 3 > 0 one needs to prove that the infimum of the N-dependent functional EX
converges to BN This is a rather simple exercise, the details of which we shall skip.

It yields, for all # > 0, and under the stated conditions on the interaction potential
(they guarantee that EX is bounded below independently of N)

< 1.

lim sup w < ENLS,

N—oo
To get a corresponding lower bound we use Lévy-Leblond’s trick Lemma 2.7 with w;
the inverse Fourier transform of wy, and wy the inverse Fourier transform of wy_,
where
NB

wy(x) = N 1w(NBX)
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and 4+, — subscripts indicate positive/negative parts.This way both w; and wy have
non-negative Fourier transforms.

We now bound Hy/(Zyy), as defined in Lemma 2.7 from below. Let M = N/2 and
@, be a M-body wave function. Using Assumption .11t follows from the Hoffmann-
Ostenhof ? inequality that

<<I>M’ ij; (—2Ax]. + 2V (x;) — Z(ij—l) ki/[;wg(xj — zk)> ’CIDM>
202M — 1) &

2
> Q/Rd <‘v\/p<1>1v1‘ + VPCDM) - T;/Rd U}Q(X— Zk)/)q)M(X)dX (2_15)

with pg,, the one-particle density of ®,,, defined as in (Z6]). Then, if we use Onsager’s
inequality Lemma with p = pg,, we get

(@u] Y wilxi —x5) [@ar) = (Par D wn % pay (x5) [Par)

1<i<j<M j=1

1 M
- 5 // Py, (X)wl (X - y)pq>M (y)dXdy - 9 w1<0>
Rd x R4

1 M
:—// pony (X)W (% — ¥)piy, (¥)dxdy — o (0),
2 Rd xRd 2

and thus

M

2(2M — 1

% Z Wa * Pa,, (k)
k=1

(Do H(Zor) |@2r) > NEY [V7] —

2N — 1)

M
4—————// Prony (X)X — ) pay, (¥)dxdy — 2o (0)
N R4 x R4 2

where we denote
n=M"ps,.
On the other hand, using Lemma 28] with p = (M — 1)M ' pg,, we obtain
2eM - 1) Z wy(zg — 2¢) > AN —1) iwg * po,, (Z1)
M1 TN M

1<k<t<M k=1

_ <N — 1]34%\4 - 1) //Rdx]Rd P& (X)’LU2<X - Y)pCDM (y)dXdy o CNwQ(O).
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Putting the previous inequalities together yields

~ 202M — 1
(@l (Za) [23) + 22D S )
1<k<(<M

> NEX[/n] — ON (w1 (0) 4+ wy(0)) > NEMY — ON% 4 o(N)

where we bound 1! [\/ﬁ} from below by EY and skip the proof that when 8 > 0 this
converges to EN" when N — oo. This holds for any M —body bosonic function ®,;
and thus, going back to (ZI2), concludes the proof of the energy lower bound.

Convergence of states. Now we assume that there exists a unique mean-field mini-
mizer and prove (Z3]). This is done by introducing a perturbed problem depending on
a small parameter ¢, and proving that the corresponding ground state energy converges
to the appropriate mean-field limit. As per Lemma 2.8 the reduced density matrices
will be accessed by differentiating the energy in €. There will then remain to argue
that the mean-field limit and differentiation in ¢ can be commuted.

Let thus € be a (small) real number and B be a bounded operator on L*(R?). The
perturbed N-body Hamiltonian we shall consider is

N
HN,@ = HN = Z (—ij + V(Xj) + €ij) + Z QUN(XZ' - Xj),
j=1 1<i<j<N
where
_ {®i-1 ®N—j
By, =197 @ B 1%,
Denote E(N,¢€) the corresponding ground state energy without bosonic symmetry con-
straint, namely the infimum of
(Un|Hy e[ V)
amongst all L2 normalized N-body wave-functions ¥ . As per Theorem 23], Assump-
tion 2] implies that E(N,0) = E(N), our original bosonic ground state energy. The
E(N,¢e) minimum needs however not be attained by a bosonic state.

Let E™* be a perturbed mean-field functional extended to mixed states (density
matrices):

) =T+ eB) )+ [ poux-ypvixdy (210

where w is replaced by bdy if 8 > 0 and 7 is a positive trace-class operator on L%(R?),
with p,, its density:

py(%) = y(xix) = > Al (%)
J
As usual v is identified with its integral kernel, and we denote \;, u; its eigenvalues

and eigenfunctions. Observe that if v = |u)(u| is a pure state and € = 0, the above is
nothing but our target mean-field functional EM¥[u).
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We claim that, for all € (possibly we need it to be small enough)
E(N -
tim Z0E) i (2.17)

N—oo
where E™* is the minimum of £™* amongst all one-particle mixed states (Try = 1).
For an upper bound, we observe that we can extend the minimization of the perturbed

N-body energy without changing the result :
E(N,e) = inf {Tr (Hy.I'y), Iy positive operator on L*(R™), TrT'y =1}. (2.18)

Indeed, the energy is linear in the operator I'y and any such positive operator with
trace 1 is, by the spectral theorem, a convex combination of orthogonal projector.
Hence we have, for any one-body mixed state ~y

E(N,¢)
N

< N7'Tr (Hy %) . (2.19)

This is the place where it is useful to have dropped the bosonic symmetry constraint:
v®N is certainly a N-body state (it is even symmetric in the sense of (L20)) but it is
not bosonic unless v is pure [152].

The right-hand side of (2I9)) is a Hartree-like functional for the mixed state ~. If
[ = 0 we directly get the upper bound corresponding to (ZIT). If 5 > 0 we minimize
in 7, then pass to the limit N — oo. It is again an exercise on mean-field functionals

to prove that this gives

lim sup E(%’ ¢) < B (2.20)
N—o00

To obtain a corresponding lower bound, we use again that, as minimizer in (2I8]) we

may use a mixed state I'y satisfying (L20), for Hy. commutes with all the unitaries

exchanging particle labels. Then we make three simple observations concerning our
previous proof of energy convergence.

First, in the proof of Lemma 27 (Lévy-Leblond’s trick), the bosonic symmetry

assumption was not used. We can work just as well with a (mixed) minimizer for (2.18])

satisfying (L20) and obtain

, 2(2M — 1)
E(N,e)> inf [ E.(Zy)+2—~ - 2.21
w2 o, (B0 2GED S wen) e

where E.(Zy,) is the ground state energy without bosonic symmetry of (ZI1]) (with V/
replaced by V + eB). We seek a lower bound to this quantity.

Second, the use of the Hoffmann-Ostenhof? inequality Lemma was somewhat
superfluous in the first part of the proof. Namely, if we return to (ZI5) we can simply
write, instead of using (2.7]), that

Tr ((i Ay, +V(x5) + anj> FM> = Tr <(—A +V +¢B) Ff@’) (2.22)

J=1
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for any M —body state, where T%}I) is the associated one-body density matrix of I'y,

defined as in (2.9). This allows to bound the kinetic energy terms of (2.21]).

Third we can bound the interaction terms in ([22I]) exactly as discussed above.
We pick @), a minimizer for E.(Zy), 'y = |Par) (Pas| and applyOnsager’s inequality
Lemma as above, first with p = pg\? (x) = Fs\? (x;x) (for the wy part of the inter-

action) and then with p = (M — 1)M‘1p§\? (x) (for the wy part of the interaction).
Inserting in (Z21]), combining with ([2:22) and using the variational principle yields

inf (EE(ZM) + w Z wQ(Zk; _ Zﬁ)) > NE::nix o CNdB—l + 0(1)

Z p  ERIM M-—-1
ME 1<k<t<M

Hence (ZI7) is proved, for any e small enough. This implies the desired convergence of
density matrices, as we now explain. Observe that the functions on both sides of (217
are concave in g, as infima of linear functions of . It follows that the convergence (217
implies (this is often referred to as Griffith’s lemma)

aEE(N7 5) mix
TN N 0. B2, (2.23)
We claim that the left-hand side evaluated at € = 0 is
. E(N, B
OEWN.E))  _ Noiyp (2.24)
N le=0

with Fﬁ’ the reduced density matrix of the unique (as per Theorem 23)) bosonic ground
state, while the right-hand side is

(0-E7)__, = (M| BluMT) (2.25)
with «MF the unique mean-field minimizer. This is a Feynman-Hellmann argument
for which we skip some details, see Lemma The main thing we have to verify
to obtain (Z25) is that Ef™ is uniquely minimized by [uMF)(uM¥| (the corresponding
ingredient for (224)) is directly given by Theorem 23)). But a minimizer 7, for £
must also minimize the linearized

o Tr((h+wxpy)o)

where w is the final potential (hence, a Dirac delta if 5 > 0) and py(x) = vo(x;x).
Thus the range of vy lies within the ground eigenspace of the Schrodinger operator
h + w * pp. This is a nonlinear condition for vy, but all we need to know is that this
mean-field operator has a unique ground state, as per Theorem (here we use that
h + w * py is positivity improving in the sense of Assumption [Z1]). Hence 7 must be
rank one, a pure state |ug)(ug|. As noted previously its energy then boils down to the
mean-field/NLS energy, which uy must minimize and thus be equal to uM.

At this stage we have that (Z24]) converges to ([2.25]) for any bounded operator B.
This gives the strong trace-class convergence (first weak-* convergence, then preserva-
tion of the trace norm, hence strong convergence [299, Addendum H]) claimed in (2.5)
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for k = 1. To obtain the corresponding statement at & > 1, denote af,a the cre-
ation/annihilation operators associated to «M¥ in Section [l We have

(01 () [0x) = (walalal )"

by Jensen’s inequality. The convergence of the first density matrix, together with (L3T])
implies that the right-hand side, divided by (JZ ), converges to 1. On the other hand,
using the CCR ([L2T1)) repeatedly and (IL31]) again, we have

() attsnt = (2 (omeniom) o

Hence, in operator norm,

() T ey,

but the right-hand side being rank one, it is not difficult to see that the convergence
must actually hold in trace-class norm. O

2.1.3. Remarks. There are a couple of remarks to be made about the proof strat-
egy detailed in the two previous sections:

1. Lemma is stated with smooth interactions in mind. As we saw, it is still
useful when applied to potentials scaled with NV as in (L37]), where singularities appear
in the limit of large N. Similarly, if one is instead interested in a fixed singularity
(8 = 0 but a singular potential in ([L37), e.g. the Coulomb/Newtonian one), there is
not much difficulty in adapting the strategy: one may truncate the potential around
the singularities. The estimates being quantitative, one then passes to the vanishing
truncation limit at the same time as the mean-field limit.

2. It is conceivable that one may obtain convergence of the first reduced density matrix
(in the form of (L5H)) from (Z23)) even if one does not assume that the mean-field
minimizer is unique. This should use a bit of non-trivial convex analysis but should
be doable, in view of a similar approach discussed in [200]. We do not pursue this for
lack of space and motivation.

3. Obtaining (LEH) for £ > 1 would however be highly non-trivial without using the
quantum de Finetti theorem (see below). This is because one would need the equivalent
of (2:23)), but with B replaced by a general k-body operator. Here one would no longer
be able to use the cornerstones of the proof: Onsager’s inequality and Lévy-Leblond’s
trick, Lemmas and 271 For the same reason, it does not seem obvious to take into
account three-body interactions within this framework.

4. Perhaps the most severe limitation of the method is that it deeply relies on the
fact that A = 0. Superficially this is because we use Hoffmann-Ostenhof? inequality
Lemma 2.5 but that can be bypassed, as we saw. More fundamentally, the method
is too rough in that it does not really distinguish the bosonic from the “boltzonic”
problem, and that it relies on uniqueness properties of ground states (Theorem [23)]).
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5. Another drawback (perhaps this is the most severe actually) is that the method
(more specifically, Lemma 2.0) seems difficult to improve to deal with dilute (5 < 1/d)
limits.

The last three points of the above list may serve as motivation for the rest of
the text: it seems that we have hit the limitations of methods based on structural
properties of the Hamiltonian. To go further it is desirable to take into account the
structure of the bosonic space it acts on. Most of the rest of this review is concerned
with exploiting such properties.
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2.2. Applying the classical de Finetti theorem

A first approach exploiting the structure of the state-space relies on the classical de
Finetti theorem (also known as the Hewitt-Savage theorem). It is perhaps less natural,
and certainly less powerful, than approaches we will discuss later, in particular those
based on the quantum de Finetti theorem.

The main idea in this section is to reformulate the bosonic many-body ground-state
problem as a classical statistical mechanics ensemble. Namely, we want to minimize the
classical part (external potential plus interaction) of the energy jointly with (minus)
a sort of entropy, accounting for the quantum kinetic energy. This works again only
under Assumption 2] (no magnetic field), and since we see the problem as an effective
classical one, this only allows to access information of a classical nature: convergence of
reduced densitied] instead of the full reduced density matrices. The method originates
in [T60]. A review of a variant of it is in [272, 268, Appendix A].

We shall sketch a proof of the following simplification of Theorem [L.4k

THEOREM 2.9 (Derivation of Hartree’s theory, simplified statement).
We make Assumptions[L2 and 21 (i.e. A =0 in (L32)). Set 8 =0 and let

1
&)= [ VuP VP 45 [ b Pue - y)luly) Paxdy
R4 R4 x R4

with minimum (under unit L? mass constraint) EY and minimizer u'.

We have the convergence of the ground-state energy (lowest eigenvalue of (IL.32l)):

E(N
lim —( ) = E"
N—oo
Let Wy >0 be a ground state of Hy and
pg\?)(xl,...,xn) ::/ Uy (x1,. ., xn) [P dXpgy - .. dxy (2.26)
RA(N—n)

be its n-body marginal density. There exists a probability measure p on My, the set of
minimizers of EN (modulo a phase), such that, along a subsequence

lim ,05\7) = / ‘u®"‘2 du(u) for alln € N, (2.27)
My

N—oo

strongly in L' (Rd") . In particular, if EY has a unique minimizer (modulo a constant
phase), then for the whole sequence

2
lim pg\?) = (uH)@M‘ for alln € N. (2.28)
N—o0

The proof uses a compactness argument, whence the restriction to § = 0. The main
idea is to formulate the problem only in terms of the probability density in position
space |Uy|?. The quantum kinetic energy is in fact identical to the Fisher information
of the probability measure |¥y|?. We thus want to minimize jointly the classical part

2Probability densities in position space only.
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of the energy and the Fisher information. Replacing the latter by minus the classical
entropy of |¥ x|? turns the problem into the classical Boltzmann-Gibbs ensemble, whose
mean-field limit has been tackled in [226], (54, 158, 159] 161], based on the classical
de Finetti theorem. The main idea of this section, originating in [160], is to adapt
the same strategy to the problem with the Fisher information replacing the classical
entropy.

2.2.1. Classical reformulation. We have already observed in Section that

Assumption 2.1] implies
En[UN] > En[|Un]].
The ground state energy can thus be calculated using only positive test functions
E(N) =inf {Ex[Uy], Uy € L2, (R™)} = inf {En[TN], Uy € L2,,(R™Y), Ty >0} .
(2.29)

In this section we actually forget all about bosonic statistics (we have observed that
this is legitimate in Theorem [24]) and write the infimum as

E(N) = inf {Ex [/Fin] .ty € Py (R)} (2.30)

where py is a probability measure on R, It plays the role of |¥y|? so we retain the
information that it is symmetric under label exchanges :

B (Xo(1)s - - Xa(n)) = By (X1, ..o, XN) (2.31)

for all permutations o. To further strengthen the analogy with classical statistical
mechanics we rewrite the many-body energy as

Fnlpy] = /RdN <Z Vi(x;) + ﬁ > w(x —Xk)> dpey(x1, ..., xn)

1<j<k<N

N
1 2
" > 9 log sy dis (232)

where the F stands for “free-energy”. Indeed, we want to see this not as the quantum
energy of N bosons, but as the free-energy of classical particles whose positions are
probabilistic. The first term is, as discussed previously, just the energy due to the
potentials of the particles distributed according to p,. We want to see the second
as a kind of entropy that prevents the latter to be a Dirac delta, i.e. forces some
probabilistic uncertainty. This is why we wrote it as the Fisher information

N N
1 2 2
Ty ':Z;; /[R |V log d,,,N:Z“ /R Vil (2.33)

If we replace this term by minus the temperature 7" times the entropy

N
1
1/ > |Vj10g/1'N|2d/1'NWT/ log pydpty
RAN j=1 RAN
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then (232) turns into the bona fide Boltzmann-Gibbs free energy. To study the large
N limit thereof, the strategy of [226], 54, 158, 159, 161] is to
(1) Pass to the N — oo limit in the marginals of p, to obtain a certain limit prob-
lem in terms of probability measures of infinitely many variables, symmetric
under their exchange. The de Finetti-Hewitt-Savage theorem asserts that all
the latter are convex combinations of tensor powers, as in the right-hand side
of [2.27).
(2) Observe that the limit problem is linear in (the limit of) py. Hence the
infimum is attained at the extremal points of the (convex) variational set.
The de Finetti-Hewitt-Savage theorem precisely says that the latter are tensor
powers, so that we obtain the mean-field (free-) energy as the infimum of the
limit problem.

Note that the problem at fixed N is NOT linear in gy = |[¥y|? but rather in
| W) (Un|. We discuss this in the next section, but before that we state our main tool,
which gives all information needed on the limits of symmetric probability measures of
many variables.

THEOREM 2.10 (Hewitt-Savage in large N limit).
Let (puy)n be a sequence of symmetric probability measure over R4 . Assume that the
marginals ;1,5\];) are tight:

lim sup sup (1 — NS\@ (B(O, R)k)) =0. (2.34)

R—oo NegN

Extract a subsequence such that ug\l,) — 1 € P(R?) as measures. There exists a unique

probability measure P € P(P(RY)) such that for any fived k € N, and along the previ-
ously extracted subsequence,

ul = [ utapg) (2.35)
P(R%)

in total variation norm.

COMMENTS. The marginals are the reduced densities, defined as in (2.26). When
applying the above to trapped systems in the sequel, the tightness of the marginals
will be essentially for free. There are two possible proof strategies for Theorem 210

see [272], 268, Chapter 2] and [230] for more details:
e Pass to the limit in all the marginals to obtain a hierarchy (u*®).en. Since

ObViOUSly
(k)
k+ k

one can deduce that the limit hierarchy is consistent in the sense that

(u(kJrl))(k) — u®

for all k. Hence it defines a probability measure g € P(R™) over sequences
in R?. This probability over infinitely many variables is still symmetric under
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variable exchanges. The symmetric probability measures over R™ clearly form
a convex set. Less clear is the crucial fact that the extremal points thereof
are exactly the factorized probability measures. The proof [150] is actually
by contradiction. Accepting this fact, the existence of the measure P in (2.35)
follows from the Choquet-Krein-Milman theorem [302]. The uniqueness is not
hard to show.

Construct a measure Py € P(P(RY)) at each fixed N approximating the
marginals in the manner

W~ [ Pl (2.36)
P(®)

and pass to the limit in Py. The construction from [93] is very natural: since
i does not see the order of the points in RY, it is actually a measure over
empirical measures of the form

N
Emp(Xy) =N by, Xy =(x1,...,xy) € R,
j=1

A simple but clever computation reveals that, if one defines Py to be

Py :/ Op=rmp(Xy) Ay (Xn)
RN

then (Z30) holds, and one has thus explicitly constructed an approximation
of the target measure P.

O

2.2.2. Limit problem and use of the classical de Finetti theorem. We start
from (232)) and pass to the limit N — oo, to obtain a problem posed directly in terms
of a symmetric probability p € P(R) over infinitely many variables:

1
Flp] = limsup —Z[p™)]

n—oo 1

+ /Rd V(X)d[,l,(l)<l’) + % //Rd » w(z — y)du(z) (x,y), (2.37)

where Z[p™] is the Fisher information (233) and ™ stands for the n-th marginal of
p (which can in fact be identified with the sequence (p(™),en, with ™ € Py, (R)).
We have the following lemma:

LEMMA 2.11 (Passing to the limit).
Let puy € Pogm(R¥) achieve the infimum in (Z30). Along a subsequence we have

IJ’S\TTL) -, u(n) c Psym(Rdn)
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for alln € N, in the sense of measures. The sequence (p,("))neN defines a probability
measure p € Peym(RMN) and we have

. . E(N)
thILlO%f N > Fpl. (2.38)

CoMMENTS. Cf [272] 268, Lemma A.4]. Extracting convergent subsequences is
straightforward, passing to the limit in the potential terms also is. Radon measures
form the dual space of the continuous functions decaying at infinity, and we use the
associated weak-+ topology (i.e. weak convergence as measures). The limit is also a
probability measure (i.e. does not lose mass) by a tightness argument (Prokhorov’s
theorem).

To pass to the liminf in the Fisher information it is to recall that it is a strictly
convex function of the density [204] Lemma A.1]. This allows [274] to prove (see [56]
or [147, Lemma 3.7] for other proofs) super-additivity of the Fisher information as used
in [L60], in accord with the original approach of [226] of classical statistical mechanics
equilibria (where one uses subadditivity of the entropy, cf [272], [268] Section 3.2]). O

Next we want to bring Theorem 2.0l to bear on the limit problem (237). For this
purpose one uses the next result, which has independent interest [147, 113], along
with variants [278], 279, [274] dealing with fractional Fisher informations.

LEMMA 2.12 (The mean Fisher information is linear).

The functional
p= Flyl
defined in Z31) is affine on Peym(RMN). In particular the mean Fisher information
Z[p := limsup ll’ (L] = lim ll’ (] (2.39)
n—oo M n—o0 M
1s affine.

CoMMENTS. Taking a marginal is of course a linear operation, so it is obvious that
the potential energy terms in (Z31) are affine. The non-trivial part is that (239) is
affine (that the sup equals the limsup equals the lim is part of the statement).

First proof [160]. It is fairly simple to see that the mean entropy

1 1
lim sup ——/ p™log p™ = lim ——/ 1™ log p™
Rdn Rdn

n—00 n n—oo N

is affine, and this has independent interest (in particular for the mean-field limit of
the Boltzmann-Gibbs ensemble). See [265] for the original reference and [272] [268]
Lemma 2.7]. Then the Fisher information is the derivative of the entropy along the
heat flow. The heat equation is linear, and one thus deduces the linearity of the mean
Fisher information from that of the mean entropy.

Second proof. This is part of a larger-scale investigation of questions related to kinetic
theory and classical molecular chaos [147]. The relevant statement is Theorem 5.7
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therein. See also [278], [279]. Essentially one proves that Z is affine when restricted to
simple measures such as those of the form (one actually needs more)

p™ = 0p7" + (1 - 0)p5"

by direct calculations and concludes via a general abstract argument [147, Lemma 5.6].
The direct calculation can be tedious. Briefly, one uses a “orthogonality argument”: if
p1 # pa, P becomes very much alien to py" when n — oo:

/ \ P 5" = 0.
Rdn

Any cross terms then drop from the calculation in the limit.

Third proof. If we go back to the quantum kinetic energy formulation, we can recall
it is linear in |WUy)(¥y|. Based on this fact, linearity as a function of |¥y|? in the
limit of large N follows from the quantum de Finetti Theorem stated below [274].
This has interest for the other applications of the lemma. For bosonic mean-field limits
however, if one is to use to quantum de Finetti theorem, it is more natural to do it as we
shall describe shortly (without reformulating the problem as a classical ensemble). [

We can now briefly present a

SKETCH OF PROOF FOR THEOREM [2.9] The energy upper bound is again a sim-
ple trial state argument. For the energy lower bound one first passes to the liminf in
the energy using Lemma 2111 This gives
N
lim inf )
N—00

> Flpl

where g = (u®)ey is the collection of the limits N — oo of the marginals of a
minimizer gy = |V y|?. Combining Theorem 210 and Lemma 212 yields

B0 Flul = [ 7 (5] ar(o)

- [ e vaapw)

with P the de Finetti measure associated to p. The energy lower bound is clear
from the above, so is the fact that P must be concentrated on (squares of) Hartree
minimizers. U

lim inf
N—oo






CHAPTER 3

Mean-field limits, quantum mechanics methods

Now we enter methods much more tailor-made for the bosonic mean-field problem.
With the notable exception of the “local density” approach to dilute limits (to be
discussed in Chapter [{), the methods of this chapter will form the backbone of all of
our proof strategies in the rest of the review.

3.1. The quantum de Finetti theorem and applications

The reader might be puzzled by our use of structure theorems from classical sta-
tistical mechanics (and/or probability theory) to deal with a quantum problem in
Section 2.2 Is there a quantum variant of the de Finetti-Hewitt-Savage theorem that
one could use to avoid the detours we just made ?

The answer is affirmative [308), 152], and the quantum de Finetti theorem will
allow us to give a first proof of the full statement of Theorem [[L4] with a strategy
adapted from [107, 261, [316], [251]. We shall use compactness arguments, so we are
still limited to the pure mean-field case f = 0, but we can handle external magnetic
fields for the first time and obtain convergence of all reduced density matrices:

THEOREM 3.1 (Mean-field limit of bosonic ground states, § = 0).
Let the Hartree functional be

el = [ 1V + A+ ViP5 [ uGoPutx - y)luty) Faxdy

= g |
with minimum EY and minimizer ut'. We set B = 0 and work under Assumption L2
We have

Convergence of the energy:

E(N) H
T—>E.

Convergence of reduced density matrices: let Fg{;), k > 0 be the reduced density
matrices of a many-body ground state V. There exists a Borel probability measure
on MW (the set of Hartree minimizers) such that

(V) w0 [ ieean)

strongly in trace-class norm, along a subsequence (independent of k).
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3.1.1. The quantum de Finetti theorem. To prove Theorem B.I] we shall take
full advantage of the structure of states of large bosonic systems, or more precisely of
their density matrices. This generalizes Theorem [Z10, which dealt only with densities,
i.e. classical objects. Here is the statement we shall rely on:

THEOREM 3.2 (Strong quantum de Finetti in large N limit).
Let $) be a separable Hilbert space and (I'y) a sequence of (mized) bosonic states on
N = ®g,m£). Let Tg\]?), k € N be the associated reduced density matrices, and assume
that

N\
(k) 'y — 4® (3.1)

strongly in trace-class norm, for all k € N.
There exists a unique Borel probability measure p € P(S$) on the sphere S$ =
{u € 9, |lu|| =1} of 9, invariant under the actiorll of S, such that

O / ) (| dpa() (3.2)
S9H
for all k > 0.

COMMENTS. See [308, 152] for the original references [176), [9] for different proofs
and [6l, 272, 268] for more pedagogical accounts.

1. The “strong” in the name of the theorem refers to the fact that we assume strong
trace-class convergence in ([B1]). It is easy to see that such a convergence implies that
(Try,1 means partial trace over one factor of the tensor product $y41)

Trgyy* Y =4 (3.3)

and one says that the sequence (hierarchy) of density matrices (fy("“)) ren 18 consistent.
The theorem of [152] applies to such a sequence, which defines an abstract state with
infinitely many particles. The original version of the result [308] applies directly to
states with infinitely many particles.

2. The original proof is not constructive, much in the spirit of the first proof of
Theorem we alluded to. Constructive proofs were obtained later, see [272], [26§]
for more details. A really direct construction has so far been obtained only for finite
dimensional Hilbert spaces $ (see Section B.2.1]), but one can lift this construction to
infinite dimensional spaces by Fock-space/geometric localization [9}, 176].

3. The original theorem applies not only to bosonic states as stated here. The classical
symmetry assumption (LI3)) is sufficient (boltzonic states), but then the measure lives
over mixed one-body states 7 (positive trace-class operators) not only on pure states
(rank-one projectors). O

IMultiplication by a constant phase e, 6 € R.
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To use the above, it is necessary to obtain strong compactness of the density ma-
trices as in ([B0]). This is easy for confined systems as mostly discussed in these notes,
but it can be useful to relax the assumption (see Section B.I.3 below):

THEOREM 3.3 (Weak quantum de Finetti theorem).
Let $ be a separable Hilbert space and (I'y) a sequence of (mized) bosonic states on

Hy = ®é\;m.6. Let FE\I;), k € N be the associated reduced density matrices, and assume
that

N\ !
k) o k)

weakly- in the trace-class, for all k € N.
There exists a unique Borel probability measure p € P(B$)) on the ball B =
{u € 9, |lu|| <1} of 9, invariant under multiplication by a constant phase, such that

1= [ du(w) (3.5)
B
for all k > 0.

COMMENTS.
1. The weak-* convergence in (3.4)) is the usual notion. The trace-class being the dual
of the compact operators one demands that

N L
(k) Trg, (KRFE\I;)) — Trg, (kay(k))

for any compact operator Kj. Since the convergence needs not hold for Kj = 1, there
is generically a loss of mass in the limit

A L
T, A% < 1= Tr(k) Trﬁkfg\?). (3.6)

In fact, the convergence is strong if and only if there is equality in the above [84), 299],
which is not obvious since the trace-class is not reflexive.

2. Modulo a diagonal extraction from any sequence of bosonic states 'y, one can
always assume that (3.4]) holds. The theorem is thus generic in this sense.

3. In view of ([B.6)), it is fairly natural that the limit measure has to live over the
unit ball instead of the unit sphere. A remarkable consequence of the theorem is that,
if there is equality for one k in (B.6) (and hence strong convergence as in ([B1)), the
measure must live on the sphere. Since it does not depend on k, there must be equality
in ([36), and thus strong trace-class convergence as in ([B1]), for all .

3. For the same reason as discussed in point 1, the limit hierarchy (y*)); is in general
not consistent. One can only get

Trj 1y "D < 4™
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as operators. This is quite insufficient to obtain (B.5]) as simple examples show, so
one must retain the information that v is a limit of states with increasing particle
numbers.

4. A semi-constructive proof of the result using localization also yields useful corol-
laries regarding the part of the sequences not described by the weak-x limits [176]. [

3.1.2. Proof of the mean-field theorem. We now give the proof of Theo-
rem B which originates in [107, 261, 316, 251]. The argument we follow is

from [176].

PROOF. The energy upper bound is straightforward, using trial states of the form
u®N. We focus on the energy lower bound and the convergence of states. For all this
proof we denote

h=(-iV+A)?’+V
the one-body operator.

Consider a ground state ¥y and denote I'y = |Uy) (V| the associated density
matrix. Then

E(N) 1 N\ !

% = (W, HyWy) g = N7 <h rﬁ’) + (2) Trs, <w FE@’) (3.7)
where w 1s 1dentified with the multiplication operator w(x — on the two-particles
h is identified with th Itiplicati p by w(x—y) h particl
space $)s.

Denote

This is (for any k) a bounded sequence of trace-class operators. Hence, modulo a
diagonal procedure, we may extract a (not relabeled) subsequence such that (B.4)
holds. We apply Theorem and obtain a measure satisfying ([B3). We want to
show that this measure lives over the unit sphere of §. In view of the comments after
Theorem we only need to show that

Tr 7(1) =1.

Under our assumptions on w we easily obtain the a priori bound

Try (h9V) < €.
independently of N. Thus, the positive operator (we can shift the energy reference to
get h > 0)
pL/2 7](\}) B1/2

is bounded in trace-class. Modulo a further extraction we can assume that it converges
weakly star in trace-class, and the limit must be h'/2y(MA/2 Then

1="Tr %(\}) =Tr (hilhl/ny](\})Mﬂ) N:)OO Tr~W
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because h™! is compact (consequence of (L44]), by the Sobolev compact embedding
theorem directly for A = 0 using [17] for non-trivial A).

Then, along the previous subsequences we can apply Theorem [B.2] which yields a
measure p € P(S$) describing the limit density matrices as per (3.2]).

Next, Assumption implies that there exists a constant C such that, on the
two-body space

Hy :=hx+hy +wx—y)+C,>0.
As in (37,
Trye (Hﬂ}i)) = N (W, HyWn) g + Ch

and we deduce the a priori bound
Tr <H2fy](3)) <C.

We may thus assume that the positive operator HQI/ 27](3)1‘[21/ 2 converges weakly-x in

trace-class (modulo a further extraction). The limit must be H, / 27(2)H21/ ? with the pre-
viously obtained (?). Using Fatou’s lemma for operators (weak-x lower semi-continuity

of the norm) and the cyclicity of the trace we deduce

lim inf Tr <H2fy](3)) > Tr (Hgfy(z)) .

N—oo

But by definition
E(N)

Tr <H2%(3)) =N + CY,

and we have proved that v(®) has unit trace. We can thus subtract C, to both sides of
the previous equation and get

N)

lim inf
N—o0

> Tr ((HQ — Ch) ’}/(2)) .
Inserting the representation ([32) of v gives
E(N
(V) > / EMu]dpu(u) > BY
59

because p is a probability measure. This is the sought-after energy lower bound. Com-
bining with the upper bound shows that ¢ must be concentrated on Hartree minimizers,
and thus the convergence of density matrices follows. O

lim inf
N—oo

3.1.3. Non-trapped case. The weak quantum de Finetti theorem (together with
some corollaries of its proof) is well-suited to deal with systems that lack compactness at
infinity. Such a defect of compactness leads to the failure of (B]) in the strong topology,
but one can still rely on Theorem This is reviewed at length in [268], 272] so we
will here only state the main result generalizing Theorem Bl obtained in [176]. The
main point is to consider one-body potentials that decay instead of grow at infinity, so
that particles might escape from the trap.
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THEOREM 3.4 (Mean-field limit, non-trapped case).
We set 3 = 0 and work under Assumption[L3, except for the fact that we take V. |A]* €
LP(RY) + L>®(RY) non-trapping:

V(x),|AX)]* — 0. (3.8)

|x| =00
Let then E(N) be the bottom of the spectrum of Hy (eigenvalue or bottom of essential
spectrum) and (Vy)y a sequence of approximate ground states:

for N — oo.
Let the Hartree functional be

1
EMul = | (1Y + A)ul” + V]uf* + —// Ju(x)]*w(x = y)lu(y)[*dxdy
R4 2 Rd xRd

with minimum EY and minimizer(s) uf. Let MY be the set of weak limits of Hartree
minimizing sequences:
MM = {u e L*(R?) | 3(un), € L*(RY) such that u, — u weakly in L?
unl|? =1, and EW[u,] — E"} |
We have, in the limit N — +oo:
Convergence of the energy:
E(N)

Convergence of reduced density matrices: let FS@’, k > 0 be the reduced density

matrices of an approximate ground state Vy. There exists a Borel probability measure
w on MY (independent of k) such that

weakly-* in the trace-class.

CoMMENTS. This is exactly saying that, in the mean-field limit, the binding of
bosonic particles is described to leading order by Hartree theory. In general, the limit
in ([B.I1)) is only weak-x, for there may be a loss of mass at infinity. If it occurs, the
limits describing the set MY are only L2-weak.

One can describe in more details the limit set M™ using binding inequalities and a

standard concentration-compactness analysis [223), 224, 309]. Again, see [268|, m

for more comments.
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3.2. Localization plus quantum de Finetti

We turn to methods allowing to prove Theorem [[L4] for 5 > 0, i.e. when the limit
object is a local non-linear Schrodinger functional. In this case there are two limits to
be taken at the same time:

e large particle number
e interaction potential converging to a Dirac mass.

This rules out compactness methods and calls for quantitative estimates, for it is not
obvious that the two limits commute. The general philosophy however stays the same
as in the previous section: generic many-particles bosonic states can be represented
as statistical superpositions of factorized states. Inserting such a representation in the
many-body energy directly leads to the mean-field energy. Our task is to control the
error thus made, and now we turn quantitative.

Unfortunately, the known versions of Theorem coming with quantitative esti-
mates on the convergence (3.2) are valid only in finite dimensional Hilbert spaces. Our
strategy shall thus be to first localize the problem to finite dimensions. The dimension
of the projected one-particle space must be chosen to minimize the sum of two errors:
that due to the use of the quantum de Finetti theorem in the projected space, and the
energy coming from particles living outside the projected space.

For pedagogical reasons we first mention a rough method for controlling the lo-
calization error. As we will see below, one can improve the result a lot, e.g. by
relying on the variational PDE satisfied by minimizers to obtain a priori estimates.
The following theorem can however be proved in a fully variational way, in the spirit
of I'-convergence [82), [44]. Recall the NLS energy functional

bu
ENBS[y) = [(—iV + A)uf* + V]u]? + 2 / |u(x)[*dx.
Rd 2 R4
with minimum (under unit L? mass constraint) BN minimizer(s) «N*5 and the no-
tation
by = / w.
R4
THEOREM 3.5 (NLS limit of bosonic ground states).
Make Assumptions 1.2 and [I1] plus the more specific trapping condition
V(x) > c|x|* — C (3.12)
for some s > 0. Further assume that (1 + |x|)w(x) € L*(RY) and @ € L*(R?). Let
1
0<f<—. 3.13
g (3.13)
We have, in the limit N — 400:
Convergence of the energy:
E<N) — ENLS.

N
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Convergence of reduced density matrices: let FS@’, k > 0 be the reduced density
matrices of a many-body ground state V. There exists a Borel probability measure p
on the set MNYS of NLS minimizers such that, along a subsequence,

N —1
(3) 0= [ et
k MNLS

strongly in trace-class norm.

COMMENTS.
1. This is taken from [275]. A previous version with a smaller 5 was obtained in [179].
The latter quantity controls the speed at which the interaction potential converges to a
Dirac delta. The larger it is, the more singular the limit. The threshold obtained above
is in the middle of the mean-field regime (the crossover to the dilute regime occurs at
B =1/d). With additional tools one can do much better, see below.

2. The main novelty in the proof technique consists in the derivation of explicit,
quantitative if far from optimal, estimates on the energy. For this we use quantitative
versions of the quantum de Finetti theorem which apply to finite dimensional one-
particle Hilbert spaces (call D the dimension). The k-body density matrix of a N-body
bosonic state is approximated by a statistical superposition of factorized states with
an explicit error bound, function of D, N and k. The two versions (Subsections B.2.1]
and B.2.2) we shall give differ both in the error bound they provide (order of magnitude,
norm in which it is expressed) and the construction of the approximating state.

3. In Subsection B.2.3] we explain how to project the original one-body Hilbert space to
finite dimensions, and control the associated error. This is the part we shall optimize
more carefully later when dealing with dilute limits.

4. Although we shall not explain it here (see [179]), the method below allows to deal
with the dilute regime (in fact, any 5 > 0) in 1D. This is because the interaction is
sub-critical with respect to the kinetic energy in this case, more precisely we have the
Gagliardo-Nirenberg-Sobolev inequality

2
||u||L°°(]R) < ||u||L2(]R) ||VU||L2(R)-

This allows for a much more efficient control of the localization error. O

3.2.1. Quantum de Finetti: semiclassical version. The following result is
taken from [69), 68, 177, 146], and is reminiscent of ideas of [9, T0]. It is extensively
discussed in [268], 272 Chapter 4], to which we refer for more details.

THEOREM 3.6 (Semiclassical quantum de Finetti).
Let $ be a complex Hilbert space of dimension D < oo. Let I'y be an associated N -
particle bosonic state, a positive trace-class operator on Hy = ®é\;m.6 with unit trace.

Let FE\I;) be the associated reduced density matrices, defined as in (L22)).
Define a measure py on S$, the unit sphere of § in the manner

dpn (u) == Dy (u®N Dy [u®Y) du (3.14)
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with du the normalized Lebesgue measure on S$ and Dy the dimension of the bosonic
space Hy .
Then

Dk

< (— .
Tr <0 (3.15)

(]/j) - /S ) g ()

for some universal constant C' > 0.

COMMENTS.
1. Note the particularly simple construction of the measure. In fact, by Schur’s lemma
we have

DN/ [u®NY (N |du = 1, (3.16)
S9H

and one may think of the above as a coherent state [70], [162] resolution of the identity.
The statement ([315) on reduced density matrices would follow if we could represent
our original state within this coherent state basis in the form

rv- [ ) 1 i ).

In the vocabulary of semiclassical analysis, this amounts to looking for an upper symbol.
The object defined in (3.14)) on the other hand is the lower symboﬂ of I'y. A rationale
for the theorem is that, in a semiclassical regime, upper and lower symbols have a
strong tendency to coincide [192], [300] (see Section B3 below). That the large N limit
of bosonic systems can be interpreted as a semiclassical limit is a fact extensively used

for the dynamical mean-field problem [9], 10, 1T], 116, 118, 117, 123], 125, 126 148].

2. A convenient way to prove the theorem (and bolster its semiclassical feel) is to
realize that, denoting

A = / ) (| (),
SH

we have (VD 1)
®k | (k)| @ky _ +0D—-1) k ot/ \k
(VN [0 = N+htD— 1>!Tr (a(v) a'(v) TN) (3.17)
where a, a' are annihilation and creation operators, see Section[[3l This completely de-

termines the k-body operator fy](\];), and Equation ([BI3]) says that it is close to (]IZ ) 711“5]\;).
The latter is fully determined by (IL31]), whose right-hand side is (apart from a con-
stant factor ~ 1) that of (B.I7) with the annihilators/creators in the reverse order. A
proof of the theorem (that of [I77], see the aforementioned references for alternatives)
then essentially consists in a repeated application of the CCR (L27) to commute an-
nihilators and creators and thereby compare ([3.I7) to (L31). The crux of the proof
is that commutators between annihilators and creators are bounded independently of
N, which is much smaller than the “typical value” of a single such operator. When

2Upper and lower symbols go under various names in the literature, see the discussion after
Definition .13l below.
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projected on the N-body space such a typical value is of order v/N as can be expected
(cf (L25) and (I29)) from the expression

N = Z al (ug)a(uy)

where (u;)P_, is an orthonormal basis of . Each commutator should thus be thought
as a remainder when its expectation value is taken in a state with a large number of
particles.

3. A variant of the theorem, used for example in [9}, 10} 11, 12, 178] works on the
bosonic Fock space (IL23) built on $. Namely, one uses the variant of (8:10) given by

w [ let)ietidn =15
where
E(u) = e~ IuI*/2 é u (3.18)
2o V!
is now a genuine coherent state in that it is of the form [162, Chapter 1]

e (W)=at) ) (3.19)

with [0) = 1 @& 0 ... the vacuum state of Fock space. The error in the theorem is
then quantified in terms of the average particle number (expectation value of ) of a
state on Fock space. The use of coherent states for dynamical mean-field problems has

a long history [148), 125}, 266, 281, 282, [30].

4. In the applications to mean-field limits, the main limitation of the above theorem is
the dependence of the error term on the dimension of the one-body Hilbert space, D.
It leads to the necessity of projecting the full L?-space to a very small subspace, and
hence to a rather bad localization error. In the next section we give another version of
the quantum de Finetti theorem that has a much better dependence on D. 0

3.2.2. Quantum de Finetti: information-theoretic version. In [46], [189], a
variant of Theorem has been obtained, where the error’s dependence on D is only
logarithmic. There are several catches to be able to achieve this, which we will discuss
after having stated the

THEOREM 3.7 (Information-theoretic quantum de Finetti).
Let $) be a complex Hilbert space of dimension D < oo. Let I'y be an associated
N -particle symmetric state, a positive trace-class operator on HN with unit trace sat-

isfying (L20). Let Tg\]?) be the associated reduced density matrices, defined as in (L.22).

For each k € N there exists a probability measure ME\]/C) on the set of one-body states

S={ve&'(H),y=+">0Try=1} (3.20)
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such that, for all self-adjoint operators Ay, ..., Ar on H

AN flog D 1~
A ®...Q A ((k;) Fg\’;)_/s,y@@kdﬂg\’;)(,y)) < Ck ;g\f 1141 (3:21)
j=1

for some universal constant C > 0, where ||A;|| stands for the operator norm.

Tr

COMMENTS.

1. The formulation we give is less powerful than the originals [46], 189] where in
particular the error is expressed in the LOCC norm (local operations and classical
communication). See [275], [128] for the reformulation testing against tensorized oper-
ators. Pedagogical discussions of the original proof are in [45], 275]. The first obvious
drawback of this result, as compared with Theorem is the weaker way in which the
error is measured. Another point, worthy of note but not really annoying, is that the
constructed measures a priori depend on k. We usually only need k = 2.

2. Theorem can also be extended from bosonic to general symmetric states [69].
In Theorem B.7 above we state this generalization explicitly. The reason is that, even if
we start from a bosonic state (satisfying the stronger (LI9) on top of (L20))) as needs
be done for the topics of this review, the constructed measure does not charge only
bosonic states. Namely, it a priori lives on the full one-body state space ([B.20) instead
of just pure states 7 = |u)(u|. This is a nuisance that has to be taken care of when
using the above for bosonic mean-field limits.

3. I chose to refer to the statement as an “information-theoretic” version of the quan-
tum de Finetti theorem because of its proof. Most of it proceeds by quantifying the
errors made using information-based quantities: relative entropies, mutual informa-
tions etc... Pinsker’s inequality is then used at the very end of the proof to recover
trace-norm-based measures of the error.

4. The N-dependence of the bound is worse than that from Theorem [B.6], but for
the applications we target this is more than made-up for by the excellent dependence
on D. (]

Here is a glimpse of the construction that leads to the result, which is only semi-
explicit. See the original references [46), 189] or [275 Appendix A] for more details.
More background on the notions and heuristics below are in the lecture notes [45].

One formalizes the idea of a measurement of the last NV — k subsystems of our N
particles by associating to I' = I'y the family of states

Tryy1on (]1®k ® Mur> ® |eu) (el
po=

r , pu=Tr (1% ® M,I) (3.22)

o

where (e,,), is an orthogonal basis of §2V=*) and the M,’s are positive matrices such

that
> M, =180,
n
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Roughly, in quantum mechanics a measurement of an observable (self-adjoint operator)
with spectral decomposition
Z aulen) (en
o

in a state -y leads to the value a, with probability (e,|v|e,). After the measurement the
system is in the pure state |e,)(e,|. For various reasons (in particular, if the measure-
ment is done over a subsystem only) one generalizes this by allowing the probability
to end up in the state |e,)(e,| to be of the form Tr (M, y) where, as above the positive
matrices M, add to the identity.

From this point of view, we associate the states I', in ([B:22) to the original I' by
performing a generalized measurement over N — k particles only. The out-coming state
is I', with probability p,. Now we can form a statistical superposition of factorized

states as follows
=3 p, (N T0)*" (3.23)
m

and hope it will accurately approximate the original I'. Namely, we are trying to
guess a good de Finetti representation of I by (fictitiously) making measurements on
N — k subsystems and using the so-obtained information to construct a measure over
one-body states.

Now, for each measurement (orthonormal basis (e,), and positive matrices (M),
adding to the identity) we can evaluate the error between the density matrices of the

associated I' and those of the original I'. Clearly, for any choice of measurement

A
A1®...®Ak ((kﬁ) Fg\];) _/7®kdl/(’7)>
S

N\ ! ~
(k) (k)
A1®...®Ak<k> (FN r )

So if we can construct a trial measurement such that the right-hand side of the above
is bounded by the right-hand side of ([B.2I]) there must exist a measure over one-body
states such that (B.2I]) holds. See the above references for details on this procedure.
The place where the construction ceases to be explicit is when the minimum error over
all measurements is bounded above by the maximum error within a certain sub-class
of factorized measurements.

inf Tr
veP(S)

<Tr

3.2.3. Localization method. Now we sketch the proof of Theorem 2.3, mostly
by providing the localization (to finite dimensional spaces) needed to put Theorems
and 37 to good use. See also [268], 272, Chapter 7]

Localizing the Hamiltonian. Denote

h=(-iV+A?P+V >0 (3.24)



69

the one-body Hamiltonian (assuming it is positive is just a shift of the energy reference).
Let A > 0 be an energy cut-off that will ultimately be optimized over. Let

P=1y<p, Q=1-P (3.25)
be spectral projectors associated to h, which we use as localizers in energy-space. We
refer to ($) as the subspace of excited particles.

Our h has compact resolvent, hence
Ny := dim(PL*(R%)),
the number of energy levels below the cut-off A, is finite. In fact we have
Ny := dim(P) < CA++2 (3.26)

with s the exponent in ([L45]). This goes under the name of a Cwikel-Lieb-Rosenblum
bound and is a particular case (6 = 0) of

LEMMA 3.8 (A Lieb-Thirring inequality).
Let Ay, ..., \j,... be the eigenvalues of [B.24]), counted with multiplicity. We have, for
any 0 > 0,
Z )\j S CA5+d/s+d/2 (327>
GG <A
for some constant C' = C(d, s,9) > 0 with s the exponent in (L4D) and d the spatial
dimension.

COMMENTS. Statements of this type are particularly important in rigorous many-
body quantum mechanics. See [179, Lemma 3.3] and references therein for the proof
of the particular version above, and [201], Chapter 4] or [301] Chapters 3 and 5] for
general background.

The right-hand side of ([B:27) is obtained as the large A asymptotics for the semi-
classical analogue of the left-hand side, namely the phase-space integral

s\ O
// CRIXRE (‘p‘Q +[x] ) L p2+x|s<ardxdp.
x,p X
O

The expectation value of the many-body energy per particle associated with (L32)
in the state vector Wy is given by

N\ M1
N1 (W[ Hy|Wy) = (2) ST <H2F§\2,)> (3.28)

with the two-body density matrix Fﬁ) as in (L22). The two-body Hamiltonian is
H2 = hxl + hx2 + wN,B(Xl — Xz) (329)

with
wy 5(x) = N¥Pw(Nx).
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To obtain a lower bound to the energy we localize the two-body Hamiltonian using the
following simple lemma (this is [I79, Lemma 3.6]):

LeEMMA 3.9 (Localized two-body Hamiltonian).
Assume that A > Ce™*N% for 0 < ¢ < 1 and a large enough constant C > 0. Then
we have, as operators on L*(R??),

A
Hy > PPHP + 2 (Q®1+19Q) (3.30)

where
H; =Hy—clunpg(x—y)l. (3.31)

This says that if the cut-off is chosen large enough, the kinetic energy of excited par-
ticles outweighs their interaction energy (both the interaction between excited particles
and the interaction between excited and non-excited particles).

Localizing the state. The main term to be bounded from below is now

AN N\
(2> Te ((Po2H5 P T = (2) T (5 (Poor( Pe2) )

and the next trick is to view it not as the expectation of a localized Hamiltonian in the
original state, but as the expectation of the original Hamiltonian in a localized state.
The idea has a long history, recalled and distillated in [I73] to yield the method we
now sketch. See also [272], 268, Chapter 5] for more details and references.

We want to see the projected two-body density matrix P®2F§\2,)P®2 as the genuine
density matrix of a projected state. It is proved in [I73] that this is doable, provided
the latter state is looked for on the Fock space (L23). More precisely, there exists a
unique state I'l; on the projected Fock space

FPH)=CoNDHNHD..0ND...
of the form
Iy=Tyo®Ty,®...0Tyy00®...
such that, for all £ < N
)™ =3 (05 )Y = P ek, (3.32)
n>k

Thus we write the quantity to be bounded below as

(];7 ) B nZZQ Tr <H§ (r%.) (2’> . (3.33)

We can similarly consider a ()-localized state, with () = 1 — P and estimate the second
term of (3.30) in a similar fashion. Very importantly, the P-localized and @Q-localized
states are related by the equality

Try, =TT% v, (3.34)
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which basically means that the probability of having n particles out of N P-localized
is the same as the probability of having N — n particles out of N (1 — P)-localized.
Certainly this is very reasonable to expect and the construction of these states does
reflect that the two events just mentioned really are the same. We shall only need that
they have the same probability.

Proof of Theorem [B.5l This is pretty much that given in Section B.I.2I made
quantitative by inserting the above tools. We only sketch it.

1. The energy upper bound is the easy part. Take a factorized Hartree ansatz (L33]),
and prove that the so-obtained Hartree energy with wy g potential converges to the
NLS one when N — oo. A short exercise in nonlinear analysis.

2. For the lower bound, we insert the localized states in the energy lower bound ex-
pressed by Lemma B9 e.g. (B.33)) expresses the contribution of the first term in (3.30).

3. Now is the time to use the quantitative versions of the quantum de Finetti theorem
for the P-localized state. In view of (3:32) we can do this for the projection I'y , of T’y

to each n-particles sector of Fock space, and obtain an approximation for P®2F§\2,) pe?
in the de Finetti form by summing the contributions of each n.

4. You might be worried that in the previous step we apply Theorems or B.7
to states with n < N particles, a number that needs not be large. Then the error
estimates are not very efficient. But one can use the second term in (3.30). For large
A it will say that the Q)-localized state does not want to have too many particles. As
per (B:34) this means that the P-localized state has many particles, so that the main
contributions in the above step come from sectors n ~ N, and give a good error.

5. The energy cut-off A needs to be chosen o« N%° as in Lemma to control the
contributions from () terms. The dimension of the one-body Hilbert space in the
quantum de Finetti theorem is then handled via (8:26). The final error term depending
on N and [ and tells us how big we can afford the latter to be. The parameter € from
Lemma is sent to zero at the very end in order for the expectation of ([B.31]) in a
factorized state to converge to the NLS energy.

6. If Theorem has been used, as in [I79], the dependence on s (growth of the
confining potential) is pretty bad, as seen by combining ([3.15]) and ([3.26]). This leads
to a rather small, s-dependent [ for which the energy can be proved to converge.

7. Using Theorem B instead, as in [275], gives access to much better values of
(those stated in the Theorem), for now the number of states below the energy cut-off
does not matter much. Of course one has then to decompose the interactions potential
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in a form that permits the use of ([B.2I]). This can be done via the Fourier transform

W(x—y)= | W(p)e®P*e PYdp
]Rd

— /Rd W (p) (cos(p - x) cos(p - y) + sin(p - x) sin(p - y)) dp (3.35)

Each term in the integral can be handled separately, for the multiplication operators
in the integral indeed are of the form A ® B.

8. Also, when using Theorem [B.7] one has to pass to the limit a bit carefully to recover
a measure that lives only on pure states in the end, as per Theorem 3.2l

9. Finally, a corollary of the energy convergence is that the final de Finetti measure
must be concentrated on minimizers of the mean-field functional, which gives conver-
gence of density matrices.

We shall not enter into more details. The main limitation of the method is in the
localization method, Lemma It forces us to take the energy cut-off A oc N% to
control the projection error. Then the final error in the energy is roughly that given
by applying the quantitative de Finetti theorem in the low-energy subspace:

e Theorem [3.0] gives an error ~ Ny /N in trace-class norm. This we must mul-
tiply by the operator norm of the projected Hamiltonian, which is ~ N
because the one-body operator is projected to values < A and the interaction
potential has L™ norm ~ N% too. The final error in the energy per particle
is then, using ([3.26]), of order N* with

a=dB(1+d/s+d/2) — 1.

We obtain energy convergence for o < 0, which puts a severe, s-dependent,
constraint on .

e When applying Theorem .7, we decompose the interaction as in (B.35). At
fixed p we have an error oc N~/2(log(N,))'/2. Integrating over p we multiply
this by

/ N [wn5(p)|dp o< N,
pcE

whence a final error N%~1/2(log(Ny))/? which is small if d3 < 1/2 (the
logarithmic dependence on N, plays no role).
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3.3. Coherent states method

Now we turn to a different approach to the bosonic mean-field limit, initiated
in [210}, [200] with [219] and earlier papers [149)], [148] as sources of inspiration. Con-
trarily to the de Finetti based method discussed in the two previous sections, the one
we consider now proceeds by manipulating the Hamiltonian, not the state of the sys-
tem. The reasons which made me decide the method deserved a section of its own
instead of being included in Section 2.1l are two-fold:

e the method is very general, it does not rely on any particular property of the
Hamiltonian, as methods in Section 2.1] did.

e the method, as the de Finetti-based one, lends itself to generalizations to deal
with dilute and GP limits, see below.

As regards the second point, a bibliographical remark is in order: I have for pedagogical
reasons separated the material of [200] in several parts. The original source deals
directly with the more difficult GP limit, without trying the MF limit first. Most of
the “generalizations” mentioned above are thus contained in the original paper. Several
other tools from [200] will be introduced later in the review. Variants and refinements

of the coherent state method have been used for different problems [211], [286], 289
290].
[ have not tried to give a complete proof here, and in particular I have not computed
the valud] of 3 it yields (it will depend on s rather badly, as in [I79]). The interested
reader should however have no difficulty filling in the gaps of the proof sketch we will
provide for the

THEOREM 3.10 (NLS limit of bosonic ground states, restatement).
Make Assumption[L.2 plus the more specific trapping condition [BI2) for some s > 0.
Assume stability for the NLS functional as in Assumption [I.1. Further assume that
w € L®(RY). There exists a Bo(s) such that, for 0 < 3 < By(s), the following holds in
the limit N — +o0:

Convergence of the energy:

E(N) NLS
2UV) L, pis,
N

Convergence of the one-body reduced density matriz: let FS) be the one-body
reduced density matriz of a many-body ground state V. There exists a Borel probability
measure ji on the set MNS of NLS minimizers such that, along a subsequence,

NTITY — ) (ul dpa(wr)
MNLS

strongly in trace-class norm.

3The original reference can deal with any 8 < 1, but this requires the additional use of more
sophisticated tools to be introduced later in the text.
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COMMENTS.
1. Again, the statement above does not reflect the full power of the method as it
was introduced in [200]. See Sections F.1] and 5.7 below for this. Needless to say, the

method also applies at g = 0.

2. The only thing that was not explicit in [200] is the treatment of attractive interac-
tions. It is also conceivable that the method could be improved to give convergence of
higher density matrices, but we do not pursue this.

3. To some extent, the de Finetti based method and the coherent state method are
two sides of a same coin. More precisely they are somehow dual to one another. We
shall discuss this in Subsection B.3.3 O

3.3.1. Coherent states formalism. Here we follow mainly [162] Section 1.3],
but see also [70], in particular Section 10.3 therein. We start from $), a finite-
dimensional complex Hilbert space with dimension D and an orthonormal basis
Ui, ...,up. Think of §) as a subspace of L?(R%).

We work on the bosonic Fock space § = §($) based on $, cf (L23). Denote |0) its
vacuum vector, i.e.

0)=1®0®....

DEFINITION 3.11 (Bosonic coherent states).
Let Z = (z1,...,2p) € CP and define the associated coherent state W, € § as

Wy = exp <Z za'(u;) — Z_ja(uj)> 10)

J=1

1 <D D
—e 2 Zj:l ‘ZJ'IQGZ]':I ZjaT(uj) |O>

o0 XN

_ o lluzl?2 (T Yz

= P = 3.36
D (3.36)

where the annihilation/creation operators are defined as in Section[.3 and
D

Uy = E ZiUy.

J=1

That the first two definitions are equivalent follows from the Baker-Campbell-
Hausdorff formula (a' and a commute with their commutator). The third definition
makes contact with the form we have already encountered in (BI8)-([3.19). To see it is
equivalent to the first two, note that

Z zial (u;) = a'(ug).

Observe the crucial fact that coherent states are eigenvectors of annihilation operators:
(I(Uj)\I/Z = Zj\I/Z (337)
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and more generally, for any v € §,
a(v)Vz = (v|uzg)Vy.

This will be used to perform c-number substitutions in the Hamiltonian: replacing
creators/annihilators by numbers in the second quantized form (L.29).

One use of the coherent states is that they form an overcomplete basis of the Fock
space:

LEMMA 3.12 (Coherent state partition of unity).
Denoting dZ the Lebesque measure on CP ~ R*P we have the closure relation (Schur
lemma)

WD/ W N (Vy|dZ =15 (3.38)
cb

and the overlap formula

D
1 _
(W4 |W,)5 = exp (—5 > (Il + 1217 - 2z;zj)> : (3.39)

j=1

Proor. A well-known direct computation, for which it is useful to recall the fac-
torization property of Fock space

§($) = F (span(uy) @ ... D span(up)) ~ § (span(u1)) @ ... ® § (span(up))

in the sense of unitary equivalence, see e.g. [143 Appendix A]. Computations can then
be reduced to the case where §) is one-dimensional. Details for this case are in [162]
Section 1.3] O

We can represent an operator A on § in the coherent state basis as
A:W_ZD/ <\:[lzl|A|\Ilz>|\I/Z/><\:[lz|dZdZ,
CcbxcP

In fact, the basis is overcomplete enough that A is fully characterized by the diagonal
elements (V,|A|W,). Then a desirable and, perhaps, not too unreasonable thing to
look for is a diagonal representation of A in the coherent state basis [32), 192, 300].

DEFINITION 3.13 (Symbols).
If an operator A can be put in the form

A=rD / AY(Z) [ W) (T 4]dZ (3.40)
(CD
we call the map
CP>Z— A" (Z)eC

its upper symbol.
For any operator A we call the map

CP > Z = A(Z) = (U4]A|T,); € RT. (3.41)

its lower symbol.
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Symbol is meant in the usual sense of semiclassical/microlocal analysis as a rep-
resentation of a quantum (perhaps pseudo-differential) operator as a function on
some classical (perhaps symplectic) phase-space. The words “upper” and “lower” re-
fer [32], 192}, B00] to the fact that the former give upper bounds on quantum partition
functions, while the latter give lower bounds. This is the content of the Berezin-Lieb
inequalities [268), 272, Appendix B|. Other names used in the literature are: lower
symbol ~ covariant symbol ~ Husimi function ~ anti-Wick quantization ~ Toeplitz
quantization, and upper symbol ~ contravariant symbol ~ Wigner measure ~ Wick
quantization.

What is the use of introducing two concepts with similar-looking names if they are
not closely related 7 We have the

LEMMA 3.14 (Relation between symbols).
Let A be an operator on § with upper symbol A" (we assume it exists). Then its lower
symbol is given by

AlY(Z) = 9292\ (7) (3.42)

where
D
070z =Y 0.0
j=1

and 9, = 5 (0, —19y), 0z = 5 (05 +19y) for a complex number z = x + iy.
In addition, an operator A (and thus its upper symbol, if it has one) is uniquely
determined by its lower symbol.

PROOF. See [162] Section 1.3]. The first claim is a consequence of the overlap
expression (3.39), which gives

D
1
2
(W2 |Wz)5]" = exp <—§ E 1 |25 — Z;|2> .
.]:

A convolution with the above can be identified by a Fourier-side multiplication and
related to the heat flow e 9792, The second claim is a unique analytic continuation
argument from the lower symbol to all matrix elements (W |A|Wy). O]

Of course ([B.42]) goes in the wrong direction. We know the lower symbol exists,
and how to compute it. We want to infer that an upper symbol exists, and compute
it. In view of (B.42) this is tantamount to solving the heat flow backwards in time, a
dangerous undertaking (think of the regularizing properties of the forward heat flow).
Fortunately, for the operators we shall be interested in (recall (L29)), this is doable
(in (344) below we only consider the action of the backwards heat flow on analytic
functions):

LEMMA 3.15 (Symbols of polynomial operators).
Pick any normal-ordered monomial in creation/annihilation operators, i.e. for any
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Wy ey, J1,- -, 00 €4{1,..., D} denote
A=a'(u)...a' (u,)a(uy) ... a(u,,).
We have
AlOW(Z) = Ziy R Ry - - - Ry (343)
and
A" (Z) = e 92971V ( 7). (3.44)

PROOF. Note first than in ([3.44)) the exponential in fact acts as a polynomial of
finite degree, for the higher terms applied to the lower symbol give 0. Thus (3.44]) is
just (B42) in a case where it is legitimate to invert the relation and thus obtain the
existence of an upper symbol.

The expression ([3.43)) is a straightforward consequence of ([B.37), of the fact that
coherent states are normalized and of a' being the adjoint of a.

We give the seed of the computation leading to (8.44]). Consider the case where

A = a'(uy)a(uy).
Then define

Rimr? [ a2
cD
with A"P(Z) as in ([3.44]). We do not know it is an upper symbol for A yet. To confirm

this we must prove A = A and in view of Lemma B.14] it suffices to compare the lower
symbols of these operators. In the case at hand

A" = |z]? — 1,
thus
WoAR|Ez) =0 [ (W) |2
(CD
:7T_D <\I/Z‘a(u1)/ |\I/Z/><\I/Z/|dZ,aT(U1))\I/2> —1
(CD

= (Uzla(u)a (ur)[Wz) — 1

= (Uz|A|¥z)
where we used (8.37), the closure relation ([B.38) and the CCR (L27)). The general case
follows from similar considerations. O

3.3.2. Sketch of proof for the mean-field limit. To simplify the approach as
compared with the original [200] we start again from Lemma to obtain a lower
bound to the energy. We focalize on the P-localized part (first term in the right-hand
side of ([330)) and use again the @Q-localized part to ensure that most particles in the
original state are P-localized.
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Energy lower bound in terms of an upper symbol. Let I'y be the P-localization
of a many-body ground state, as defined in Section 3.2.3] We seek a lower bound to

T (PR poer)) =T (15 (15) )
= Tryps) (H'TY) (3.45)

where the last trace is over the Fock space generated from the P-projection of L*(RY).
We have denoted (compare with (L29))

D

HY = (ujlhlug) r2@ayat (uj)a(u;)

j=1
1 TR
+ N1 Z (us ® ujlwng(x = y)|ur @ g) 12 peay @' (us)a’ (ug)alur)alue).  (3.46)
1<i,j,k 4<D

where the u;’s form a basis of L?(R%) made of eigenfunctions of the one-body Hamil-
tonian ([B24]). Again, everything is now localized to the subspace h < A and we denote
D = N, the number of eigenvalues of h below the cut-off.

Now we are working on the Fock space, but we are not at liberty to use the lowest
eigenvalue of H” as a lower bound to the energy. For repulsive interactions (wy g > 0)
the latter is 0 and attained by a state that has no particle at all. Instead we follow
a trick of [200]. Suppose we know 'y has exactly N particles, namely it equals its
projection on the N-particles sector of Fock space. Then (3.45) would, for any constant
K > 0, equal

K
Tl'g(py)) (prﬁ) -+ NTrg(Pﬁ) ((N - N)QFﬁ)

where A is the particle number operator (L25). Of course our projected state I'f
needs not have (and in fact, will not have) exactly N particles. However, we can
ensure its projection on Fock-space sectors where the particle number is not ~ N is
small by using the second, Q-localized term in (3:30) and (3:34)) exactly as sketched in
the previous section.

With apologies for this lack of details, we will from now on take for granted that
'L is almost a N-body state and continue our proof sketch by seeking a lower bound
to the modified Hamiltonian

H=H" + %(/\/’ — N)? (3.47)

acting on the projected Fock space §F(P$). Now we introduce coherent states as dis-
cussed in the previous subsection. In view of (B40]), the above is a polynomial in
annihilation and creation operators. Using Lemma it thus has an upper symbol
H"P in the coherent state basis built from the eigenfunctions uq,...,up of h and we
can write

H:ﬁD/ H"(2)|W ) (V,]dZ > inf H"™(Z)
ZeCPb

ZeChb
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in the notation introduced above, and using ([3.38). We can thus bound the lowest

eigenvalue of H from below by the minimum value of the upper symbol H"P. This we
shall estimate using Lemma [3.15]

Difference between upper and lower symbols. Indeed, using ([8:44]) and (B.43))
we have that

1
B0(2) = (1= 0005+ 3 0207 ) B (2)
D . A 2
H™(Z) = Z hiZjz; + N_1 Z WijkeZi 2§ 2k 21 +N (Z |2|* — N) . (3.48)
Jj=1 1<i,5,k <D j=1

In the first expression we have used that H'*Y is a quartic polynomial in the components
of Z to expand the exponential and discard higher order terms. We simplified the
notation in a hopefully transparent way in the second expression (compare with (344])),
setting

Wijke = (u; ® Uj|wN,ﬁ(X —y)|up ® W>L2(R2d) :

The crux of the energy lower bound is that the main contribution comes from
the first term in H"P, namely we expect that to compute the minimum in Z one can
approximate

HY ~ Hv. (3.49)

This yields what we aim at, for a simple computation gives
ow 1
H*(Z) = (uzlhluz) 2@ + // Juz (%) [Pwn,s(x — y)luz(y)|*dxdy
N - 1 Rd xRd

K 2
+ 5 (luzlfaea = V) (3:50)

where uy is as in Definition B.IIl We leave the reader convince himself/herself that if
we minimize the above with respect to Z, letting K be very large in the limit N — oo
(this is part of the fine tuning of all parameters in the proof, which we do not pursue),
the minimum is attained for |Juz||*> ~ N and the infimum converges to the desired

mean-field energy (note the scaling properties of the functional to extract the needed
factor of V).

Errors in the energy estimate. Thus what is left is to vindicate ([349). What
we learn from looking at the lower symbol is that the minimum of H" is likely to be
attained where Ele |zj|* ~ N is large. But clearly, because of the derivatives in Z it
is made of, the difference

Hup o Hlow < Hlow (351>

contains terms at most quadratic in Z and thus ought to be smaller than the leading
term H'". Let us have a look at the different terms one needs to estimate to confirm
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this expectation. We have
1
H'™ — H" = =07 - 07H" + 5 (97 - O7)  H. (3.52)

We list the contributions of the different terms below:

e In the first term of (B.52) we have the contribution

D
Z hj < CA1+d/s+d/2

j=1

from the quadratic term of H', i.e. the sum of the D first eigenvalues of h. This
we estimate using the Lieb-Thirring inequality from Lemma B.8 Note that we need
a bound < N, the total energy’s order of magnitude. In view of the choice of A in
Lemma B0 we are already limited to df < (1 +d/s+d/2)".

e The quartic part of H'Y coming from the interaction potential contributes to the
first term of B52) a —(N —1)7! times

g Zizk (Wiji, + Wigki + Wik, + Wjiki) =
1<i,j,k<D

Z (Ui @uz +uz Quiwyg(x —y)|u @uz +uz ® Ui>Lz(de)
1<i<D

with wy g(.) = N%w(N?.) This can be bounded in absolute value e.g. by

C 2 2 — 2
~ lwwsllp lluzllre Y lullfe = CNANT Jlug]|7.

1<i<D

e The quartic part of H'°" coming from the interaction potential contributes to the
second term of (B52) a (N — 1)71/2 times

2 A7d
E (wijij + Wijgi + Wiy + Wjizi) < NN,
1<i,j<D

e The term we introduced to control the particle number contributes

21
N
when hit by —dy - @, and 2K /N when hit by (9, - 9,)° /2.

luzlz. —2C

The bottom line is that, if £ is not too big, all the above error terms are either < N
independently of Z, or can be absorbed in the main term H'"(Z) without changing
the asymptotics of the minimum thereof. A bit of work gives energy convergence for
small values of (.
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Convergence of reduced density matrices when the ground state is unique.
This is more tricky with this method (even controlling just the first one as stated in The-
orem B.I0]). We perturb the problem and rely on the Feynman-Hellmann Lemma 2.8 as
used already in Section Consider adding a small multiple of a arbitrary bounded
self-adjoint k—particles operator to Hy:

N
Hyy = Hy + nN(k) > A (3.53)

1<ir#. . £ <N

Here A acts on $; and A;, ; acts on the i1,...,7; factors of $y. The Feynman-
Hellmann principle of Lemma 2.8 tells us that, if Hy has a unique minimizer Wy with
: . (k)
reduced density matrices 'y, then
A !
Tr (A( k) rgﬁ)) = N9, E(N, 7)o (3.54)

where E(N,n) is the lowest eigenvalue of Hy,,.

The method above directly applies to the perturbed Hy, when & = 1,2 and gives
the convergence of N"'E(N,n) to a perturbed mean-field energy. Both functions of
n are concave as infima over linear functions. The derivative in n of N"1E(N,n) also
converges to the derivative of the mean-field energy. An analog of ([B.54)) for the mean-
field functional gives convergence of the 2-body density matrix. With a bit more sweat
one could perhaps obtain higher density matrices also.

Convergence of reduced density matrices when the ground state is not
unique. There was an if above, namely we assumed the ground state to be unique.
If this does not hold, one can still proceed with a bit of non-trivial convex analysis.
The convergences of perturbed energies sketched above give some information on the
structure of the (convex) set of limits of density matrices. In fact one can show that
its extreme points are projectors onto mean-field minimizers, and conclude using the
Choquet-Krein-Milman theorem [302]. This is done in details in [200] Section 3] for the
one-body density matrix, and can probably be adapted to the k-body density matrix
(provided one can first show the corresponding perturbed energies converge). 0

We have indicated only the crudest of bounds in the above sketch. We leave it to the
interested reader to figure out what combination of Holder/Young/Sobolev/Gagliardo-
Nirenberg/Lieb-Thirring inequalities yields the best estimate. But, if reaching large
values of 3 is the main concern, one should either rely on Section B2Z2] (whose tools lead
to the claimed § < 1/(2d) in Theorem B.5). Or, better, couple the present techniques
with those we shall describe later.

3.3.3. Coherent states versus de Finetti. In Sections and we have
described two complementary methods that allow to treat very general Hamiltonians
in the mean-field regime. Now we informally explain how they are related. Actually, it
is the de Finetti method based on Theorem that is closely related to the coherent
states method. The variant based on Theorem [B.7] stays somewhat on its own.
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Let us assume that, via localization as sketched previously, we are reduced to a
lower bound on some Hamiltonian H = H” acting on the Fock space § = §(P$), P
a dimension-D orthogonal projector. Also assume that HF already contains a term
penalizing the particle number so that its ground state is likely to be concentrated
around the sector with NV particles. We thus seek a lower bound to

sl (CWHIW)Y = int (T (HD)) (3.55)
where the second infimum is over (mixed) states on the Fock space and the equality is
obtained via the correspondence |W)(W| =T for pure states

We introduce coherent states ¥, Z € CP with the notation of Section B3] (and
emphasize the similarity with what has been discussed in the comments to Theo-

rem [3.6]). We can now associate upper and lower symbols to essentially any operator,
using Lemmas B.14] and BI85 When estimating Tr (HI') we can thus either

(1) Use the upper symbol of H to write
Tr (HI') = Tr (W—D / H"P (Z)|W (W 4|dZ r)
(CD
— gD / H"(Z)['°Y(Z)dZ
(CD

Then we observe that H'°¥(Z) gives the mean-field energy and that T'°¥(7) is
a probability measure. Thus if we can replace H™ ~» H'" in the above, we
have won. This is what we did in Section

(2) Use the upper symbol of I' to write

Tr(HD) =« " [ H(Z)I"(Z)dZ.
cb
Here we have made the mean-field energy H!°V(Z) appear already, but I'"?(Z7)
needs not have a sign. We would like to approximate it by a probability
measure, which essentially amounts to saying that its negative part is small.
This is in some sense the outcome of the quantum de Finetti theorem in

Section B.2.11

In both cases above, what we really want is to approximate
Tr (HI') ~ 7P / H'Y (Z)T'Y(Z)dZ,
(CD

which gives the desired result. In case (1) we do it by approximating the Hamiltonian,
using its simple expression as a polynomial in annihilators/creators and Lemma
In case (2) we approximate the state instead, but the algebra is very much related.
Observe indeed that the crucial step in the proof of ([3.44]) consists in normal-ordering
a polynomial in creators/annihilators. This is also the crucial step in a proof of Theo-

rem [3.6] see (B.I7).
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Thus the semiclassical approach to mean-field limits boils down to comparing nor-
mal ordered and anti-normal ordered polynomials in creators/annihilators (normal or-
der means all creators on the left, anti-normal order means all creators on the right).
Looking at things backwards, this is like comparing two different quantization proce-
dures leading from the mean-field functional to the many-body Hamiltonian: the Wick
quantization (normal order) and the anti-Wick quantization (anti-normal order). We
refer in particular to [9}, 10} 1T} 6] for more details on this point of view. Let us make
a hint in this direction by stating the

DEFINITION 3.16 (Wick and Anti-Wick quantizations).
Let $ be a complex Hilbert space of dimension D < co. Let h be a self-adjoint operator
on $ with spectral decomposition

D
h="Y" hlu;)(u,|
j=1

and w be a self-adjoint operator on $H®%. Define the polynomial of Z = (z1,...,2p) €
CD

1
E(Z) = (uzlhluz)s + 5 (uz"|w|uz’)s, (3.56)
< 1
j=1 1<4,5,k <D

where uy is as in Definition [T 11 and
Wijkpe = (U @ ujw|ug ® ug)goe.
Define two operators on F(9): the Wick quantization of £
EV =&(a Z h;a N1 Z wijkgaja;akag (3.58)
1<i,j,k <D

and its anti-Wick quantization

EAW _ E(a, a Zh aja + 71 Z wijkgakagaja} (3.59)
1<i,j,k <D
where the annihilation/creation operators are those defined by uy, ..., up.

The idea is to replace complex numbers by annihilation/creation operators in formal
expressions. Since the latter objects do not commute, a choice has to be made as regards
the order in which to put them, leading to the two cases (3.58) and (359). The former
is what we should start from to do many-body quantum mechanics (recall (L29])).

The relation with what we have discussed previously is
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LEMMA 3.17 (Wick and Anti-Wick quantizations).
We use the notation of the previous definition and the concepts of Definition [3.13.
Then

o &V has Z — E(Z) for lower symbol.
o MW has Z v E(Z) for upper symbol.

PROOF. Only the second statement has not been discussed so far, but this is a
variant of ([3.44]). We hint at the proof by considering the case D = 1 and £(Z) = |Z|*.
Then we have to prove that

7r1/72|\112><\112|d2 = aa'.
C

But
(u|aa’|v) = (a'ula'v)
:w_lf(aTu\\Ilzﬂ\I!Z\aTv}dZ
C
:ﬂl/(u|a\llz)(a\llz|v)dZ
C
:7r_1/7Z(u|\IfZ><\I/Z|v)dZ
C
using the coherent state closure relation (B.38]) and (3.37]). O

As a final remark regarding semiclassics we mention the Berezin-Lieb inequali-
ties [32, [192], 300] that give bounds on free-energies/partition functions instead of
ground-state energies, i.e. on the problem with temperature instead of that at zero

temperature. See [272], 268, Appendix B| and [178, 183], 184] for further discussion
of this topic.



CHAPTER 4

Dilute limits

Now we move one step further as regards physical relevance (with application to
cold atomic gases in mind) and mathematical sophistication. Namely, we attack the
dilute regime, § > 1/d (see the discussion in Section [[L4] where § enters in (L37)).
Remark that in most of our previous discussion we had not quite covered the full range
f < 1/d. The best we could do in generality was § < 1/(2d) in Theorem 3.5 Also
recall the last comment following Theorem (in 1D, any 8 > 0 can be covered with
its method of proof plus the use of a Sobolev inequality). Thus only the cases d = 2,3
still require our attention.

This chapter presents extensions of the techniques introduced in Sections
and

e In Section ] we follow a method of [200] to deal with repulsive interac-
tions. This couples the coherent state method with a much better localization
technique than that of Lemma

e In Section we introduce a set of a priori estimates derived from the varia-
tional many-body Schrodinger equation satisfied by energy minimizers. This
is the first time we depart from a purely variational treatment.

e In Section £33 we couple the moments estimates to the de Finetti-based method
in the case of repulsive interactions. The results will be improved later when
we discuss the Gross-Pitaevskii regime, but we continue with our motto of
introducing new tools one at a time.

e In Section [4.4] we state the best results known to date regarding interactions
with an attractive part. In 2D we thus obtain genuinely attractive (focusing)
mass-critical NLS functionals. In 3D the limit functionals need to be repulsive
(defocusing) but we can work with potentials that are only classically stable
in the sense of Definition [[.3] instead of purely repulsive.

4.1. Better localization in the coherent states method

For purely repulsive interactions it turns out one can still work variationally by
being much more careful about the localization method, i.e. with the process of sep-
arating particles between low and high momenta and throwing away some interaction
energy for a lower bound. In fact, by retaining part of the interaction between low
and high momenta we will be able to prove the following using methodd] from [200].

I'We have not yet exhausted the full content of this paper, cf the bibliographical comment at the
beginning of Section B3l The tools allowing to reach 8 = 1 will be presented below.
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Recall the NLS energy functional
by
ENES[y] = / (=Y 4+ A)ul® + V]ul> + —/ |u(x)|*dx.
Rd 2 R4

ENLS uNLS

with minimum (under unit L? mass constraint) , minimizer(s) and the no-

tation
by ::/ w.
]Rd

THEOREM 4.1 (Dilute limit in 3D, repulsive case).
Let d = 3 Make Assumptions LA plus the more specific trapping condition [BI2) for
some s > 0. Let
0<p<2/3 (4.1)
and assume a purely repulsive interaction, 0 < w € L>®(R3). We have
Convergence of the energy:

E(N) | s
— = £
N

Convergence of the one-body reduced density matriz: let FS) be the one-body
reduced density matriz of a many-body ground state V. There exists a Borel probability
measure ji on the set MNS of NLS minimizers such that, along a subsequence,

NI = [ ) {uldg(u)
MNLS
strongly in trace-class norm.

COMMENTS.
1. The technique we shall expose certainly also works in 2D. We leave it to the reader
to adapt the Sobolev exponents everywhere in [200] to figure out which £ it allows to
reach.

2. We shall use the positivity of the interaction in the proof below. Most likely we
thus may not hope to access higher density matrices with the method below. Indeed,
as sketched in Section B.3.2] we would need to perturb the Hamiltonian with arbitrary

(not necessarily positive) k-body terms, k > 2.
0

In the rest of this section we sketch the proof of the above, following [200].

Extension to Fock space. As in Section 3.3.2] we want to use coherent states, and
thus extend the original N—body Hamiltonian to the Fock space. We trade the sharp
value of the particle number for a penalization thereof by writing

E(N) > inf specg <]HIN + % (N — N)Q)

for any K > 0 (E(N) is actually the supremum over K > 0 of the right-hand side).
Here F/(N) is the ground state energy of the original Hamiltonian acting on $y. On
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the right-hand side we have the bottom of the spectrum of the Fock-space Hamiltonian
inside the parenthesis: Hyy is the original Hy extended to Fock space using ([L29]) (with
w = N wy ) and AV is the particle number operator.

From now on we denote

K
G=Hy+ 5 N - N)? (4.2)
the Fock-space operator we shall concentrate on.

Coherent states, again. The first observation is that it is not necessary to first
project the Hamiltonian to finite dimensions before introducing coherent states. It is
still desirable to introduce coherent states only for finitely many modes of the one-body
Hamiltonian because it is not obvious what becomes of ([B.38)) when D = oo.

We carry on with the notation of Section B.2.3], and split the one-body Hilbert space
9 = L*(RY) between low kinetic energy modes (P$) with P = 1,<,) and high kinetic
energy modes (Q$ with Q = 1 — P). Then, as previously mentioned, the Fock space
§($) tensorizes

S(PH® QH) ~ F(PH) ® F(Q9H).

This precisely means that there is a unitary operator

U:F(PHSQH) — F(PH) ®F(QH)

defined by its action on creation operators (with a similar formula for annihilation
operators)

Ud (HHU =d (Pflel+1xad(Qf).

See e.g. [143], Appendix A] or [5, 73] for more details. Any operator A acting on F($)
(or at least, and this is all we need, any polynomial in annihilation/creation operators)
is customarily identified with its action U AU* on F(PH) ® F(Q9N).

Now we introduce coherent states for the modes uq,...,up spanning P$) as de-
scribed in Section B3l From (B.38) we have the closure relation/Schur’s lemma

Lzpoyesn =7 /CD U 2) (V72| @ LggsdZ.

To an operator A on §($)) we can then associate a lower symbol
A (Z) = (|40 ,)
= Trzps) (U 2) (V2| @ Lyqn U AUY) (4.3)

where the first line is the usual notation and the second its actual meaning. This is now
a function from CP (or, equivalently, from P$)) with values in operators on F(Q$). If
there exists another function A" satisfying

UM — 5D / A (Z) U (U] @ 15dZ (4.4)
(CD
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we call it the upper symbol of A. The following consequences of Lemmas B.14] B.15
and B.I7 will be of use. First, for operators that one can express as polynomials in
annihilators/creators

A" (Z) = e 920z p\lov( 7). (4.5)
Next, somewhat schematically,
Al(Z) = Cnumg(ps) (Nord A). (4.6)

Here Nord denotes normal ordering: A is put in a form with all creation operators on
the left and all annihilation operators on the rightﬁ. Then we perform the classical
number substitution Cnum, by which we mean that the creation operator a'(u;) is
replaced by Z; and the annihilation operator a(u;) by z;, this for all 1 < j < D.

Localization of symbols. Now we replace the use of Lemma by lower bounds
to the symbols defined above, which are now operators on F(Q$). This is our way
to keep track of the excited particles. In view of (£4]) what we really want is a lower
bound to the upper symbol, for it gives direct access to the original operator we are
interested in. We however start with the lower symbol. Hereafter we lighten notation
by setting, for u € L*(R?)

Ml = [[[ o PWacstox = y)luty) Faxdy
Wy s(x) = N*~1w(NPx) > 0. (4.7)

LEMMA 4.2 (Lower bound to lower symbol).
Denote h; the j-th eigenvalue of h (associated to the eigenfunction u;) and

T= ) hal(u)a(u) (4.8)
j=D+1

the kinetic energy operator restricted to §(Q$). Let uy be as in Definition [311. For
any § > 0 we have, as operators on F(QH),

. K
6™ (2) = (uzlhluz) + Tuz] (1= 6 = hp'N7T) + T (luzl} = N)’

e (N"— b N2 VAT N—lﬁ) ((ug|hlug) + Iug)) — 6~ IN38-1,
(4.9)

CoMMENTS. This is an adaptation of [200, Equation (61)]. The positivity of the
interaction is used by writing that, as an operator on the two-body space,

WN,B > P®2WN,BP®2 + (1 _ P®2)WN,BP®2 + P®2WN,B(1 _ P®2)
for the difference between left and right sides is

(1 — P Wy (1 — P®*) > 0. (4.10)

2We will always use ([£6) with already normal-ordered expressions such as ([L29]) anyway.



89

Compared to Lemma we keep track of the interaction between pairs of low energy
particles and pairs of high-low (or high-high) energy particles. This means that the
second quantized interaction ZUM Wl-jkgaga}akag is bounded below by retaining terms
with at most two indices > D. This leads, after using (4.0]), to a lower bound to the
lower symbol in terms of a quadratic (Bogoliubov) Hamiltonian (in the a,a’ operators
of the excited space) that one can then, with some effort, controf] using the kinetic
energy of the excited modes (which is also quadratic).

The virtue of (0) is that it allows to pass to the limit first in N — oo and then
only D — oo, provided § < 2/3. Indeed, the main terms on the first line will be proved
to be of order N, and we should expect the kinetic energy 1" to be at most of this order
as well (namely, its expectation value in a ground state will be at most of this order).
Dividing the whole inequality by N we see that the errors are all either of the form
f(D)on(1), a function of D times something becoming small when N’ — oo or the form
f(N)op(1), a bounded function of N times something becoming small when D — oo.
The limiting term is the last one, which is < N only provided f < 2/3. Under this
condition we can take successively the limits N — oo, D — 00,0 — 0 and isolate the
leading order. OJ

Next we turn to the upper symbol. It follows from the considerations in Section[3.3.1]
that G does have one, and that it is related to the lower symbol via (4H). The main
part will come from the lower symbol itself, but we still have to bound the terms coming
from the Z, Z derivatives in ([@3).

LEMMA 4.3 (Lower bound to upper symbol).
Same notation as above, with in addition

o0

NC = Z a'(uj)a(u;)

j=D+1

the number (operator) of excited particles. We have, as operators on F(Q$),
D
u ow KD
G™(Z) — G™(Z) > — ;hj — =7 (N +lluzlz +1)

— N7 ((uglhluz) +T) Y by

J<D
B=2 3/4
— N2 ((uzlhluz) + No +1) Y _ I (4.11)
J<D
where 2 e means “larger than a universal constant times e”.
30ne might also use exact expressions for the ground state energy of bosonic quadratic Hamilto-

nians, but this is not the approach pursued in [200]. See Sections and below for comments on
quadratic Hamiltonians.
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COMMENTS. In view of (£5]) and since G is quartic in annihilators/creators, this
is about bounding from below

1
—0z - 07G"™ + 2 (07 07)° G™.

The contribution of the interaction to the second term above is non-negative and can
thus be dropped from the lower bound. Essentially this is a rephrasing of the convexity
of the mean-field interaction energy and is based on w being non-negative.

Once this has been observed, the task left is to bound the term 9z - 9;G"" from
above. The end result we rephrased in the lemma is [200, Equation (71)]. The value
of (4.I1J) is that it is again possible to pass to the limit therein, first N — oo and next
D — o0, to obtain a o(N). O

Conclusion. Using the two above lemmas and (£4) yields an operator lower bound
on G (that we identify with &« GU™* since they are unitarily equivalent) of the form

D
G>nP /CD G(Z)| W) (V| @ Lgias)dZ — 6 N1 =3 "y (4.12)

j=1
with

B(Z) — {uzlhluz) — Thuz] (1= 6 = hp /N T) = 2 (fusl3 — N)’

2 = ((uzlhluz) + Iuz]) (N2 + NV2hp VT 4 NIVT)
KD 9 _ 1/2
— 7 WNo +lluzlzs + 1) = N7* ((uglhluz) +T) by
Jj<D
— NF ((uzglhluz) + N +1) Y h¥* — oI N*-1,
Jj<D

To conclude we need to take the expectation value of both sides of (£12) in a ground
state of G, divide by N, and take the limits first N — oo then D — oo, then § — 0 and
finally K — oo. This gives the needed energy lower bound in terms of the NLS energy
(recall that the most stringent condition comes from the error 5~ N3/~1 which is < N
only for 5 < 2/3), provided we know some simple a priori bounds on the ground state.

But since the Hamiltonian G is made only of positive terms and its ground-state energy
can easily be bounded above by a multiple of N, there is no difficulty in obtaining

(V|T|Vg)s < CN

for any ground state vector Vg, with 7' the kinetic energy of the excited modes (Z.]).
By concavity we also have

<\I’G‘\/T|‘I’G>3 < CVN
and since

NQ < hBlT
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we also have
(We|Ng|¥e)s < Chp'N.

These are all the estimates needed to close the proof of the energy lower bound.

To deduce convergence of the one-body density matrix, the argument is the same
(Feynman-Hellmann-like) as that sketched in Section B.3.2l The case of a non-unique
ground state (fairly common with non-trivial magnetic field, A # 0) requires refined
arguments, in particular some convex analysis. We do not reproduce the details.

4.2. Moments estimates

We saw in the previous section that the dilute regime could be reached by passing to
the limit first in the particle number N — oo and then only in the kinetic energy cut-off
A. This is the key to bypass the bad dependence of error estimates on the dimension
of the low-energy one-particle state-space in the semiclassical de Finetti method and
the coherent states method.

Next we turn to another set of tools that allows to take limits in this order or, at
least, to take the energy cut-off to infinity much more slowly than needed in Lemma[3.9]
The main virtue of these tools, compared to those of the previous section, is that they
will allow us to deal with attractive interactions. For the first time in this review we will
exploit the variational many-body Schrodinger equation satisfied by minimizers. The
main idea is that, whereas control of the many-body Hamiltonian itself gives bounds

on the kinetic energy
Tr (hFE&)

with h the one-particle Hamiltonian and Fﬁ’ the one-particle reduced density matrix
of a ground state, control of higher powers of the Hamiltonian gives access to moments
of the kinetic energy, say the second

Tr (h ® hrg?) . (4.13)

This provides a much better control of the localization error when one projects the
problem to low kinetic energy modes.
For a ground state vector ¥ we have the variational equation

HyVUy = E(N)Uy
and thus
H}VUy = E(N)*Uy.
2
If we can show that HZ controls the non-interacting (Zj\le hj> then we can deduce

a bound on (AI3). Our main task shall thus be such a control, which is non-trivial
because of the well-known fact that squaring (in fact [34, Chapter 5] taking any power
t > 1) is not an operator/matrix monotone operation. Even in the case of repulsive

2
interactions where Hy > Zjvzl h; it certainly does not follow that H3 > <Z§V:1 hj) .
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The control we shall need is provided by a set of simple and much-less-simple
inequalities bearing on the interaction potential. The much-less-simple ones have their
origin in [I05] where the control of higher moments of the Hamiltonian seems to have
been used for the first time, in a dynamical setting (see also [101], 103, 104]). We state
the inequalities in 2D and 3D only for these are the cases we are interested in. The
statement uses a smooth interaction potential but of course, by density, each inequality
can be extended to potentials for which the right side makes sense.

LEMMA 4.4 (Operator inequalities for pair interactions).
Let W : R? +— R be a smooth decaying function. Let W (x —y) be the associated
multiplication operator on L*(R??). Let

p>3/2, a>3/4ifd=3
p>la>1/2ifd=2.

We have that, as operators,
(W(x =) < G W 1o ray (—Ax) (4.14)
(W(x =y)| < ClIWIl 1 ey (=A%) (=Ay)" (4.15)
(AW —y) + Wx-y)(-Ax) =
—Cp (W1l + [IW1l2) 1 = Ax)(1 = Ay). (4.16)
Moreover, with A € L2 _(RY) and h = (—iV + A)?

hxW(x —y) +W(x —y)hx =
= Cp (Wl + [Wll52) (1= Ax)(1 = Ay) 4 hx(1 = Ay))  (4.17)

COMMENTS. The simple part is (£I4]) which is just the Sobolev inequality. The
much-less-simple part starts in ({I5), a version of which first appeared in [105]
Lemma 5.3]. Another is in [200]. The full statement is in [240, Lemma 3.2] and [180]
Lemma 6]. We refer to [240, Lemma 3.2] for the proof

The virtue of (£I7) is that, when used with potentials scaled in the manner (.37,
the L' norm is fixed (whereas the higher LP norms blow up when N — 0o). Thus the
pair interaction energy is controlled by a power < 1 of the second moment.

Likewise, in ([@I6]) if £ is not too large one can use the inequality with potentials
scaled as in (1) and see that the operator on the left-hand side is controlled by
(1—Ax)(1—Ay). O

The second moments estimates are as follows. We state first a version for purely
repulsive potentials from [240] (this is a simpler version of Lemma 3.1 therein). A

version for potentials with no sign from [180, Lemma 5] will be given in Section 4]
below. From now on we shall assume

h=(—iV+AP+V>c(-A+V)=C (4.18)

4The astute reader will notice a small gap in the proof of [@I7) in case W is allowed to have a
negative part. It is easily fixed by an additional use of ([LI4).
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for two positive constants ¢, C' > 0. This is a mild but non-trivial assumption we shall
comment on below.

LEMMA 4.5 (Second moment estimate, repulsive case).
Assume that the pair interaction potential is repulsive, w > 0. Let f <2/3 if d =3 or

p<lifd=2. Let Uy be a ground state for (L32) and 1"5\2,) the associated two-particles
reduced density matriz. Denoting h the one-particle Hamiltonian in (L32) we have

—1 -1

1<i<j<N

xpN> <C (4.19)

for a constant C' > 0 independent of N.

COMMENTS. Assumption ([£I8) allows to relate the magnetic Laplacian to the
usual one which appears in most inequalities of Lemma [£4l A convenient way to
ensure its validity is to assume that for all x € R? (we are mostly concerned with the
behavior at infinity)

|A(x)]* <eVi(x) + C. (4.20)
for some 0 < ¢ < 1 and C. > 0. It is desirable to be able to dispense with this, in
particular because in the emblematic case of a uniform magnetic field one wants to
take |A(x)|*> = B?|x|?/4 and then (@20) puts a unnecessary constraint on the growth
of V' at infinity. We do not pursue the removal of ([AIf]) in this review, see [240]
Step 2 in Section 4.2] for this. O

Proor oF LEMMA (L5l Using the variational equation we have
HYyVUy = BE(N)* WUy
and thus, using the usual trial state argument to bound E(N),
(Un|Hy|Wy) < CN2 (4.21)
On the other hand
HY = Z hihj + Z (hiwn (x; — xi) + wn(x; — xXp)hy)
1<ij<N 1<i,j,k<N

+ Z U}N(Xi —Xj)’wN<Xk —Xg).
1<i,5,k (<N

Here we assume wy > 0, hence all the terms on the second line are positive operators
(multiplication operators by positive functions). Also, for all distinct indices i, j, k

hin(Xj - Xk) + ’wN(Xj - Xk)hz Z 0

because h; > 0 and wy(x; — x;) > 0 are commuting operators when they act on
different variables. Hence, using that wy is even,

HJQV Z Z hlh] + 2 Z (hiU}N(XZ‘ - Xj) + U}N(XZ‘ — Xj)hi) .

1<i,j<N 1<i,j<N



94

Inserting ({I7) and using ([EI8) we deduce
HY > > by (L— CNY/PT

1<i,j<N

when wy is chosen as in (L37). When 5 < 2/d the coefficient in the parenthesis is
positive for large N, and combining with (£21]) concludes the proof. O

4.3. Dilute limit with moments estimates, repulsive case

Inserting the moment estimates in the basic scheme of Section leads to notable
improvements of the main result. The method to deal with purely repulsive potentials is
from [240], although not explicitly formulated that way (see Remark 3.3 and Section 4.2
therein).

THEOREM 4.6 (Dilute limit again, repulsive case).
Make Assumptions[IT.2 as in Theorem [1] plus (L45D) with some s > 0 and

|A(x)| < cec (4.22)
We work in dimensions d = 2,3 and assume 0 < w € L*(R?) N L?(RY). Let

{0<5<2/; ifd=3 (423
0<p<lifd=2.

We have, in the limit N — 400:
Convergence of the energy:

E(N) . is
— > E7.
N —

Convergence of reduced density matrices: let Fg{;), k > 0 be the reduced density
matrices of a many-body ground state V. There exists a Borel probability measure
on the set MNYS of NLS minimizers such that, along a subsequence,

N —1
( ) PO 5 [ ) | du(u)
kf MNLS

strongly in trace-class norm. Let MF stand for NLS in Theorem[1.4)

COMMENTS.
1. We have already obtained the 3D statement in Section Tl except for the con-
vergence of higher density matrices. The latter is particularly transparent using the
quantum de Finetti theorem.

2. The attractive case is more involved because of possible stability issues. We discuss
it in the next section. O
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We give some elements of the proof. A first way to take advantage of the moment
estimates from Lemma [£5]is to control the localization to low one-body energy modes
much more efficiently than in Lemma 3.9 The following, which is essentially a restate-
ment of [I80, Equation (46)], goes in a different direction than what we presented in
Section LIl In particular, we no longer need the interaction potential to be repulsive
(which will be useful in the next section).

LEMMA 4.7 (Localizing the Hamiltonian, again).
Let T'y be a N-particle state with normalized reduced density matrices (compare

with (22))
V& =Trs yTy, AW = Tra Ty (4.24)

With the above notation, for any

{5> 1/2 in 2D (4.25)

0 >3/4 in 3D
there exists a Cs > 0 such that

Te ((Ha = P2, P2) 1) =

NG <Tr (m}vl)))(l_w <Tr <h ® mﬁ’))é (4.26)

where Hy is the two-body Hamiltonian ([B.29), h the one-body Hamiltonian ([3.24]) and
P the associated projector ([B.28) below the energy cut-off A.

PRrROOF. Since h > 0, PQ) = 0 and P commutes with A we certainly have
hy + hy > P®? (hy + hy) P®2,
The interaction term is then our only concern. Denote
11 = ]1®2 o P®2

and write (W := wy g is hereafter identified with the multiplication by wy g(x1 — x2)
on the two-body space)

1
W — PERWPE2 = o (I + TV P92 4 WL+ P2WIT)

Separating W = W, — W_ and using the Cauchy-Schwarz inequality for operators we
have

1
W — P®2W p®? > -1 (eW|+ e 'MW+ e PP |W|P®* + e 'TIWI) . (4.27)
Then, for any ¢ as in ([£27])
d
Tr ((|W| + PO | P92) %@) e (Tr (h ® m}?)) . (4.28)

Indeed’ from Lemma M and YOUHg’S inequahtY7 for any 4 as in (Im) and n > 07
W[ < Csh® @h® < Cs (n ' h @ h+7"/07).
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Taking the trace against %(3) and optimizing over 7 yields (£.2])) (recall %(3) has trace

one, and observe that the P®?|W|P%®? term can be treated on the same footing).
On the other hand, using Lemma 4] again and the definition of II, for any ¢ as

in (E.23])
W < CsIIh° @ h°TL < CSA°™ (KW @ h+ h® k) (4.29)
Using Young’s inequality again we have, for any n > 0,
h5 < C5 (T}ilh + n(s/(lfé)) )
Thus, taking the trace of ([£.29) against fy](\?), optimizing over 7 gives

(2) @)’ m)"°
Tr <H|W|H7N ) < C5Tr (h ® hy ) Tr (mN ) (4.30)

upon recalling that fy](\}) is the partial trace of fy](\?).

There remains to take the trace of (L27) against fy](\?), insert (A28) and (E30),
optimize over £ and the result is proved. (]

Now we can give a

Sketch of proof for Theorem [4.6], repulsive case. As in Section [L]] the goal is to
take the limits first N — oo and then only A — oo. This requires a rather fine control
of the errors involved.

We assume w > 0 and then may use LemmalLHl Inserting these estimates in (4.26])
we obtain that

N —1
(2) Te ((Ha = PP TR)) = —CoA 0D/ (4.31)

where Fg\z{) is the two-particle reduced density matrix of a ground state of Hy and 9
may be chosen strictly smaller than 1. The virtue of the above is that the localization
error is now small for A — oo, independently of N.

We use Theorem to control the P®%localized part of the interaction. Observe
that the operator norm of the projected two-body Hamiltonian satisfies

| P#2Ho PE2|| < Ca (4.32)

where the constant on the right-hand side depends only on A, not on N. For the
one-body term this is of course obvious, for the interaction term this follows from

Inequality (£T13]).

Using Theorem and the localization method of Section B.2.3] we construct a de
Finetti measure py for the projected states I'l; associated to I'y = [Un) (x|, the
orthogonal projector onto a ground state. We skip some details here but observe that,

as per (310) and ([A32) we will essentially get
A L
(2) Tr <P®2H2P®2 rﬁ’) > / ENS[u)dpy (u)—Cron (1) > ENS—Chon(1) (4.33)

where oy (1) — 0 when N — oo and is independent of A.
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We can now pass to the limit first as N — oo to make the error in (4.33) vanish
and then A — oo to make the error in (L31]) vanish, and deduce the desired energy
lower bound

A L
1mnnf( ) iﬁ(hgrﬁ);zENw.
N—00 2

The corresponding energy upper bound is obtained as usual with a factorized (Hartree)
trial state. Note then that in ({33) we have sandwiched

[ e luduxta)

in between the energy upper and lower bounds. With a bit extra effort we can prove
that the measure pxn (obtained as sketched in Section B.2)) converges for large N to p,
the measure associated to the sequence of states I'y via Theorem [B.2] (given the bounds
we have already collected so far it is easy to see that one can apply this theorem).
Moreover we will deduce from the energy bounds that, with EN*5 and ENYS the energy
functional (L4])) and its infimum respectively,

/5NLS[U]dﬂ<U) — ENLS’

which implies that the limit measure is concentrated on NLS minimizers, and hence
the desired convergence of reduced density matrices. Observe that the only limitation
on [ in this proof is that inherited from Lemma [4.5]

OJ

4.4. Dilute limit with moments estimates, attractive case

We conclude our discussion of dilute limits by turning to the attractive case. In 2D
this allows to obtain focusing mass-critical energy functionals in the limit, the result
is from [180] [237]. In 3D this allows to assume only classical stability instead of a
purely repulsive potential. The result is implicit in the more general study [311] of
Bose gases with dipole-dipole interactions.

THEOREM 4.8 (Dilute limit again, attractive case).
Make Assumptions[L2 as in Theorem[1.4) plus ([L43D]) with some s > 0 and (£22). We
work in dimensions d = 2,3 and assume Hartree stability in the former case, classical
stability in the latter (cf Definition[.3) for some w € L*(R?) N L*(R?). Let

0<B<i+ g ifd=3 (4.34)
0<pB<lufd=2.

We have, in the limit N — 400:
Convergence of the energy:

E(N) | onis
— > E7.
N —
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Convergence of reduced density matrices: let FS@’, k > 0 be the reduced density
matrices of a many-body ground state V. There exists a Borel probability measure p
on the set MNYS of NLS minimizers such that, along a subsequence,

N —1
(3) 0= [ et
k MNLS

strongly in trace-class norm.

COMMENTS.
In 2D a natural threshold is reached in [237], in that the result holds as long as second
moment estimates are available (Lemma below). In 3D the values of § achieved so
far are not much larger than the diluteness threshold 1/3. This shows that allowing
even a small attractive part in the interaction potential makes proofs much harder.

See [167, [318] for results in this direction. O

We do not reproduce the proof, whose main ingredient is the following adaptation
of Lemma

LEMMA 4.9 (Second moment estimate, attractive case).
Letd=2and B <1 ord=3 and < 2/3. Let Uy be a ground state for (L32) and
Fg\?) the associated two-particles reduced density matriz. Let en. be the ground state
energy per particle (N=! times the lowest eigenvalue) of

N
HN,E :HN—EZhj.
j=1

We have, for all 0 < e < 1,

N -1 1 + |€N,e| 2
(2) Tr (m ® h2r§3)) <C. (f) (4.35)

for a constant C. > 0 independent of N.

COMMENTS.
1. This is stated as a “non-necessarily repulsive case”. The potential needs not be
(partially) attractive for the result to hold, but if it is not, one should rely on Lemma[£.H]
instead.

2. Lemma was a true a priori information on ground states and can be employed
directly to estimate error terms in the mean-field limit. Lemma by contrast is a
conditional statement: it becomes most useful if we happen to know that |ey .| is of
order 1. In the attractive case this is not quite obvious, for it is precisely saying that
the system is stable (of the second kind, cf Definition [[L3) under our assumptions.
This is part of what we are aiming to prove, namely that the stability of the mean-field
problem implies that of the many-body one.

3. The proof of Lemma follows from similar considerations as that of Lemma [£5]

see [180] and [311].
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4. To prove Theorem one combines moments estimates with Lemma (.7 again.
The conclusion is more subtle: the bounds in Lemma not being truly a priori we
have to perform a bootstrap argument to improve energy estimates progressively, and
we cannot take limits N — oo and A — oo one after the other. O






CHAPTER 5

The Gross-Pitaevskii limit

So far we have justified, in situations of increasing generality and mathematical
difficulty, the absence of inter-particle correlations in the leading order contributions
to the ground state of the Bose gas. The increase in mathematical difficulty was
motivated by and correlated with an increase in physical relevance for dilute atomic
gases. As explained in Section [[4] in the scaling limit corresponding to a dilute gas the
interaction becomes rather singular. If the gas is made very dilute, it in fact becomes
singular enough that inter-particle correlations can no longer be neglected, even at
leading order. This is the problem we now tackle, for repulsive interaction potentials
and in 3D. A review of this problem as of 2005 (and related topics) is in [203] (see
also [287]). The presentation below overlaps this text to some extent.

The Gross-Pitaevskii limit is that of largest physical relevance for dilute systems.
This is because the true scattering length of the interaction potential appears as ef-
fective coupling constant, not just its first Born approximation. In fact, physicists
argue that in a dilute system, the interactions are only via s-wave scattering, and
replace the interaction potential (recall the notation of Section [[L4]) by a Dirac-like
4ma,d in the many-body Schrodinger Hamiltonian before making any other sort of
approximation, mean-field or otherwise. This manipulation is hardly legitimate math-
ematically, for delta interactions are seldom Kato-bounded perturbations of the ki-
netic energy operator (except in 1D [194), 295] [7), 267] or when projected in special
spaces [188], 211], 294]). What the GP limit does is to provide a parameter regime
where the final result of the approximation, the GP energy functional, is recovered.

It will be important to realize that the effective GP interaction with the scattering
length in front is actually made of interaction energy and part of the (high frequency)
kinetic energy. Here is the plan:

e We start by discussing the two-body scattering process that dictates the short-
range pair correlations in the gas: Section [B.11

e [t is already rather non-trivial to come up with a good trial state, one that
looks physically relevant, does the job, and can be handled in a mathematically
rigorous fashion. See Sections and respectively for two versions of the
trial state, both yielding the sought-after energy upper bound.

e Perhaps the hardest part of the analysis reviewed in this chapter is to extract
the effect of pair correlations in order to derive an energy lower bound. The
tools to do that go under the name of Dyson lemmas: Section .41

101



102

e Sections and review a method which is specific to the Gross-Pitaevskii
limil]. It works in two steps: first one proves a formula for the ground state
energy of the homogeneous Bose gas in a thermodynamic/dilute limit. Then
one uses this formula to deal with the inhomogeneous gas by a local density
approximation method.

e In Section 5.7 we show how to combine the Dyson lemmas and the tools of
the previous chapter to provide different proofs and extend the results to the
case of magnetic fields.

e Finally in Section [5.8 we review other means than the Dyson lemma to extract
pair correlations in energy lower bounds. The methods we review allow to
derive GP ground states only for unscaled potentials w with small enough
scattering length (see below for more comments in this direction).

For extensions to 2D (where, again, the scaling of the interaction is different) of the

material presented below we refer to [55], 222, 205, [283].

5.1. Pair correlations and the scattering length
For simplicity we henceforth work under the following assumptions:

AssuMPTION 5.1 (The interaction potential in the GP limit).
The unscaled interaction potential w : R® — R is smooth, non-negative, radial, and
with compact support in the ball of radius 0 < R, < 00.

The above can be relaxed to a large extent. Probably the most annoying assumption
we make is that the potential be purely repulsive (see Section [£.4]). It is pretty hard to
remove it, although some results are known [167, [319]. What is definitely not needed
is the smoothness. The potential could even have a hard-core, formally w = 400 inside
a ball of radius R4 < R, which we would materialize by changing the configuration
space from R3 to R \ {|x; — x;| < BRI for some i # j} .

As hinted at in Sections we should think that the state of our Bose gas
contains pair correlations to reduce repulsive interactions. The GP limit i the regime
where this has a leading order effect in the large N limit, but we do not need that
scaling to guess what the correlations should be.

We look for a wave-function f : R? + C describing the motion of the relative
coordinate of a pair of particles. This motion will happen on the length scale of the
interaction potential. In a dilute gas, this is much shorter than the macroscopic extent
of the full system. Thus f should converge at infinity to some value prescribed by the
macroscopic variations of the system. We shall take this value to be 1, without loss of
generality (see the next section where we connect the short-range pair correlations to
the macroscopic behavior of the system). A slightly different way to formulate what

1Tt could probably be of use also for the dilute limit of the previous chapter, but less probably for
the mean-field limit.
2By definition !
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we are looking for is that we consider a infinite homogeneous system, with reference
density 1 and ask how it gets modified if we insert a repulsive potential w.

This discussion leads us to the following variational problem (the 1/2 in front of w
is because this is the energy in the relative coordinate of a pair of particles)

1
%mw:nﬁ{/\VfP+—wUP“ﬂ@ —»1} (5.1)
R3 2 |x|—00
with the associated variational equation
1
—Af+-wf=0, f(x) — 1 (5.2)
2 |x|—00

We record the main properties of this problem in the following

THEOREM 5.2 (The scattering problem).
The variational problem (B1I) and the PDE (B.2)) have a unique solution f. It is non-
negative, radial and satisfies
Ay

f=1-

where R, is the radius of the support of w. Here a, is the scattering length of the
potential w and it is connected to the minimal scattering energy as indicated in ([B.1]).
Moreover, let fr be the unique minimizer of

for |x| > Ry, (5.3)

]

1
il = [ VIR pulf? (5:40)
B(0,R)
with Dirichlet boundary condition fr = 1 on the circle of radius R. If R > R, we have
—1
Ereat — g“UM::®mw<1—%%> (5.5)

and, with f the solution to (B.2),

fr(X) = =5 (5.6)
for all |x| < R.

COMMENTS. See [203], Appendix C] for proofs. There the variational problem is
set first in a ball of radius R > R,, as in (5.4]) but this is really a matter of convenience,
see in particular the first remark following [203], Theorem C.1]. In 2D however (a case
we are not concerned with) the restriction to a finite ball is necessary, for the limit
R — oo is trickier.

The origin of (5.3) is clear: for |x| > R,, we have

~Af=0

and the right-hand side is the general form of a solution tending to 1 at infinity. The
scattering length is related to the value of f(R,) by

ay = Ry(f(Ry,) —1).
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To see that the two characterizations (5.1]) and (5.3) of the scattering length are indeed
equivalent, multiply (52) by f and integrate by parts on a ball of radius R > R,,. This

yields
1
[ ViR gul= ¢ o
B(0,R) 0B(0,R)

a
= 1-— —) — =drwa, — 4r—= 5.7
7({93(0,}3) ( R/ R? R (5:7)

and it suffices to let R — oo to see that the infimum in (5] is indeed 47a,, with a,,
as in (5.3).
A further useful characterization is to define
g:=uwf
and observe that, integrating (5.2)) by parts on B(0, R)
1
5 a=¢ ar=¢ fos+oa)
B(0,R) dB(0,R) dB(0,R)

with or(1) — 0 when M — oo. By the previous computation and taking the limit

R — oo we deduce
8ma,, = / g. (5.8)
RS

The quantity a, can thus be interpretedﬁ as the minimal energy of a two-particles
scattering process (B.]), as the typical length scale thereof (5.3) or as the integral (5.8))
of an effective interaction potential g incorporating the fine details of the process.

We finally discuss (5.6]). Consider the function defined on R? by

o [FRo it < R
/) {f(x) if |x| > R

with f the minimizer of the scattering energy in the full space and fr the minimizer in
the ball of radius R. Certainly f is a valid trial state for the energy in the full space,
and by definition it minimizes the energy on the ball B(0, R) with boundary condition

f(R) = f(R), while having the same energy as f in the exterior of B(0, R). It thus
must be a minimizer over the full space, and by uniqueness one obtains f = f, which

is (5.6). Then (B.H) is just another version of the calculation we did in (B7) above
(replace f(x) by fr(x) = f(x)f(R)7). U

In the notation of Section [[L4] the Gross-Pitaevskii limit is d = 3, 3 = 1. Hence our
scaled interaction potential is

wy(x) = N*w(Nx). (5.9)

3In our (absence of) units.



105
By scaling it is easy to see from (B.1]) that
twy = Nlay. (5.10)

The rationale for the scaling in the GP limit can thus be rephrased by saying that the
scattering length of wy measures the strength of interactions. This number we want
to be of order N=! for a nice energy balance as in Section [L4 As per (5.I0) this is
clearly achieved by taking a fixed w and scaling as in (59).

To see that the cases § < 1 really correspond to a degenerate version of the GP
limit we state the

THEOREM 5.3 (Born series for the scattering length).
Let

wy(x) = N 1w(Nx)
with 0 < B < 1. Let Ly be the operator defined by

1

M@@z—wﬁA !

s [x —y]

dy.
. g(y)dy

Then the scattering length of wy satisfies, for any K € N

Gy = Siﬂ (/RSMN_Z/ L5 ) — /R ﬁﬁ—l(wN)> (1+ox(1).  (5.11)

CoMMENTS. This is considered folklore in the mathematical physics community,
based on the derivation of physics textbooks. See [52] Remarks after Theorem 1.1]
for more details. The Born series (.I1]) can also be obtained from an explicit repre-
sentation of the scattering length in terms of a resolvent, see [145] Definition 2 and
Appendix Al.

The rationale is that, when § < 1, the solution of the scattering equation associated
with wy converges to 1 uniformly. This gives the first term straightforwardly, which is
just N~! times the integral of w, i.e. the effective coupling constant we get in the NLS
limit discussed previously. More generally the k-th term in the series above is of order
N-ING-DE-D with our scaled interaction potential. O

A posteriori, the above result explains why we never saw the full scattering length
appear in the limits § < 1 considered before. The short-range correlations via the
scattering process may well be present, and lead to the scattering length being the
effective coupling constant. But its leading order when N — oo is just the integral of
the potential. Instead of checking whether our estimates are refined enough to capture
the corrections and see more terms of the Born series, we prefer to work in a regime
(the GP limit) where all terms in the series weigh the same. Approaches where more
terms of the Born series are captured for § < 1 are e.g. in [130] [52]. This requires a
discussion of another subleading correction, the Bogoliubov energy.
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5.2. Jastrow-Dyson trial states

In the previous section we defined the high-energy/short-range process that dictates
the pair correlations in our systems. Now we turn to the construction of trial states
that effectively incorporate those in order to modify the coupling constant from the
naive guess (integral of the unscaled potential) to the actual, smaller, value set by the
scattering length.

This is the first subtlety we encounter in dealing with the GP limit: one cannot
obtain the correct energy by just using factorized states of the form u®". Instead we
introduce the

DEFINITION 5.4 (Jastrow-Dyson trial states).
Let R > 0 be a given radius and u®Y a minimizer of the Gross-Pitaevskii func-
tional (LE0), under unit mass constraint. Let fry be the minimizer of the scattering
energy ([&.4) in the ball of radius R, associated with the potential wy = N?*w(N-).
Eztend it to 1 outside of B(0, R) and define

e The Jastrow trial state

N
\P}]\?S(Xl,...,XN) = CJaSHuGP(Xj) H fR,N(Xi —Xj) (512)
j=1 1<i<j<N
with cy.s a L? normalization constant.
e The Dyson trial state
N
U (xy, ... Xy —chSHuGP X; HFJ X1,...,X;) (5.13)

with cpys @ L? normalization constant and

Fi(x1,...,%j) == frN ( min _|x; —xk|> .

1<k<j—1
By convention F; = 1.

CoMMENTS. Trial states of the form (I2) originate in [95], 154] and are ubig-
uitous for they seem the most natural way to incorporate pair correlations, the next
simplest thing after an uncorrelated trial state. Proving rigorous bounds with them
is sometimes tricky however, which is why Dyson [97] came up with the more sub-
tle (513]). The physical interpretation of this function is that particles are inserted one
at a time in the trap, adapting their wave-function to the particles that are already
there. More specifically, they correlate with their nearest neighbor amongst the previ-
ously inserted particles. This does not capture all pair-correlations, but turns out to
be sufficient for leading order asymptotics.

In practice it is sufficient to take R > N~!, the range of the potential wy, by a
small amount. It could seem natural to impose R < N~/3, the typical inter-particle
distance, but that is not necessary, for the scattering solution quickly converges to 1
on length scales > N~! anyway. O
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The above trial states seem like good guesses for the true ground state of the system.
This is confirmed by evaluating their energies:

THEOREM 5.5 (Energy of Jastrow-Dyson trial states).
Take d = 3 and 3 = 1 in the many-body Hamiltonian (L32)-L37) and N™' < R < 1
in the previous definition. Then, in the limit N — oo,

(Wl | W5) < NESP(140(1))
(W HN|OR™) < NESP(1+ o(1))

with ESY the GP ground state energy, infimum of (L50). Consequently, the many-body
ground state energy for d = 3,5 =1 satisfies

E(N) < NE®P(1 4 o(1)). (5.14)

CoMMENTS. We do not try to control the error precisely, but this is certainly
doable, although one cannot hope for an optimal bound using only the trial states we
discussed. Rigorous estimates as above originate in [97], using the trial function (L.I3]).
This was improved and generalized much later in [204], [285]. Later still it was realized
that the trial function (B.12)) actually does the job, with somewhat simpler computa-
tions [209)], 227]. We shall sketch only this latter estimate, and remark that the Dyson
trial state giving the same energy as the more natural Jastrow one is remarkable, for
it contains only special correlations.

Before actually sketching a computation, we note that the Dyson trial state is not
an obviously valid trial state when magnetic fields are present, A # 0. Indeed (5.13)) is
not invariant under exchange of particles, thus it is not in our bosonic variational set.
Without magnetic fields this is of no concern: we are at liberty to use a non-symmetric
trial state, for Theorem 2.4 tells us that the bosonic ground state energy and absolute
ground state energy coincide. This is wrong for A # 0, as exemplified e.g. in [285].
However, the infimum of the many-body energy over trial states of the form

N
H uY () F(x1, ..., Xn)
j=1

with F' real-valued does coincide with the infimum over general real-valued F'. This is
proved in [285] Section 4.3] and allows us to use the Dyson trial state even when there
is a magnetic field. The point is that a real-valued F' does not really see the magnetic
field, so that one can extend Theorem 2.4] (following [201], Section 3.2.4] rather than
the proof sketch we provided). O

Proor. We sketch the calculation with the Jastrow trial state, which is clearly
bosonic. The details are in [227], Section 3.2]. As there we set A = 0 for simplicity
but the generalization is straightforward.
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We need the following facts about the scattering solution: there are constants
¢,C' > 0 such that

C C
— i .
Nl IV frn| < (5.15)

NIx[*
The upper bound fr y < 1 comes from the fact that, since A fgr y > 0 as per (.2)), frn
must take its maximum on the boundary. The lower bound ¢ < fg x is a consequence
of Harnack’s inequality.
For the other two bounds observe that, by scaling, fry(N ') must minimize the
scattering energy associated to w in the ball of radius RN. Thus, using (5.6),
fu(NX)
frn(X) = ===
fu(RN)
where f,, is the solution of the scattering solution for the unscaled w, in the full space.
The desired estimates then follow because f,, is a nice fixed function, to which one can
apply Theorem
The main point in the calculation is that the kinetic energy —A,, acting on the
trial state produces, in addition to the kinetic energy of ©“F and cross terms that one
can bound using (B.13]), the terms

\I,Jas 2
Z/SN |vXijk|2||f],\;|‘2
kit O R /

with fj, = frn(x; — xi). Grouping those with the interaction terms produces combi-
nations of the form

c< fry <1, fry(x) >1-—

|V f 2 |\Pg\?s|2 1 o \I,Jas 2
s F T + S =0 R
R3N |f]k“

1 as
< [ (9l Gt = 001l ) S 061 ) Pk

using frn < 1 and with

\I/Jas
\Pg\?s'k = v )
7 uC (x;)uCY (xk) fin [Lojp fie fre
which is independent of x; and x; and can be shown, using (B.15), to satisfy

H g\%?kHB(RS(N—@) =1+o0(1).

Hence the integration in x;, x; being independent from the rest, we obtain an effective
interaction energy term

[ (19l Gt = X0l ) 1 ) P G
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There is a separation of scales in the above, since the scattering solution lives over
a length scale ~ N~!' and u®" on the macroscopic length scale. This implies that
essentially the integral is located where x; ~ x;, and leads to it being asymptote to

(/RS IV frn|* + %wN|fR,N|2) (/RS |UGP|4> :

This is the desired quartic interaction energy of u“" and the prefactor is essentially
4N~ 'ra, because of (5.5). There are ~ N? such terms in the computation, summing
them leads to the correct GP interaction energy. All other terms can be estimated
similarly. 0

5.3. Bogoliubov-like trial states

Let us now discuss an alternative trial state, also giving the Gross-Pitaevskii energy
in the limit. The precise computation is rather trickier than what we saw in the
previous section, but it is also more systematic. The trial state indeed lends itself to
modifications allowing to capture also the next-to-leading order in the energy, given by
a modified Bogoliubov-like Hamiltonian (see Section for a brief discussion). This
remark only scratches the surface of new important developments in the field [36),
38, B9], namely the study of fluctuations around Bose-Einstein condensation and the
derivation of the Bogoliubov excitation spectrum in the GP limit (see also [51], 52,
[112]). We hint at these developments by discussing an alternative way of enforcing pair
correlations in a trial state. The rigorous application of this idea originates in [102].
We present two more recent, closely related, constructions in two subsections.

5.3.1. Take 1. The following discussion is a summary of [30, Appendix A]. The
trial state constructed there does not have a fixed particle number, i.e. it lives over the
Fock space (L23)) (see however [38], 39, [37), B6] for refinements). It is a trial state for

the second-quantized Hamiltonian

Hy =D Hyn: Hyn =) b+ > wn(xi—x;) (5.16)
j=1

1<i<j<n
with the one-particle Hamiltonian
h=(—iV + AP+ V.

Strictly speaking it thus does not give a variational upper bound to the N-body energy
we are concerned with. However, the state is very much concentrated around the N-
particles sector of Fock space, and such an upper bound could be obtained by either
projecting on the N-particle sector or considering modified energies as in Section

(VHy + C (N — N)* |T)
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where U is a normalized vector on the Fock space and N the particle number opera-
tor (L278). Adjusting C' as a function of N yields a ground state very much concen-
trated around particle number N, and this can be used to deduce an upper bound to
the N-body energy.

Basically we are trying to implement pair correlations by building a state whose
first and second density matrices ([L20]) are related by (identifying them with their
kernels)

I (x1, %05 y1,¥2) = (X1 — %2) fv(y1 — y2) IV (x05 y1) DV (%27 y2) (5.17)
with fy the solution of the scattering equation (IL41]) associated with wy. There are
two aspects to this equation:

e The state is uncorrelated on macroscopic length scales, because fy(x) ~ 1 for

x| > N~! thus
2 1 1
r® ~r{ or (5.18)
e.g. in the trace-class topology.
e On microscopic length scales, we recover the two-body scattering process. This

is a singular perturbation of (5.I8) that will show up in any norm involving
derivatives. In particular this will modify the kinetic energy drastically.

We will implement the two aspects separately by unitary Fock-space operators. We
use the notation of Section [L3]throughout. First, most particles will be in a condensed
state, generated using the

DEFINITION 5.6 (Weyl operators).
For v € L*(R%) let the associated Weyl operator

W) = eot =000 _ o=lula gt (1) —a(w) (5.19)
It is unitary with W(u)™* = W(u)* = W(—u) and generates a shift of creation and
annihilations operators:
W (u)"al (v)W () = a' (v) + (ulv)
W(u)*a(v)W(u) = a(v) + (v|u). (5.20)

You should compare with Definition .11 and in particular observe that a coherent
state is created by applying the Weyl operator to the vacuum vector

2 u®”
€(u) = eI — = W(u)|0) (5.21)
D
To create a coherent state with N particles in the normalized wave-function ¢ one

would apply W (\/N go) to the vacuum. This is the grand-canonical analogue of a
Bose-Einstein condensate. One easily computes from the CCR (L27]) that the expected
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number of particles is N, with a much smaller variance V/N:
(¢ (V) IV e (V) ) =
(¢ (VNe) |V = NP J¢ (V@) ) = . (5:22)

The strategy to generate correlations is to apply a Bogoliubov transformation to
the vacuum before applying the Weyl operator. We stay basic on that matter and refer

to [805L Chapter 9] and [21] for more details.

DEFINITION 5.7 (Bogoliubov transformation).
Let $ be a separable complex Hilbert space. A Bogoliubov transformation is a unitary

operator T on the Fock space §($) built from $ as in (L23) such that for all f € $
Ta' ()T =a"(Uf) +a(Vf) (5.23)

and a similar relation for annihilation operators, where U is a linear map and V an
antilinear ma[iﬁ on 5.

Because T is unitary, the rotated annihilation and creation operators Ta(f)T* and
Ta'(f)T* still satisfy the CCR ([LZT). This implies that the maps U,V are such that

the operator
vy
V U

CoMMENTS. We state a few “folkloric” facts about this concept, which might not
be exactly right but that you can bear in mind as basic rules of thumb (see [21], 236]
and references therein for more rigor).

The origin of this concept is in [41), B12] where it is used to explicitly diagonalize
Hamiltonians that are quadratic polynomials in creation and annihilation operators.
Any expression quadratic in a'(u), a(u) for u € $ can be cast in the standard, exactly
soluble, form

18 unitary on §) 9.

> cial(uy)a(u;)

where the u; form an orthonormal basis of £, by conjugation with a Bogoliubov trans-
formation. This is particularly useful in Bogoliubov’s approach of the imperfect Bose
gas. The main point is to transform expressions that have non particle number con-
serving contributions such as a'(u)a'(v) or a(u)a(v).

A closely related concept is that of quasi-free state (Definition B.11] below), meaning
a state that has its correlations in a standard “gaussian” form. This means that
the expectation in a quasi-free state of any monomial in annihilators/creators can be
explicitly computed from the expectations of monomials of order 2. In other words,
all the higher density matrices can be computed from the first one by an explicit

WAf+9) =AVf+Vyg
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formula known as the (quantum) Wick theorem. These particular states play a crucial,
ubiquitous role, for they exhaust all the Gibbs states

e BH

Doy = o
GH T Ty (e—8H)

of quadratic (non-interacting or weakly interacting, basically) Hamiltonians H. Here
B > 0 is an inverse temperature and I's  is a positive-temperature equilibrium, mini-
mizing a free energy (energy minus temperature X entropy).

In fact, there is an equivalence between quasi-free states, Bogoliubov transforma-
tions applied to the vacuum, and Gibbs states of quadratic Hamiltonians. O]

We shall use a well-chosen Bogoliubov transformation to define our trial state. Keep
in mind our last comments that Gibbs states of quadratic Hamiltonians and Bogoliubov
transformations are essentially the same.

DEFINITION 5.8 (Bogoliubov-like trial state).
Let uSY be a minimizer of the GP functional (LEQ), fy be the solution to the scattering
equation (LA) associated with wy. Define the correlation function

k(xy) = N(fv(x—y) = Du (x)u(y) (5.24)

and the associated Bogoliubov transformation

T :=exp (% //RS y <k:(x; y)aia; — k(x; y)axay) dXdy) (5.25)

with the creation and annihilation operators in configuration space as in (L28)). The
Bogoliubov trial state is

o = W (VNST) 7o) (5.26)
with W (-) the Weyl operator of Definition [5.8 and |0) the vacuum vector of the Fock

space (L23]).

COMMENTS. The action of the Bogoliubov transformation on creators/annihilators
can be explicitly computed [26]:

T*a(g)T = a(coshy g) + a' (sinhy g)
T*af (9)T = al (coshy, g) + a(sinhy g) (5.27)

with the operators (here the function k is identified with the operator of which it is
the convolution kernel and products are operator compositions)

1 —\n , 1 —n

This gives the maps U,V associated to T in Definition (7 See also [30, Chapter 5]
for more discussion.
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It is not entirely obvious why this construction implements the desired correlations
on top of a mostly Bose-condensed state. A tentative rationale is to interpret the oper-
ator being exponentiated in 7 as removing pairs of particles in the state u“F (x)u%F (y)
and replacing them by pairs in the state fy(x —y)uY (x)u®F(y). This enforces (5.17).
The exponentiation makes calculations tractable while keeping this essential building

block. O

We may now state the energy estimate obtained with the above. Again, it works
without fixing the particle number but there should be no difficulty in deducing an
upper bound on E(N) from thidd.

THEOREM 5.9 (Energy of a Bogoliubov-like trial state).
With the Fock-space Hamiltonian as in (GI8) and W2 as in the previous definition
we have

<\1/§°g|HN|\1/§°g> < NES* + O(VN). (5.29)

PrOOF. We present a very brief sketch. A less brief one can be found in [30]
Appendix A]. Supplemented with tools from [30, Chapter 5] and references therein, it
can be turned into a complete proof.

One starts by writing (5.10) using position creators/annihilators, as in (L30) and
neglecting the magnetic field for simplicity

H= al (—Ay + V(%)) axdx + // wy(x — y)alai,axaydxdy.

R4 Rd xRd

With a repeated use of (5.20)) and (5.27)) together with the CCR (L.28]) one can compute
TW (VNuS®) By W (VNuST) T

and put it into normal order, with annihilators on the right and creators on the left. In
view of the trial state’s definition one then needs to take the expectation of the above
in the vacuum vector

0) =160 .

After normal ordering, all terms that still contain annihilation or creation operators
will give a 0 expectation in the vacuum. Only the constants produced by the normal

°In [E2Z9) I have stated a O(v/N) remainder as in [30, Appendix A], but the constructed trial
state actually yields a O(1) remainder, which is optimal (see below).
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ordering survive and yield (after a lengthy computation)

N/ |VuST|? + / |V sinhy |2

+N/ V|uGP|2+/ V||sinhx||L2
R3 R3

1
+ - // wy (x — y) |(coshy | sinhy)|?
R3 xR3

//RS . Nuwy(x —y) ((sinhX | coshy ) uSF (x)u" (y) + c.c.)
N P 2 P 2
’ 2 //RsxRa Nuwy (x —y)[u x)*[u (v)] (5.30)

where the terms on the first line come from the kinetic energy, those on the second line
from the external potential and the rest from the interaction. We have denoted

coshy (z) := coshy(x;z), sinhy(z) := sinh;(x; z)

the integral kernels of the operators appearing in (0.28). Because of (B5.3]) one should

think that .

x —y|+ N1

k(x;y) ~
and thus approximate
coshy(z) ~ §(x — z), sinhy(z) ~ k(x;2), (5.31)

which allows to show that the second term of the second line of (5.30) is negligible.
All the action lies in combining the second term of the first line (contributed by the
kinetic energy) with the interaction to reconstruct the GP interaction energy.

Using (5.31]) repeatedly and neglecting derivatives falling on u“F (much less singular
that those acting on the scattering solution) one finds

/R Vs sinhy ||* = /R {sinhy | Ay sinhy)
N[0 TP ) (A7)

and there remains to use the scattering equation (5.2]) for fy (recall it is associated
with the scaled potential wy) and insert (5.31]) in the interaction terms of (5.30) to
obtain as recombination the effective interaction term

%// N*w(N(x = y)) fn(x = y) [ (x)PJu (y)

Observe now that as N — oo

N*w(N(x —y))fv(x—y) = Nw(N(x —y))f(N(x-y)) = (/ fw) 9
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and use (0.8)) to obtain the desired interaction energy. O

5.3.2. Take 2. A variant of the above construction is in [235]. It has the advan-
tages of working directly at fixed particle number, and to allow us to encounter other
tools of general interest, such as

DEFINITION 5.10 (The excitation map).
Let $ be a complex separable Hilbert space. Fiz some u € § and denote $* its or-
thogonal in . Uniquely write a generic N-particle bosonic vector ¥ € $H in the

manner
N

Uy = or Seym u® VP
=0

with bosonic k—particles vectors oy € Hi-. The map

U - Oy - TN (9
M Uy — @fcv:o Pk

s unitary from the N-particles space H to the truncated Fock space

N
FN (9 = Do
k=0

(5.32)

The definition is from [187]. The one-body state vector u is thought of as a reference
low-energy state in which most particles reside, the orthogonal Hilbert space then
represents excited states. The idea is that Uxy € $Hx is “close to” u®V if UyTUy €
F=V (H*) has a low particle number expectation.

We will use Uy (with v = u“F a GP minimizer) instead of the Weyl operator of
the previous section. It is then important to be able to conjugate typical Hamiltonians
with Uy, i.e. know the analogue of (B.20). We use the second quantized formula-
tion (L29)), and since Uy is unitary, it is sufficient to know how to conjugate a singleﬁ
annihilator /creator. Denote N’ the number operator of =V (Sﬁi). The rule is then

Uya (uUyy | =N — N+ (5.33)

and, for all v € H*
Uya' (U, = al(v). (5.34)
See [187, Section 4] for more details.

We construct a trial state by conjugating a mixed state on = (ﬁL) by Uy. The
rationale is that (a) if the latter has few excitations, then the conjugated state is
essentially (uST)®N and (b) if said particles are energetic enough, they modify the
Hamiltonian felt by the non-excited particles. Calculations are made tractable by
choosing an excited state of a special form (which we have alluded to already):

SWrite Unalally, = UnaUy,_\Un_1all};, note that Uy _1allyy = (Unat Ui _,)" ete...
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DEFINITION 5.11 (Quasi-free/gaussian states).
Let T' be a (mized) state on the Fock space F(9) of a separable Hilbert space $) with
finite particle number expectation ([L2H). It is said to be quasi-free if, for any monomial
in annihilation/creation operators (ag)lsjsgj the Wick rule

J
4 ¢ o i #
Tr <a1 . .ayF) = Z H Tr <%(2j71)ao(2j)>
=1

o j=
Tr (at{ . .agHr) ~0 (5.35)

holds, where the sum is over all pairings, i.e. permutations of the 2J indices such that
0(25 —1) <min{o(2j),0(25 + 1)} for all j.

CoMMENTS. The Wick rule is the quantum generalization of the rule for comput-
ing higher moments of a gaussian random variable as a function of its first moment,
whence the name “gaussian” states. The name “quasi-free” comes from the fact that
essentially any equilibrium of a weakly interacting Hamiltonian (i.e. quadratic in an-
nihilators/creators) is quasi-free.

The definition says that a quasi-free state is fully determined (because all its density
matrices are) by its one-body density matrix v : $ — $ and its pairing matrix « :
H — 9 defined by

(fIlg) = Tr (a’(g)a(f)T)

(flalg) = Tr (a'(9)a (£)T) (5.36)
for all f,g € $. We have encountered ~ before, this is just the one-particle reduced
density matrix (L22). The pairing matrix « looks at how I' couples different sectors
of Fock space (it is zero for states with fixed particle number). The funny convention

that o : $ — $ should not concern you too much, it is because one might prefer linear
to anti-linear operators (in contrast with the convention in Definition [(.7]). 0

Again, see [21], [305), 238] for a more complete discussion, in particular, for the
proof of the next lemma (Theorem 3.2 in [238], see also [187), Appendix A]).

LEMMA 5.12 (Quasi-free reduced density matrices).
Let v : 9 +— $ and a : $H — 9. There exists a unique mized quasi-free state with T’
these one-body and pairing density matrices if and only if
v>0, Try<oo, a=a"
and

(Z 117)2007153@5 (5.37)

Here we denote A = JAJ with J the complex conjugation. If (and only if ) moreover
ac® =~(1+ JyJ*) and ya = aJyJ*
then T is pure (a orthogonal projector).
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This suggests an appealing construction. First pick one-body and pairing density
matrices 7, a giving rise to the desired correlations (i.e. higher density matrices) via
the Wick rule (5:30). Check that they satisfy (5.37). Then there exists a state for
which one can calculate everything, with the desired correlations built-in. This leads
to the following

DEFINITION 5.13 (Bogoliubov-like trial state, again).
Let uSY be a GP minimizer and fn the zero-energy scattering solution from Theo-
rem [0 associated with wy(x) = N?w(Nx). Let k be the operator on L?(R3) with
integral kernel (cf Definition[2.8)
k(x,y) == u (x)N(1 — fn(x = y))u"(y) (5.38)

and Q be the orthogonal projector on $*, the orthogonal of span(u®?). Let
7= QKQ, a=QkQ

where k? is meant as an operator square. The above operators satisfy the requirements
of LemmaliId Let T be the unique associated quasi-free state on F(H) and

with N+ the number operator on F(H1).
The result, from [235], is

THEOREM 5.14 (Energy of a Bogoliubov-like trial state, again).
With T'x as in the previous definition we have

< Tr (HNFN)
- Tr FN
for a constant C' > 0 uniformly bounded in N.

E(N) < NE® +C (5.39)

CoOMMENTS. The trial state is mixed, but that is of no concern, the first inequality
holds because the energy is linear in the state I'v = |Un)(¥y|. Note that the order
of the remainder in the energy upper bound has been made explicit, and is in fact
optimal [3§].

Details of the calculation are lengthy, and shall not be reproduced. The point
is that everything is rather explicit: one must conjugate the original Hamiltonian
with Uy from Definition This is conveniently done using the second-quantized
expression (L29) and (5.33)- (5.34). There are cancellations because u“F satisfies the
GP variational equation, and almost-cancellations because I' has a bounded number of
particles (replace N — Nt ~» N each time it occurs.) Once this is done, what is left
is to compute the expectation of the conjugated Hamiltonian in I'. The latter being
quasi-free, with explicit one-body and pairing DMs, the Wick rule (5.38) takes care of
the computation.

Now, why (as opposed to how) does this work ? To answer this, recall the corre-
lations (B.I7) we want to enforce. In particular, to reduce the interaction energy we
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would like to have
T (%, y;%,y) = N2[uC (x)2[uC? (y) % fn (x — )| (5.40)

From the action of Uy and the Wick rule one can compute exactly for our trial state.
Let me mention only the salient points, which can be guessed by following (B.3]) and
replacing

a
Nlx|

Fr(x) ~1— (5.41)

wherever it occurs.
Heuristically (we neglect all occurrences of Q)

I (x,y;%,y) = N2[uC (x) 2[us? (y)[> + TP (x,y;x,¥)

= N?|uSP (x)P[uF (y)]? + v(x: x)v(ys y) + v (xy) P + |alx; y))?
~ N [uSP (x)?[uCF (y)|* + |a(x; y) |

The first line has simply the density matrix of the condensate plus that of I" on its right-
hand side. Normally there would be cross-terms, but we neglect them for the following
reasons. (a) «y is fairly regular and does not contribute to the leading order. (b) There
is a singularity in a, and hence |a(x;y)|? is typically much bigger that a(x;y). Thus
any linear term in «,~y does not contribute to the leading order. In the second line
we have expressed I'® using the Wick rule. The three terms are known as “direct”,
“exchange” and “pairing”. In the third line we use again that v is regular.
Inserting the expression for a we find

LY 0 yix,y) = N P () (1+ (1= fiv(x = y)°)
and if we use (5.41) we have that

2
a 2

1+(1—fN(X—Y))221+mﬁfN(X—Y)

as desired for (5.40). In the last approximation we use

(12

- NZ|x —y|?

a

1 I S
Nix —y|

— fn(x—y)* =~
The right-hand side is much smaller than the main terms for N|x — y| very small or
very large, and this is all we care about.

The above explains, I hope, how one can reproduce a Jastrow-like factor by using
quasi-free states with singular pairing density matrices. To obtain the final energy esti-
mates one must be careful that v and « are negligible against |a|? but their derivatives
are not: there are few excitations, but they are very energetic. Including their high
kinetic energy (due to them being dealing with short length scales) in the calculation
leads to the final estimate. OJ
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5.4. Dyson lemmas

In the previous two sections we have seen how to extract the scattering length from
suitable trial states, and thus obtain the GP energy as an upper bound to the true
ground state energy in the GP limit. It is much harder to obtain the GP energy as a
lower bound, i.e. prove that the trial states just constructed are optimal. This is indeed
tantamount to finding a universal way of extracting short-range pair correlations from
a generic wave-function, in order for the original interaction to combine neatly with
part of the kinetic energy and reproduce the two-body scattering process. Our weapon
of choice to achieve this originates in [97] and goes under the name of Dyson lemma.

The first version of the lemma bounds from below the kinetic and interaction en-
ergies with a possibly very singular potential in terms of a potential energy in a much
softer new potential.

LEMMA 5.15 (Dyson’s lemma).
Let w be as in Assumption [21, with finite range R,,. Let U : Rt +— R be a function

with
/ U(r)ridr = a,
R+

where a,, is the scattering length of w, as in Theorem[2.4. Assume that the support of
U is disjoint from that of w:

U(r) =0 for allr < R,,.

Then, for any differentiable f : R3 — C and any convex domain Q0 containing the

origin
2 1 2 2
[ (s juise) = [ (5.42)

COMMENTS. Again, you should think of f as describing the relative motion of a
pair of particles. The whole point is that when we apply this to a scaled or singular
potential (e.g. w ~» wy as in the ) with fixed integral, R, is typically very small and
hence w very large on its support. The (radial) function U we replace it with however
lives outside the small support of w. We still want to fix its integral, but that no
longer implies that U needs be very large on its support. Thus we have obtained a
lower bound in terms of a softer potential whose integral gives the scattering energy.

Indeed, as a 3D function
/ U =4na,.
R3

For an energy lower bound we can then think of the GP limit with potential wy(x) =
N2w(Nz) as a mean-field limit with the potential U. In practice we will not be at
liberty to take U as soft as we like, and the limit shall rather be a dilute one. U

Proor. We follow [203], Lemma 2.5]. Let first R > R, and, for all o on the unit
sphere S?, R(o) be the length of the radial segment starting at the origin and included
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in 2. We have that
1 R(o) 1
/ IVFI?+ swlf*) > f / 10, f(r, )2+ =w|f(r,0)|* ) r2drdo
Q 2 oceS? Jo 2

and we bound the integral over each radial segment at fixed ¢ in the manner

R(o) , 1 N 0if R(o) < R
[ (ar0 + gulste o) a2 {aw|f<R, o) it R(o) > R.

Indeed, in the first case there is nothing to prove, for the integrand is non-negative. In
the second case, since the scattering problems considered in Theorem have radial
solutions, we can bound from below by the ground state energy of (47)~! times (5.4)),
with Dirichlet boundary condition f(R,c). By calculations similar to those in the
proof of Theorem [£.2] we obtain that for R(c) > R > R,, this lower bound is exactly
as in the right-hand side of the above.

Thus we have proved that, for any R > R,

[ (19724 50l) 2 aulf(R o) PLaysnde
Q o€eS?

Let now U = Ua,, with U as in the statement. Multiplying the above by U(R) and
integrating with respect to R2dR proves the lemma (the left-hand side does not depend
on R). O

The previous lemma will not suffice for all our applications. A major drawback is
that it gives away all the kinetic energy to obtain a lower bound on the interaction.
One might fear that it thus also sacrifices the kinetic energy due to the gas’ density
varying at the macroscopic scale of the full system, which should however enter the final
energy. Sometimes this is harmless: if the system is homogeneous for instance, there is
no macroscopic kinetic energy to be recovered. Sometimes (see Section below) one
can get away by applying Lemma after having extracted the macroscopic kinetic
energy by some neat trick.

In the general case however, since interactions happen on a short length scale, only
the high-frequency part of the kinetic energy should be used to control the scattering
process. The low-frequency part should be left untouched and used to reconstruct the
macroscopic variations of the density profile. The next lemma, from [202], does just

thatfl. Other variants are in [188], 294].

LEMMA 5.16 (Generalized Dyson lemma).
Let x : Rt — R be a smooth function with 0 < x < 1, x(r) = 0 for r < 1 and
x(r) =1 forr > 2. Define
Xx () == x(Kx)
7Originadly it was introduced to deal with the low-density unpolarized Fermi gas. There the

density does not vary on the macroscopic scale, but the kinetic energy of the free system is non-trivial
(Pauli principle, Fermi sphere ...) and has to be recovered.
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and let xx(p)(—=A)xk (p) denote the operator acting as the multiplication by xx (p)?|p|?
in the Fourier domain:

vie(p) (= A)xxc () = F* (xuc(p)p () )

Let U : RY +— RT be as in the previous lemma, with in addition U(r) = 0 for some
R > R,,. For any e > 0 we have that

1
Xk (P)(=A)xk (p) + Juw(z) 2 (1 —)U - C
In fact, for any differentiable function f,

/x|§R Xk (P)V I + %w(xﬂf\Q > /RS ((1 — &)U — CM) ]2 (5.44)

3

A, R?K°

: (5.43)

where Xk (p)V acts as —ixx(p)p- on the Fourier side.

COMMENTS. The proof is a variation on that we just discussed, which is the case
x = 1. See [202] for details. The remaining kinetic energy is (1 —x%(p))(—A), so if we
take K — oo we have indeed consumed only its high-frequency part to reconstruct the
scattering length via the integral of U. In applications one can afford to take K — oo
(and e — 0) at the very end of the proof, which is a quite strong indication of the
separation of scales at work in the problem.

In applications, a,, o< N~! will be a small number in the limit N — oo. The range
R, o< N1 is also very small. What we want to do is replace w with a softer potential
U with fixed integral, which is possible if we can take R much larger than R,. We also
want to take the frequency cut-off K to be large. The lemma tells us how to tune R
and K in order to make an affordable error. 0

Next we turn to applying the above lemmas to the many-body problem. Let us
start with a consequence of Lemma [5.15]

COROLLARY 5.17 (Dyson’s lower bound to the full Hamiltonian).
Consider the many-body Hamiltonian (L32)), possibly restricted to a finite domain, and
with wy > 0. Let
t; :=min{|x; — x4, 1 <k <N,k #j}
be the distance from x; to its nearest neighbor.
Let U be associated to wy as in Lemmal 213 Then, as operators,

Hy > U(t;). (5.45)

PROOF. By the diamagnetic inequality [196, Theorem 7.21] we can assume for this
lower bound that the magnetic field is 0. We also drop the one-body term. Consider
then the part acting on the first particle,

1
—Ay, + 5 Z wy (X1 — X;).

1<j<N
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Split the domain (R or a finite region) into Voronoi cells (V; is the set where x; is
closer to x;, than to any other point in the collection)

Vi = {t1 = |x1 — xx|}.

These are convex sets and we may thus apply Lemma [5.15 in them, with x; playing
the role of the origin. This yields, for any N-particle wave-function ¥y

1
Va4 3wl x) P 2 [ UGt e
Vi 2 £ Vi
1<j<N k
where we use wy > 0 to keep only the contribution of wy(x; — xx) in Vj. Adding the
contribution of all Voronoi cells, and then the parts acting on particles 2,... N we get

the statement. O

A drawback of the above, besides that we have used all the kinetic energy, is that the
bound from below is in terms of a nearest neighbor potential instead of a genuine pair
interaction. This can be handled in the dilute regime, for three-particles encounters
are rare anyway.

Next, Lemma [(.16] leads to

COROLLARY 5.18 (Generalized Dyson lower bound).
Consider the many-body Hamiltonian ([L32), in GP scaling wy(x) = N?*w(Nx), with
w satisfying Assumption [51

Let R > 2N~'R,, and Ug be associated to wy via Lemma 5108, with Ug(r) = 0 if
N7'R, <r < R. Let xx also be as in Lemmal518. Then, for all e >0 and K > 0

Hy 2 3 (e, — (1= 2 lp) (2 (o) + (1= )W — 0T (545

with
Wi (X1, Xn) 1= Z Ur(x; — x;) H Oar (X — x¢)
i#j k#i,j
with ©or a radial smoothened Heaviside step-function:
0< 0O <1, O9r(r)=0 forr <2R, ©Osr=1 forr>4R.
Moreover,
Wy > Ur(xi—%;) — > Un(xi—x;) (1 — Oar(x; — x1)). (5.47)
i#j ktijzk
PrOOF. We work on the part of the Hamiltonian acting on x;. Consider fixing

Xg, ..., Xy € R? with [x; — x;| > 2R for all j = 2...N. Then there can only be one
such point at a time with |x; — x;| < R. Therefore, for any function 1 of x;

1 N N
[ o0 Va3 > st 2 3 [
R =2 =2 |

x1—X;|<R

1
|Vx11/f\2+§wN(X1—Xj)|1/1\2-
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Applying Lemma [5.16 and integrating over the set [x; —x;| > 2R for all j =2... N
we find, for any L? normalized function Wy of the N coordinates

N
1
Jo PVl 5D =

CN2R2K5
1—5/ ZURX1—X] H Oor(Xj — Xg) — ———

€
J<2<N 2<k#£j<N

Multiplying by (1 — ¢) and adding the contributions of the part of the Hamiltonian
acting on the N — 1 other particles leads to

Z (1 = e)xr(P)(—Ax )xx(Ps)) +
1—5 (ZUR —Xj) H GQR(Xj_Xk;)> —C@
i ki

To conclude we note that
[T ©or(x —x) = J] (1 = (1= ©anla; = x))) = 1= > (1 — Oarlx; — x4))
k,j#i k,j#i k,j#i

because, for any choice of numbers 0 <s; <1,j =1...J we have

J J
Mo-s=1-3s
j=1 j=1
which can be proven by induction over J. U

Combining (5.46]) and (5.47) we have a lower bound with an unwanted three-body
term

Y Unlxi = %) (1= Oan(x; — x4)) -
kit Ak
But the summand is non-zero only for |x; —x;| < R and |x; —x;| < 4R, i.e. when three
particles are at distance < R from one another. To discard this term we shall choose
R < N~1/3_the typical inter-particle distance, and the latter event will intuitively have
very small probability. Proving it rigorously is not quite easy however. Having to choose
R < N~'/3 means bounding from below the Gross-Pitaevskii scaling Hamiltonian by
a new Hamiltonian with dilute scaling: we cannot quite soften the potential as much
as we would like to.
It will turn out useful to recall (B40]), even though the combination with (5.47)
is simpler. The reason is that in (5.46) we keep memory of the fact that the original
interaction was positive, an information which is lost in (£.47).
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5.5. Thermodynamic energy of the homogeneous dilute gas

We start our study of GP limits of bosonic ground states by considering the case
of a homogeneous gas in a cubic box, that is the one-body potential is set to 0 and the
Euclidean space R is replaced by AV where A is a cube of side length L. The reason
this is simpler is that we do not have to worry about a non-trivial macroscopic density
profile: the minimizer of the GP energy functional is the constant function. For later
purposes (and mostly because this is an important result in itself) we shall however be
concerned with bounds whose error terms are uniform in the side length L of the box,
provided the total density o = N/L? satisfies the diluteness condition

0a’ L 1 (5.48)

where a is the scattering length of the interaction (which you may think of as setting
its effective range).

In other words, we are interested in the thermodynamic limit of the energy, and
want to be able to take this limit before we eventually play with the potential or the
particle number/density to achieve (0.48):

THEOREM 5.19 (Energy of the homogeneous dilute Bose gas).

Consider
N
Hy = Z —Ay; + Z we(x; — x;)
j=1

1<i<j<N

acting on Lzym(AN), A = [0, L]* with periodic boundary conditions. Here
we(x) = a *w(a 'x)

with w fived satisfying Assumption[51 (hence w, has scattering length a). Let E(N, L)

be the lowest eigenvalue of this operator, fix the density o = NL™3 and define

E(N,L)

e(p) == Nvl%r_r)loo I (5.49)
the energy density in the thermodynamic limit.
In the limit pa® — 0 we have
e(o) = 4map(1l + o(1)). (5.50)
More precisely, for any N, L large enough, the lower bound
% > 4moa (1 —o(1)) (5.51)

holds, where the o(1) goes to zero when Na*L™3 — 0.

COMMENTS. An energy upper bound was derived in [97], but the corresponding
lower bound was proved only some 40 year later [221]. More explicit estimates of the
error terms than what we state are known, and an upper bound matching (.51]). All of
this is already reviewed in [203] and we do not give further details. Note that one can
achieve the dilute limit either by scaling the potential with some a — 0 or by lowering
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the density o — 0. The latter ways is usually preferred physically: one considers the
potential as given by the physics, and the density as the adjustable parameter.

The reason we emphasize the lower bound in (&.5]]) is that it will be used in the next
section, when we deal with the inhomogeneous gas via local density approximation. []

We do not comment on the energy upper bound, whose proof resembles that
sketched in Section A noteworthy difference is that one has to use Dyson’s trial
state instead of Jastrow’s to handle the thermodynamic limit. The excluded volume
induced by including all pair correlations in the Jastrow state would be too large when
taking the thermodynamic limit first.

We focus on sketching the proof of (B.5]l), referring to [203] for a more detailed
exposition and references to original sources. Generalizations are in [167, 319, 222]
Without any further comment we always ignore bosonic symmetry in this section, as
per Theorem 2.4l

The proof works in two steps that we present as two lemmas:

LEMMA 5.20 (Energy in a small box).
Assume that L < C(a0?)™Y° for a sufficiently small constant C > 0. We have for any
O<e<land R< L/2,

E(N, L) 2R\* AT o 4 a )
0 s drap(l—e) (1- 22 (1+ (R —
N 2 mao(l — ) < 7 ) < + 3 (R°—a’R;)

3 alN
8 (1 T 7 (R — @R3) (nel 2 — 4aL3N(N — 1))) - (5:52)

COMMENTS. Here you should really think that a and ¢ are of order 1 (they are
in the thermodynamic limit, and one of them is taken to 0 only afterwards). The
condition L < C(ag?)~'/® is necessary for the denominator in the last factor to be
non-negative, for aL *N(N — 1) is essentially al?o?.

The rationale behind this expression is that we apply Corollary .17 with

e for aR, <r < R
Ur(r) = {3(R3<aRw>3> rora "

0 otherwise,

the (appropriately normalized) indicator function of an annulus with inner radius the
range of the interaction potential w, (as required in Lemma [5.15) and an outer radius
we are free to choose. The result is that we need to bound from below

E(N,L) > /AN Z U(t;)| Wy

If we could replace the true interacting ground state Wy by the (normalized) constant
wave-function (true ground state of the non-interacting problem) in the above, we
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would get as lower bound

2R\’ N
E(N,L) > 4map <1 — T) (1 + §<R —a Rw)) (5.53)
without any further correction, and we would be in extremely good shape. The extra
correcting factors come about when coping with the replacement Wy ~~ non-interacting
ground state.

Let us explain where (5.53) comes from. We bound from below

a
Ur(ty) > 3 (o )3)_111xleAL_2R]13kz2,aRws\xk—x1|§R (5.54)

where x; is in the subcube at least at distance 2R from the boundary of the original
cube. We integrate this first in xs, ..., Xxy. We have made sure that the ball of radius R
around x; always fits in the box so we have to estimate the probability (in the constant
wave-function) that there is a point within the annulus r € [aR,,, R] centered on x;:

P(3k>2,aR, <|xx —x1| < R)=1-P(Vk > 2, |x; — x1| < aR, or |x; —x1| > R)

=1—P(|xs —x1| < aR, or |x3 —x;| > RN

- (1 TR (aRw>3)) 7
> 1 !
= 14+ (N =125 (R — (aRw)?)

3L3

using (1 — )" < (14 Nz)~! for 0 < z <1 (prove by induction on N). Insert in (5.54)
to estimate the x,,...,xy integration, obtain a factor L3(1 — 2R/L)? from the x;
integration over the subcube, multiply by /N for the contribution of the other particles.
This gives (B.53]).

We have not explained how one can afford to estimate using the constant function,
minimizing the kinetic energy. The intuition is simple: the gap in kinetic energy (in
the spectrum of —A restricted to the box) above the constant wave-function is ~ L2
(cost for putting one particle in a non-constant wave-function). If the cube is small
enough, this is larger than the typical interaction energy, and one can use perturbation
theory to control the discrepancy between the constant wave-function and the true,
interacting one. We do not give details: one uses Temple’s inequality, and the error
is encoded in the last factor of the second line of (5.52). Note however that this can
clearly work only in a very small cube, with the constraint that it still be much larger
than the scattering length and range of the potential (physically this is what sets the
length scale over which the ground state varies). 0

Clearly we cannot take the thermodynamic limit using only Lemma (.20l Nor can
we fix the size of the box and take the GP limit @ = N~! — 0. The next step is thus
to split a big box into many sub-boxes where one can apply (5.52)) efficiently. We use
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LEMMA 5.21 (Cell method).
Let ¢ < L such that L/l is an integer. Then

3
E(N,L) > min {Z cnE(n, 0) | e, > O,ch = %,chn = N} . (5.55)

n>0 n>0 n>0
PROOF. Split A = [0, L}® into J cubes (cells) A;,j = 1...J of side-length ¢. Then
AN = Upy o AT X XA
with Z;}:lnj = N and the union is disjoint. Denote generically « the multi-index
(n1,...,ny) and
AN = AT XX AT

Then, with Wy the ground-state wave-function, Xy = (x1,...,Xy), and W denoting
the full interaction

GRS o) I NENRUTNG

> min F(AY) Z/ W |? = min E(AY)
« > Aé\f «

where we denoted E(AY) the lowest eigenvalue of our N-body Schrodinger operator
restricted to AY (with no boundary conditions, hence Neumann boundary conditions,
and no bosonic symmetry). Since the interaction potential is non-negative, on AY,

—AXN>Z —Ax;, +— Z We(Xp — X¢)

Xk ;éxg GXJ'

with X; denoting the n; coordinates in A; and we dropped the interaction across cells.

Hence
J
N
E(A)) > E (n;j,0)
and we reorganize the sum

J
E(AY) > Z cnE(n, )
n=1
where ¢, is the number of cells A; containing exactly n particles (i.e. having n; = n).
Certainly these numbers satisfy the constraints stated in (B.53]), for the total number
of particles is always N and the total volume occupied by the cells, " ¢, ¢* must equal
the volume of the big cube. OJ

The advantage is that we are now free to choose the size of the cell in which we
apply (5.52). Roughly, what we want is

a< R< o P <t < (pa)™/?
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for the Dyson potential to have a range much larger than the scattering length, but
still correspond to a dilute interaction; for each cell to contain a macroscopic number
of particles, and for the gap of the kinetic energy in each cell to control the typical
interaction energy within the cell. There is bit of fine tuning to be done here, the
details of which we do not provide.

Note however that to apply Lemma [£.20] with a good error term in the small boxes
of side length ¢, we have to make sure that essentially n ~ of3 for the configuration
minimizing the right-hand side of (B.50), where g is the density in the big box. This
is not for free, but can be (approximately) guaranteed using the subadditivity of the
ground state energy.

5.6. Local density approximation method

The estimates of the previous section are the basic input to the first derivation
of Gross-Pitaevskii ground states that we present, which is also [204], 199] the first
to have been obtained. This will work only in the absence of magnetic fields, for
the method ignores bosonic symmetry (see [285] for an application of the method to
systems with magnetic fields but no bosonic symmetry).

Now we know that

e(o) ~ 4mag

for the ground state energy density of an infinitely extended homogeneous Bose gas
with density ¢ and scattering length a. The GP functional for an inhomogeneous Bose
gas can then be seen as a local density approximation (LDA)

EP ] ~ /11@3 (|Vu\2 + V\u\Q) + /}R3 lu(x)|%e (|u(x)\2) dx.

In the first term we isolate the macroscopic kinetic energy and trapping energy, re-
sponsible for the overall profile of the gas. In the second term we approximate the
interaction energy using the energy of the homogeneous gas locally in space, obtaining
an energy density o(x)e(o(x)).

Two remarks are in order:

e This is more subtle than it looks, for the energy of the homogeneous gas uses
somd] kinetic energy. As we understood previously, this is a high-frequency
component, and we have to understand how it decouples from the rest.

e Such an approximation is most relevant if the gas is dilute, i.e. > 1/3 in
our convention. Then one can neglect the non-local nature of the original
interaction and make the LDA work.

As for the second point, we leave it to the reader to check that, indeed, the proof
of the theorem below could also be used to treat the dilute regime, without magnetic

8When the interaction is a hard-core, it is even only made of kinetic energy.
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field. These considerations lead us again to the Gross-Pitaevskii energy functional

ECPI] = / (IVul + Vul?) +47mw/ |u(x)|*dx
R3 R3
with a, the scattering length of the unscaled interaction potential w.

THEOREM 5.22 (Gross-Pitaevskii limit, first statement).
Let Hy be the many-body Hamiltonian (L32) in GP scaling,

wy(x) = N*w(Nx)

with w fized, satisfying Assumption [51 and with scattering length a (cf Theorem[2.3).
Assume [BI2) and that there is no magnetic field, A = 0 in (L32). We have, in the
N — oo limit,

Convergence of the energy:

Convergence of reduced density matrices: let FS@’, k > 0 be the reduced density
matrices of a many-body ground state Wy and u = u®Y the (unique) Gross-Pitacvskii
minimizer (cf Section) We have

N -1
(}) %= ke

strongly in trace-class norm. Let MF stand for NLS in Theorem[I.4)

SKETCH OF PROOF. Again, a more complete proof is already reviewed in [203].
This combines tools from [204] (energy convergence) and [199), (206, 208] (convergence
of states). See also [205] for the 2D case.

The energy upper bound is derived as in Section We turn to the

Energy lower bound. We shall rely on Lemma [5.15] and since we now deal with
an inhomogeneous gas it is important to first extract the kinetic energy of the Gross-
Pitaevskii minimizer. Take a normalized ground-state wave-function and write it as

N
Un(xg,...,Xy) = HUGP<Xj)F<X1,...,XN) (5.56)

j=1
where 1" is the GP minimizer (without magnetic field, it is unique, and can be chosen

strictly positive). Note that for three functions related by ¥ = UF, partial integration
gives

/|W|2:/|U|2|VF|2+|F|2|VU|2+2/UFVU-VF:/|U|2|VF|2—/|F|2AU.
From the GP variational equation

—AUGP+VUGP+87T(I|UGP|QUGP _ (EGP+47T0,/ |UGP|4) UGP (557)
Rd
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and the above identityﬁ we get
(Un|Hy|Uy) = NECY + 47raN/ [uSP[* + Q(F) (5.58)
Rd

with the quadratic form

N N
ar)=3" [ T el <|vij|2 — 8malu () PIF + 5 S wixi - xj>|F|2> .
j=1 VRN Ly oy
Now the rationale is that the weights ’uGP(xj)’2 vary over a much larger length scale
than the content of the big parenthesis above, for we have gotten rid of the external
potential V' that sets the GP length scale. Thus, locally in space, F' will look like the
minimizing configuration of the homogeneous Bose gas and then, roughly

1
Vi, FI” + 5 Zw(xi —x;)|F|? ~ 4raN % py(x;)?
i#j
where py is the marginal density of a single particle

pn(x) =N W n (X, X, ..., Xn)[2dxy . .. dxy.
R3(N-1)
Indeed we have seen in the previous section that the energy density of the homogeneous
gas is 4map and we have to apply this with our potential that has scattering length
a/N. If we can justify the above local density approximation, then we find

QP = > dma [ (Vo) = 2N ) )

N
> — Z47m u (x;)|* = —4maN [ |u®P|*

by completing the square. Inserting in (B.58) completes the lower bound.

To make the above rigorous, one applies a variant of the cell method of Lemma [5.21]
to the quadratic form Q(F'), reducing to this functional with variables in small
boxes [298, Appendix B]. In these one can approximate |u“"|? by a constant (from
elliptic PDE techniques the smoothness and decay at infinity of u“F are under control),
in which case bounding ) from below reduces to applying (G.51). One needs to ensure
there are sufficiently many particles in each box to do that, but that can be proven to
be the case, at least in a configuration optimizing the distribution of particles amongst
the cells.

Convergence of states. Since the Gross-Pitaevskii minimizer is unique, it is sufficient
to prove convergence of the first reduced density matrix, as explained at the end of

9This trick is extensively used when studying vortex patterns in Ginzburg-Landau and Gross-
Pitaevskii theory [3], [79]. In this context it originates in [166].
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Section Roughly, a detailed inspection of the proof of energy convergence shows
that all the kinetic energy used to control the scattering process is contained in small
sets close to particle encounters. Thus we expect that F' (defined in (5.56) by extracting
the GP profile from the ground state) is almost constant.

In the approach of [199] (see [287] for a variant) this is proved by considering the
auxiliary function

‘I’(X, XNfl)
Joe X = Zortg
where Xy_1 = (X2,...,Xy). Because we have extracted from W(x,Xy_;) the GP

profile, the kinetic energy of f is located where x is close to one of the points in Xy _.
Hence V. f is small in L? sense outside of a set of small measure. Using a Poincaré
inequality one can hence hope to control the deviation of f from its mean. A special
inequality [208] is needed because the set outside of which we control the gradient can
be irregular and disconnected. If we accept that f(x,Xy_1) is roughly constant in x
we find (u“F and Uy are real-valued)

1

3 (a1 = [ (0u ()W X Wiy Xov- o)y X

- / P (1 () F (6, Xov1) £y X1 )dxdydX y_y
~ / P () PSP () £ (o, Xy )Py dX oy

= [Py [ oy Paxy = 1

which implies
e P (

in operator norm, and hence in trace norm because the limit is rank one. O

5.7. Coherent states/de Finetti method reloaded

In the previous section we have derived GP ground states from many-body quantum
mechanics with a special method (local density approximation) based on the diluteness
of the gas. Now we connect to more general methods, namely those of Sections
and B.3 We have already explained in Chapter [l how to extend these approaches
to the dilute regime. The Dyson lemmas of Section [5.4] will turn the GP limit into a
“dilute regime plus extra error terms”, and what we need now is explain how to control
those error terms, mostly due to spurious three-body terms from the application of
Lemma 516 Unlike the previous two sections, we keep track of bosonic symmetry all
along, and thus provide a derivation that works even when external magnetic fields are
turned on. Recall the expression of the Gross-Pitaevskii energy functional

EP ) = /RB (|(—iV + A) uf* + Vul?) + 4ra /RB lu(x)|*dx
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THEOREM 5.23 (Gross-Pitaevskii limit, full statement).
Let Hy be the many-body Hamiltonian (L32) in GP scaling,

wy(x) = N*w(Nx)

with w fized, satisfying Assumption [Z1 and with scattering length a. Assume ([B12)
and [E22). We have, in the limit N — +o0:

Convergence of the energy:
E(N)

— ECP,
N

Convergence of reduced density matrices: let Fg{;), k > 0 be the reduced density
matrices of a many-body ground state V. There exists a Borel probability measure p
on MSF (the set of Gross-Pitaevskii ground states) such that, along a subsequence,

N —1
(3) ¥ [ )
l{? MGP

strongly in trace-class norm.

We are mostly after an efficient lower bound to the ground state energy. The idea
is to use Corollary to turn the GP limit in a dilute limit with a potential whose
integral encodes the scattering length, and which is in a scaling R ~ N7 > N~2/3,
This permits the use of the methods of Chapter dl on this problem. We will have to
discard unwanted terms from the Dyson-like lower bound and, as hinted at at the end
of Section [5.4] this requires tacking R ~ N=# < N='/3 i.e. we cannot reduce the GP
singularity all the way down to a mean-field one.

For convenience we always assume (£I8) in the rest of this section, as we did in
Section .3l This can be bypassed by ad-hoc arguments, see the original references we
will cite.

5.7.1. Take 1. Let us explain first how the three body term in (547) is dealt with
in [200]. Applying Corollary we find that the energy is bounded from below as

b N2R2K5
E(N) > E(N) — CN?* (U n|Ug(x; — X3) (1 — Op(xs — x3)) [Uy) — C’f
(5.59)
where EPY*(N) is the lowest eigenvalue of the “Dyson Hamiltonian”
N
S (e, — (1= i) (=D )xcD) + (1= 2 S Unxi = %) (5.60)
j=1 i#]

acting on bosonic functions and ¥y is any ground state of the original Hamiltonian
Hy. The new potential Uy has integral 4mraN~! and a range R which will play the
role of N~ in the notation of the rest of the notes. The point of the Dyson lemma is
that R > N~! ie. we have turned the GP limit in a dilute one.
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An adaptation of the methods of Chapter [ yields the lower bound

Dys
lim inf lim inf lim inf L(N)
K—oo e—0 N—=oo N

> EGP

provided R >> N~%/3 (which is 3 < 2/3 in the notation of the rest of the notes, the
range of applicability of Theorems 1] and [£.6). We do not comment about how the
limits ¢ — 0 and K — oo are disposed of. This is in any event much simpler than what
we discussed so far, and we can afford to take these limits after N — oo. Observe then
that the last term in (5.59) is o(IN) provided R < N~'/2 certainly compatible with
R> N~%3,

The crucial point is now to control the second term of (B.59) and prove it is o( V)
provided R is not too large. The key lemma is

LEMMA 5.24 (Three particle expectations in ground states).
Let Py be the orthogonal projector onto the ground eigenspace of Hy. Let & : RY
R* be an arbitrary positive function, identified with the corresponding multiplication
operator on the three-body space L*(R?) . Then, for any a > 0

Tr (£(x1, X9, Xx3)Py) <

Ca~%? sup ( f(xl,XQ,Xg)dXQdX;g) exp (aE(N —3)— E(N)). (5.61)
x1€R3 RS

CoMMENTS. We do not discuss the proof of the above, which heavily relies on
path integrals ideas (the Trotter and the Feynman-Kac-1t6 formulas). It can be found
in [200, Lemma 2]. The reason why we get Py instead of |¥ ) (¥ y| for a single ground
state in the right-hand side of (B.61]) is that one starts from estimates in positive
temperature equilibria of Hpy, and then lets the temperature go to zero. The Gibbs
state then converges to Py (all ground states are equally likely in this limit). Of course
if the ground state is unique, this is irrelevant.

The original inequality uses the heat kernel at time (or inverse temperature) « of
(V' being the one-body potential in Hy)

3
hg = Z (—ij + V(Xj)) s
j=1

whose kernel we identify with e=*"2. Then the first term (involving &) in the right-hand
side of (B.61)) is replaced by A,, the operator norm of the map L*(R?) — L?(R%) whose
integral kernel is

Kog (X;Y) 1= /€ (X) (7" (X5Y)) VE(Y)
Thus A, is in fact the norm of the heat flow
Oyug = haus

-1
at time o (whose Green function is e=®"3), seen as an operator from L*(R?, \/£(X) dx)
to itself.
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To see that the lemma we stated follows from this original formulation, observe
that the Feynman-Kac-Trotter formula [301] implies (similarly as in the discussion
around (Z3))) that for V>0

e~ hs (X1,X2,X3; Y17Y27Y3) < ka(Xl; Y1)ka(X2; Y2)7€a(X3; Y3)

with k, the heat kernel at time « of the free Laplacian on R?. The latter is explicitly
known (Z4), but we only use that k. (x;y) < Ca~%/2. Inserting in the above we find

/ FX) K e (X Y) f(Y)dYdx| < Ca¥2 / Fe() k(3 ) | Fe(y ) [dedy
X, YcRY x,y€R3

with

Fe(x) ::/ . f(x,x2,%3)V/ (X, Xg, X3).

But the heat kernel k, is bounded from L? to L?, with bound 1, so

/XY RO mKaf (X;Y) f(Y)dYdx

< 004_6/2/ (/f(Xth,Xs)dX2dX3) (/ f2(X1,X2,X3)dX2dX3) dx;

where we used Cauchy-Schwarz to bound F¢ from above pointwise. This being so for
any f € L*(R?) proves that

SCOF(W/ Fe(x)*dx
R3

Ao < Ca™%? sup §(x1, Xa, X3)dxodx3,
x1€R3 JR6

as used in (B.6T]). O

To conclude the proof of the energy lower bound, one first has to ensure that
E(N —3) — E(N), which appears in the right-hand side of (5.61]), stays finite when
N — oo. This is intuitively true (this is the energy gain for removing three particles
from the system). An efficient a priori bound is not obvious but can be circumvented
by appropriate arguments that we do not reproduce. Let us thus assume that E(N —
3) — E(N) is bounded independently of N and see how the above lemma allows to
dispose of the three-body term in (5.59).

Averaging (B.59) with respect to |V ) (W y| we can freely replace

(Un|Ur(x1 = X2) (1 = Oap(x2 — x3)) [Vy)
by
Tr (UR(X1 - XQ) (1 - @QR(XQ - Xg)) PN) s
which is, in view of the above, bounded by a constant (depending on a > 0) times
Sllp/ UR(Xl — Xg) (1 — @2R(X2 — Xg)) ngdX3 S CRBNil.
x1 JR6

Here we performed first the integral in x5 to obtain the factor R? (independently of
X1,X3), then the integral in x5, using that fR3 Ug is bounded by N1,
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Thus the second term in ([5.59) is bounded by CN?R? < N if we choose R < N~/3,
the typical inter-particle distance. We are at liberty to do so, for this is compatible
with the requirement 8 < 2/3 in Chapter @l Hence our sketch of the energy lower
bound is complete.

To deduce convergence of density matrices, one can apply all this machinery to
a perturbed Hamiltonian and use a Feynman-Hellmann argument as mentioned in
Section This is a bit long and strictly speaking has been considered only for the
first density matrix, see [200]. The convergence of density matrices is more transparent
with the de Finetti method, as we shall discuss at the end of the next section.

5.7.2. Take 2. Our second way of dealing with the three-body term is taken
from [240]. We replace (5.59) by
N?R?K?

E(N) > E(N) — O (5.62)

where EYY*(N) is the lowest eigenvalue of the “Dyson Hamiltonian”
N N
Hy =Y (hx, = (1= &)xx(pj)(—Ax,) Xk (D))
j=1

+ (1 — 8)2 Z UR(Xi — Xj) H @2R(Xj — Xk) (563)
i#] k#i,j
acting on bosonic functions. Compared with the previous section we have not yet
used (0.47). We do it now:

Ey(N) > Ey”(N) — CN* <\T/N|UR(X1 —%3) (1 — Oan(x2 — x3)) |\T/N> (5.64)

where EPY*(N) is the lowest eigenvalue of (5.60) and ¥y a ground state of (5.63). We
can estimate E? Y*(N) as in Chapter @ provided R > N~2/3 as already explained. The
main difference with the approach in (5.59) is that we have to bound the expectation
of the three-body term in a ground state Uy of (563). Why is that useful 7 We shall
make two observations:

e Such a ground state Uy satisfies a second moment estimate akin to LemmaZL5]
e The three-body term is controlled by the second moment of the kinetic energy.

Here it is important to (a) use the Dyson lemma to reduce the singularity of the
interaction and (b) consider a ground state of (5.G3]) and not (B.60) directly. Indeed,
we do not expect that a second moment estimate can hold for a true ground state of
the original Hamiltonian. We do expect that it holds for a ground state of (5.60]), but
that would be harder to prove, because (B.60) contains attractive terms, unlike (5.63))
(cf Section [.4)).

We refer to [240] for more details and state these two observations as lemmas, whose
proofs are (lengthy) variations on the considerations of Sections L2HL3l Essentially
you should think that (B.63) is not much different from a bona fine Hamiltonian with
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pair interactions, in a dilute scaling. Computing with it is of course harder because of
the cut-off killing the pair interaction whenever three particles sit at the same place.
Denote

Toi=h = (1= )x(P)(~A)xx(p)
the one-body Hamiltonian appearing in (5.63]).

LEMMA 5.25 (Second moment estimate for Dyson’s Hamiltonian).
For any €, K > 0 in Corollary 518 and R satisfying R > N~2/3 when N — oo we
have

as operators, where Hy is as in (5.63).
Clearly this implies that, for a ground state U N
<@N|ﬁx1%x2 |EIN> S C

independently of N when N — oo, a convenient variant of ({I9]).
The above is a crucial ingredient in the proof of

LEMMA 5.26 (Three particles expectations in ground states, again).
With the same assumptions and notation as above

N 2
Hy > g+ (1= 2 Y Unlxi —x;) — CE,K%Hﬁ,. (5.65)
=1 i

This is stated as a bound on the full Hamiltonian (5.63) for conciseness, but this
is really obtained by first reducing to (5.60]) using (B.47), and then estimating the
three-body term.

With this at our disposal, we are left with studying the Hamiltonian on the right-
hand side of (B.65]), which follows the lines of Chapter F (remember that we take
R > N~%3 which means 3 < 2/3). The extra error term in (5.65) is easily discarded:
evaluated in a ground state of Hy

HyUy = EXY(N) Uy

it is bounded by a constant times N?R? (because we easily have Ey**(N) < C'N). This
is o(N) as needed provided R < N~2 which is compatible with our other desiderata.

We are now done with our sketch of the proof of the energy lower bound. Let us say
a few words of the convergence of reduced density matrices. The quantum de Finetti
theorem is very handy to avoid a non-trivial bit of convex analysis (or, better said, the
convex analysis part is included in the quantum de Finetti theorem).
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Note that the energy convergence directly gives information on a ground state Uy
of (B.63)), which is not we are after. The way out is to apply all the above to a modified
Hamiltonian (still acting on bosonic functions)

¢!
. @0\ [, @F
HN7/U7£ T HN - Nf_l Z |U >< |Zl7 -2
1<i1 <. <3y <N
for v € L? and ¢ € N. The perturbation is a nice, bounded operator, so its inclusion

destroys none of the methods we used, and we get the lower bound

E(N,v,t
BNl S g (6971] — [{ofu)|) — o(1)
N lull 2,
for the lowest eigenvalue of Hy , .
Now, for a ground state Wy of the original Hamiltonian Hy and its ¢-th reduced

density matrix F%)

A !
(V) (o= = v iyl wn) - (Ol o)

< N7 (E(N) = E(N,v,0))

Passing to the limit N — oo we deduce from energy estimates that

[ a0 dntn) < B~ it (£l ~ (o]} )

Ullp2=1

where 1 is the de Finetti measure of the sequence (Vy )y, cf Theorem B2l Fix v with
unit L? norm and apply this to Av for small X\. Simple perturbative arguments yield
that a minimizer of

EF [u] — N |(vu)|*

must, modulo subsequence, converge to a GP minimizer when A — 0. Taking this limit
along all subsequences we find

A2K/I<U|v>|”dM(U) <N sup [(o]u)[* + o(A*)

ueMGP

with MSP the set of all GP minimizers. Hence

20
JRRe (wpwmo
ueMGP

for all normalized v € L*(R?). This implies that the de Finetti measure y is concen-
trated on MSP. To get a feel as to why, consider the possibility that p has a wrongly
placed atom, i.e. assigns non-zero mass m to a v at finite L? distance from MEF.
Then, for this choice of v, the sup on the right-hand side is < 1, whereas the left-hand
side is bounded below by m. Taking ¢ — oo leads to a contradiction. Details for the
general case are in [240, Section 4.3].
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5.8. Bogoliubov methods for GP ground states

We finally present two alternative methods [39), 37, 109, 142}, 235] to deal with the
GP limit. We shall not do them justice because we present them as ways of obtaining
the

THEOREM 5.27 (Gross-Pitaevskii limit, partial statement).
Let Hy be the many-body Hamiltonian (L32) in GP scaling,

wy (x) = AN?*w(Nx)

with w fized, satisfying Assumption [B1] and with scattering length a. Assume (3.12)
and that there is no magnetic field, A = 0. Let the Gross-Pitaevskii functional be

EP ] = /R3 (|Vul® + V]ul?) +47ra/R3 lu(x)[*dx

with a the scattering length of w.
There exists a Ay such that, if 0 < A < Ao, we have, in the limit N — +o0o:

Convergence of the energy:
E(N) . .ap
— = B
N
Convergence of reduced density matrices: let Fg\l,) be the reduced density matrices
of a many-body ground state Wy and u = uY the (unique) minimizer of EY. Along
a subsequence,

N -1
(3) T = e

strongly in trace-class norm.

Here we assume some smallness of the unscaled potential w, which is not needed
with the previous methods. Let me comment on this choice:

e One significant aspect of the methods of [39], 37, 142}, [235] is that they provide
an alternative method to the Dyson lemma to extract pair correlations. This
works only for small X\, but is conceptually very interesting.

e The actual goal of the papers we cited is to obtain an optimal rate for the
convergence of the first density matrix. Even with small A this is not something
we can obtain with the previous methods.

e Actually, by using the previous results as starting point, one could bootstrap
the arguments and obtain BEC with an optimal rate without assuming small \.
So far this has been worked out only for the homogeneous Bose gas [39]. And
then one has to use the Dyson lemma at least once.

e More recently, a full alternative to the Dyson lemma that works without as-
suming small A was proposed in [2].
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e We shall encounter arguments that are crucial to the rigorous derivation of
Bogoliubov’s theory for the excitation spectrum [297], 135], 187, [89] 36
B38|, 51l 52, 12]. T chose not to discuss this topic in full details, but some
introduction to the topic is worthwhile.

We will now sketch in two subsections some of the methods of [39}, B7] and [235]
for obtaining energy lower bounds in the GP regime. This treatment parallels the two
subsections of Section

5.8.1. Conjugating with the correlation map. In the first part of Section (3]
appropriate correlations have been added to a condensed state by acting with the
unitary operator from Definition B.7 It is very tempting then to un-act (act with the
adjoint) on the true many-body ground state, in the hope that this will extract the
correlations, and allow to treat the rest of the state in a mean-field like fashion. This
is one of the main ideas of [39], 37|, that we briefly sketch now.

What we discuss here probably can be adapted to inhomogeneous systems, but to
follow [39), 37, 142] we restrict to the homogeneous Bose gas in a fixed periodic box.
As in Section [5.5 we thus replace R?® by the unit torus T? and set the external potential
V' = 0. The N-particles Hamiltonian is then

Hy:=Y —Ag +AN? > w(N(x —x;)) (5.66)

j=1 1<i<j<N

with w fixed as in Assumption B}, with scattering length a > 0. As in Theorem
the coupling constant A > 0 will ultimately be small enough but fixed. By momentum
conservation (Hy commutes with translations) we can write this in second-quantized
form as

A [k
Hy= > Iplda+ 55 “’(N) O b ipta  (567)

pE(2nZ)3 k,p,q€(27Z)3

where a;f), ap create/annihilate a particle in the plane-wave state x — ePX.

What was done in Section was to conjugate the above by a Weyl operator
removing the condensate part (here, particles in the zero momentum mode p = 0, aka
the constant function), and with a Bogoliubov transformation to remove correlations.
Applying the so-obtained operator to the vacuum led to a nice energy upper bound. To
obtain a lower bound, it can be convenient to do the conjugations in such a way that
the resulting operator only talks to the excited particles. For that purpose the Weyl
operator from Definition [5.6]is replaced by the excitation map from Definition .10, and
associated calculations are not much more difficult, we merely replace (520 by (533)-
&),

More difficult is the replacement of the Bogoliubov transformation, because we
want it to map the truncated Fock space =V (1) from Definition to itself, where
$* is the orthogonal of the constant function. The following originates from [50]:
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DEFINITION 5.28 (Generalized Bogoliubov transformation).
Let the function n(p) be defined by

L =~ (P
- I(E)
nP) = 13 N
with f the zero-energy scattering solution associated with w (Theorem [2.3). Let the
modified creators/annihilators of excited particles be

IN — N+t IN — N+
bL = G,L T, bp = T(lp (568)

with Nt = > 0 alap the number (operator) of excited particles.

The generalized Bogoliubov transformation is the unitary map from F<N(HL) to
itself

Ty == exp (Z n(p) <bLbT_p - b;bip)> (5.69)

p#0

where $H = span (eip'x)pﬂ).

CoMMENTS. Compared to Definition we now work in Fourier variables and
have replaced the original creators/annihilators aL,ap with (B.68). The latter have

the virtue of preserving the particle number and the excited Fock space §=V($1).
Heuristically you should think that on the full Fock space (cf the discussion around

Definition [5.10)

.I.
a a
aL—O, bp == —Oap.
VN VN
We expect most particles to be condensed and hence ag, ag ~ v N, which means that
bl,, bp almost satisfy the CCR (I27). They do not satisfy it exactly however, and

dealing with the remainders is sometimes tedious. The idea can be traced back at least

to [213), 214}, [304] and has been used repeatedly [130], 291, 135]. What we need here

is a very strong version of this “approximate CCR”, for we want to mimic (0.27) as
closely as possible:

b

T
b

T, apTy ~ cosh(n(p))ap + sinh(n(p))aT_p (5.70)

in order to conjugate the Hamiltonian with 7. In [39, Lemma 3.4], an estimate on the
difference between the two sides of (5.70) is derived, giving efficient bounds when 7y, is
as in (5.69) with ||7|| ;. small. This is the case when the map 7, is meant to excite few
particles out of the condensate. (]

The core of the proof of Theorem is given in the following [39)], 37]

THEOREM 5.29 (Excitation Hamiltonian, correlations removed).
With the previous notation, let Gy : F=N(H1) = FEN(H1) be defined as

QN = %*UNHNU;\}%
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It is decomposed as
Oy =4 mraN + K+W+ € (5.71)

where I and W are respectively the kinetic and interaction energies of the excitations

A [k
K= > IpPajay, W= 2N >, @ (N) O 10 1l

0#£p€e(2nZ)3 p,q,p+k,q—k#0
and, as an operator,
+E<SAK+W)+C, (5.72)

with C a constant, only depending on \.

COMMENTS. This is a simplified statement, as compared to the full result. In fact
& contains Bogoliubov pairing terms that are physically relevant, so not all of it has
to be discarded if one wants to continue in the direction of [38]. It contains also a
term due to interactions of triplets of excited particles, which is the main difficulty in
using the above when A is not sufficiently small for (5.72]) to be efficient. This term
can ultimately be taken care of as in [38] by using the Dyson lemma and another
unitary transformation, this time of the form of the exponential of a cubic operator
in creators/annihilators. In [2] a unitary of the form of the exponential of a quartic
operator in creators/annihilators is used to deal with interactions of quadruplets of
excited particles. All this goes beyond the scope of this review. 0

Using (B.72) the proof of the energy lower bound is complete, for small A, because
K 4+ W is a positive operator and the constant 4waN in (B.71]) is none other than the
GP energy of the homogeneous Bose gas in a fixed torus. By unitary equivalence with
Hy we even deduce, for A small enough

Hy > NECY 4+ eNt —C

with ¢, C' > 0, and this can be used to control the condensation rate (difference between
N-ITY and [u€P) (uCP)).

The philosophy of conjugating the many-body Schrodinger Hamiltonian with well-
chosen unitary maps removing correlations is quite systematic and can be carried much
further than hinted at above [2], 36, [38], 39, [37]. A few basic intuitions can be
briefly summarized. T will follow mostly [142], where a slightly different model (grand-
canonical setting) is considered. The difference will not be very apparent in this sum-
marized discussion, but for the fact that we do not conjugate with the excitation map
from Definition as above. Let thus (h.c. stands for “hermitian conjugate”.)

B = exp <N—1 Z n(p) <aLaipa0a0 — h.c.)) : (5.73)

p#0
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We consider the action of €8 on Hy as defined in (5.67) (and extended to the full Fock
space §($)). We will repeatedly use Duhamel-like formulas

1
e PAe P = A+/ e*BA, BlePds

+ [A, B] + // e "B [[A, B], B] eFdtds

=A+[A B +=[[ADB],B]+... (5.74)
We then write Hy as
Hy =Hy +H; +Hy + Q2 + Q3 + Qa (5.75)

where (schematically...)

Hy = terms containing only a(T), ag
1 =3 IpPaba (576)
p#0

Hy = interaction terms containing exactly one aL and one ap, for p # 0
Q> = terms containing exactly two aL or two ap for p # 0
(Y3 = terms containing exactly three aL, ap for p #0

Q4 = terms containing exactly four a;r,, ap for p # 0. (5.77)

Recall that we expect ag),ao ~ +/N. Hence, essentially, the larger the number of
aL,ap,p # 0 a term contains, the smaller its contribution. In the Gross-Pitaevskii
scaling however this is not so straightforward to see, nor easy to vindicate. Consider
the quadratic (in al, ap)

A .
Q2 = IN W (;) ( LaT_paoao + h.C.)
p#0

This term is our main ennemy because it mixes the momenta p and —p and is thus
responsible for the occurence of Bogoliubov pair-excitations, which play a crucial role
in the low-energy physics of the Bose gas. Another quadratic term, Hs is easier to
control. Other manifestly coercive terms, namely H; and )4, will ultimately control it
and other remainders in the following argument. They will also give the final desired
bound on the number of excited particles. The cubic term ()3 turns out to be negligible
at the ordrer of precision we aim at (although it does play a role at the next order).
The role of the conjugation with the Bogoliubov transformation (&73) is thus to
dispose of the @5 term. The choice of the coefficients 7(p) using the scattering solution

implies that
A _(P—q A /P
2 _ P— [ — [
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This is essentially the scattering equation (L[4I]) in Fourier variables. It yields some
cancellations so that

[H; + Q4, B] = —Q2 + remainder (5.78)
where, as in the rest of the discussion, we stay unprecise as to what “remainder” actu-
ally means. A basic idea is that, since B is quadratic in excited creators/annihilators,
so is [Hy, B] (after using the CCR). The other term [Qy, B] is quartic, but contains non
normal-ordered!] terms whose normal-ordering produces another quadratic term. The

sum of these two quadratic terms kills ()5.
The next important point is as follows: first (78] leads to

1

1 t
/ / ¢~1B [[H, + Q4. B), B ¢'Bdtds + / 1510, Bl et
0 0

0
1
= / / e B [Qy, B] edt + remainder
0 s

and then
1 pl 1
/ / e—tB [QQ, B] Gtht ~ §[Q2’ B] + remainder
0

~ A Z w (B) n(p) + remainder

2 N
p#0
A .
~ §N wn(fy — 1)+ remainder

with fy the solution to the scattering equation associated with wy.
Thus, if we use the first formula in (574) to conjugate Qs and the second to
conjugate H; + @4, we find

A
e BHye® = Hy + ENZ/wN(fN —1)+H; + Q4+ e B (Hy + @3) e® + remainder .

The contribution from H, and ()3 can be neglected, and Hj is basically a mean-field
energy (of the constant function). It yields a term 3N? [wy. All in all

A
G_BHNGB >

> §N2/waN + H; + Q4 + remainder

which gives the desired bound, for

/waN = 8Ty, = 87N ta,
as discussed around (5.8)).

10N ormal-ordered = all creators on the left of annihilators
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5.8.2. Completing the square. The approach of [235] is inspired by the
works [51], 52, I12] on the thermodynamic limit of the Bose gas. Similar tools,
combined with a systematic use of localization techniques [109], allow to prove that
Bose-Einstein condensation holds not only on the macroscopic length scale (as discussed
in this review), but also a certain range of short length scales.

We complete a square by a variant of the simple observation (£I0):

(Ig, =P Pfy(x—y))wn(x—y)(ls — fn(x—-y)PRP) >0

with P = |[u“F)(uF| the projector on the GP ground state and fy the zero-energy
scattering solution. This gives (all multiplication operators are understood in the
variable x — y)

+ (PR PfyunP ®@Q+ P® PfywuyQ ® +h.c.) (5.79)

where
P = [uSF) P, Q=1-P

and h.c. stands for “hermitian conjugate”.
The rationale for throwing away some terms from the lower bound is that

e particles in the condensate (in the range of P) interact via the modified po-
tential fywy.

e interactions of triples and quadruples of excited particles (in the range of Q)
do not contribute to the GP energy. Hence all terms with more than two @Q’s
can be neglected.

e interactions between pairs of excited particles and pairs of condensed particles
are crucial to reconstruct the scattering length.

In short, we are trying to vindicate the guesses backing the construction of the trial
state from Definition The first line of (5.79)) will combine with the kinetic energy
of excited particles to reproduce the scattering process, while the second line will mostly
cancel when combined with terms

PhQ + QhP

from the kinetic energy, because of the variational equation satisfied by uS". The
need to assume a small coupling constant (in this simplified presentation) arises when
controlling these “mostly cancellations”.

The method comes in two steps. We first define an operator that will be used to
take into account the contribution of excited particles:

1
HBog . — Z (| H |t} @ @y + 5 Z (un| K um) (alal, + amay) . (5.80)

n,m>0 n,m>0
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This is a Bogoliubov—typ Hamiltonian, meaning it is quadratic in annihila-
tors/creators and has a non-particle number-conserving a'al + aa part. We have
denoted (u,), > 0 an orthonormal basis of L?(R%), with uy = u®F and associated
creators/annihilators a,,al. Thus HB% acts on F(Q$), the Fock space of excited
particles (cf Definition 5.I0). The one-body operators it is made of are

H=Q(A+V-na
K=Q®QK

K(x,y) = Nu® (x)u"(y) fy (x = y)wn(x — y) (5.81)
where in the last equation we identify integral kernel and operator, whereas in the
second we mean operator composition. The quantity g > 0 in the first line is a

suitable chemical potential. For techincal reasons it departs from the true GP chemical
potential/Lagrange multiplier E" + 47a [o, [uC"|* from (G57).

LEMMA 5.30 (Lower bound with a Bogoliubov Hamiltonian).
Assumptions as in Theorem [5.27 (in particular there is a unique GP minimizer uSF ).
There exists a A\g > 0 and a ¢ > 0 such that, for all0 < X\ < A\

Hy > N/ (IVuSP P + V]uC" )
R3

+ NTQ //}RSXR3 |UGP(X)|2wN(X -y) (ZfN(X —y) — fa(x— y)) |UGP(y)|2dXdy

+ EB8 Nt —C (5.82)

as an operator on Hy, with N+t = N — al (u“F)a(ur) the number (operator) of par-
ticles outside the condensate and EB°® the lowest eigenvalue of the Bogoliubov-type

Hamiltonian (5.80) acting on F(Q9).

COMMENTS. The interaction term on the first line comes from the first term on
the right of (5.79). The Bogoliubov-like energy E®°¢ includes contributions from the
second term on the right of (5.79), plus the kinetic energy of the excited particles.
The rest has been disposed of, interestingly by making only a O(1) error, and keeping
handy the term ¢cN* that permits to finely control the condensation rate. O

There is still a piece of GP interaction energy to be extracted from the Bogoliubov-
like Hamiltonian:

LEMMA 5.31 (Ground state energy of a Bogoliubov Hamiltonian).
With the previous notation, and if 0 < X is small enough we have that HP® is bounded
below on F(Q$). The infimum of its spectrum is equal to

1
EBos — 5 Tras (E—H) (5.83)

HThis is NOT the Bogoliubov Hamiltonian which gives the next-to leading order of the energy
as proven in [38§].
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where E = ((H — K)'/? (H+ K) (H — K)1/2)1/2. Moreover,
1
EBos > —Tres (H'K?) — C||K|| Trgs, (H*K?). (5.84)

COMMENTS. The assumption that A be small enough ensures that H > K, so that
the definition of F makes sense. The whole point of Bogoliubov Hamiltonians is that
they can be solved explicitly, see [135] where in particular (B.83)) is derived (beware of
the different notation). It is part of the statement that the trace actually makes sense.
Further discussions of Bogoliubov Hamiltonians are in [20], [86), 88), 87, 236].

It is not always easy to extract information from the explicit solution of a Bogoli-
ubov Hamiltonian. In particular, it is here important to get the first term on the
right-hand side of (B.84]) exactly right (a weaker bound with —1/2 instead of —1/4 in
front of the first term is easier to derive but insufficient here).

To see how (5.84]) might follow from (5.83)), let us pretend that H and K commute
(the actual proof in [235] is of course more involved than that). Then

K2 1/2
E=VE-K =t (1-75)

Furthermore, we are dealing with short-range correlations, which means large kinetic
energy. One should then think that H > K, and then

1 K2
E~H— -
2 H

which, inserted in (5.83]), gives a rationale for (.84)). Note also that the H > K
heuristics hints at the reason why the second term in (5.84)) ultimately turns out to be
a remainder. U

One can further estimate the main term to find
Trgy (K%)= 28 [ WO (w1 = 1) (=Y HP. (559
R3 xR

Indeed, the main contribution is kinetic, so let us replace H ~ (—A)~1. Let us also
ignore the () operators for simplicity. We then find

Trgn (H™'K?) 2 N*Tr (S () fivww (p)uc™ () [p| 26 (x) Fwn (p)u ()

where functions of x,p are understood as multiplication operators in posi-
tion/momentum space. One can then figure out that commuting u®?(x) and |p|—2
yields a negligible remainder. Using the scattering equation (L4I]) to express

|p|_2m\;(p) (and using the cyclicity of the trace) then leads to
Trgn (H™'K?) = N*Tr (u® (x)* Fvwn (p)u (x)*T = fu (p))

The operator in the trace has an explicit integral kernel O(x;y), the trace [262] Sec-
tion VIL.6] is the integral of O(x;x), which leads to (B.8H]).
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Then, combining (5.82]) and (5.84]) leads to

Hy > N/ (IVuSP[2 + V]uSPP?)
R3

N2
+ 7// [uCF (x)Pwn (x — y) fn(x — y)|uCF (y)|Pdxdy — C
R3xR3
and there only remains to recall that, as per the discussion after Theorem

/waN = 8&raN~!

and thus

Nw NfN — 87 (l50
as measures. This completes the proof of the GP energy lower bound, under a smallness
assumption on A. As in the previous subsection one can finely estimate the rate of
convergence of the one-body density matrix to the (projector on the) GP minimizer,
because (.82)) has a term controlling the number of excited particles on the right-hand
side.
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