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Chapter 1
Introduction

Systems of interest in physics and other natural sciences can be described at
the microscopic and the macroscopic level. Microscopically, a system is de-
scribed in terms of its elementary constituents and their fundamental interac-
tions. While such a description is very accurate, it is typically not well-suited
for computations because of the large number of degrees of freedom. Exam-
ples of microscopic theories include Newton’s theory of classical mechanics,
Schrédinger’s quantum mechanics, quantum electrodynamics and Einstein’s
general relativityﬂ On the other hand, a macroscopic description of the sys-
tem does not resolve the constituents and only takes into account effective
interactions. It focuses on macroscopically observable quantities which arise
from the collective behavior of the system and are of interest for the ob-
server. Such a description is less accurate but it is much more accessible
to computations. Examples of macroscopic theories are Boltzmann’s kinetic
theory of gases, the Navier-Stokes and the Euler equations of hydrodynam-
ics, the Hartree and Hartree-Fock theory, the BCS theory of superconductors
and superfluids, the Ginzburg-Landau theory, the Gross-Pitaevskii theory of
Bose-Einstein condensation and the Vlasov theory of plasma physics.
Because of the great importance of effective macroscopic theories for mak-
ing qualitative and quantitative predictions about the behavior of physically
interesting systems, a key goal of statistical mechanics is to understand their
emergence from microscopic theories in appropriate scaling regimes (also
called limits, even though we often think of the parameter as being large
but finite). Here mathematical physics can and should play a central role to
put the effective theories, which are often obtained merely by heuristic and

L Of course we do not claim that these theories are absolutely fundamental from the view
of a physicist. It would be more correct to consider them as different levels between funda-
mental and effective, and which theory we call effective and which fundamental depends
on the pair we are looking at. For example, we could also consider Newtonian mechanics
as a macroscopic theory arising as an effective theory from quantum mechanics. On the
next level we could view non-relativistic quantum mechanics as an effective theory arising
from the Standard Model.
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phenomenological arguments, on solid grounds and understand the range and
the limits of their validity.

Let us present two examples of physical systems which can be described by
effective equations that can be rigorously derived from microscopic theories
in appropriate limits.

Large atoms and molecules. We consider a quantum-mechanical system
of N electrons and M nuclei of charges Z1,...,Zy > 0 located at positions
Ry, ..., Ry € R3. We assume the system to be neutral, i.e. N = Zf\il Z;. For
simplicity we work in the Born-Oppenheimer approximation, i. e. we keep the
nuclei fixed (only the electrons are dynamical particles in this approximation).
At zero temperature the system is in its ground state, with energy

E(N) = (¥, Hn) (1.0.1)

wGLZ(RW) llll=1

where Hpy denotes the Hamilton operator

N

Hy=2_ |-, anm *Zmﬂm Z|R R| (1.02)

j=1

Notice that Hy acts on the subspace L2(R3*N) of L?(R3N) consisting of all
functions that are antisymmetric with respect to permutations of the N elec-
trons. (Of course E(N) and H also depend on M, on the charges Z1, ..., Zy
and on the positions Ry,..., Ry). Observe that the last term on the r.h.s.
of is just a constant representing the interaction among the nuclei.
Already for N ~ 20 it is extremely difficult to compute the ground state
energy F(N) numerically since the eigenvalue equation one has to solve is a
partial differential equation in 3N coupled variables.

Thomas and Fermi postulated already in the early stages of quantum
mechanics at the end of the 1920s that the ground state energy E(N) can be
approximated by

B(N) = Bre(N) = _ inf _ &re(p) (1.0.3)

with the Thomas-Fermi functional

M
3
Err(p) = 5CTF/p5/3(x)d$_ZZi/md$
i=1 i
M
1 (

Notice that on the 1. h. s. of (1.0.3)) we are looking for a function p € L' (R?); as
a consequence, in terms of numerical computations, the minimization problem
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is much simpler than the original problem despite the fact that
the resulting Euler-Lagrange equations are nonlinear.

In [50] Lieb and Simon proved that the approximation becomes
exact in the limit of large N. More precisely, they showed that, while E(N)
and Erp(N) are both proportional to N7/3,

|E(N) — Exp(N)| < CNT7/3-1/30

for an appropriate constant C' > 0. This gives a mathematically rigorous
derivation of the Thomas-Fermi theory, and it tells us how big N should be
in order for E1p(N) to be a good approximation of the true quantum energy
(later, better bounds have been obtained [42, 59, [60): one knows that the
error with respect to Thomas-Fermi theory is of the order N2 in the limit of
large N).

Kinetic theory of dilute gases. Consider now a gas of N classical particles
moving according to Newton’s equations

N
8(8) = = D IV (@i(t) - (1)) (1.0.4)

i

for j = 1,...,N. Here V is a short range (compactly supported), regular
potential. Eq. is a system of 6N coupled ordinary differential equa-
tions. Given appropriate initial data, it is known to have a unique solution
for all ¢ € R. However, since the number of particles N is typically extremely
large, it is almost impossible to deduce from interesting qualitative or
quantitative properties of the solution.

At the beginning of the twentieth century Boltzmann, based on clever
heuristic arguments, proposed to describe the dynamics of the gas by the
nonlinear equation

Oife(w,v) +v- Vg fi(z,v)
= [’ [ Bl '50) (v ol o) = i)l )
(1.0.5)

for the phase-space density f:(z,v), which should measure the number of
particles at time t that are located close to z € R3 and have velocity close to
v € R3. Here

are the velocity of two particles emerging from the collision of two particles
with velocities v, v’ and collision vector w € S2. Boltzmann’s equation is a
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partial differential equation in only six variables, and is therefore much more
accessible to computations than .

For several years after the work of Boltzmann, his equation was not ac-
cepted by the physics community. In contrast to Newton’s equations, Boltz-
mann’s equation is not time-reversal invariant. It took a while to
understand that this fact does not contradict the validity of Boltzmann’s
equation, but only restricts the set of initial data for which is a good
approximation.

In [37] Grad realized that Boltzmann’s equation becomes correct in the
low-density limit, where the density of particles p is very small, N is very
large, and Np? is fixed of order one (the low-density or Boltzmann-Grad
limit). Finally Lanford proved in [46] that indeed in this limit Boltzmann’s
equation can be rigorously derived from Newton’s equations, at least for
sufficiently short times (recently [56] [35] have extended the validity of
to a larger class of interaction potentials).

Plan of the notes. Notice that the first example we discussed above (the
Thomas-Fermi theory for large atoms and molecules) is based on many-body
quantum mechanics while the second one (kinetic theory of gases in the low
density limit) is based on classical Newtonian mechanics. Observe, moreover,
that in the first example we were interested in an equilibrium property of
the system (its ground state energy) while in the second case we considered
a non-equilibrium problem (the time-evolution of the gas).

In these notes we will focus on the derivation of time-dependent effective
theories (non-equilibrium question) approximating many-body quantum dy-
namics. In the rest of this section, we will briefly recall the main properties of
many-body quantum systems and their time evolution. In Section [2] we will
then introduce the mean-field regime for bosonic systems and we will explain
how the many-body dynamics can be approximated by the Hartree equation
in this limit. In Section [3] we will present a method, based on the use of
coherent states and inspired by [41], [36], to rigorously prove the convergence
towards the Hartree dynamics. The fluctuations around the Hartree equation
will be considered in Section @ In Section [l we will discuss a more subtle
regime, in which the many-body evolution can be approximated by the non-
linear Gross-Pitaevskii equation. In Section [6] we will discuss fermionic sys-
tems (characterized by antisymmetric wave functions). The fermionic mean-
field regime is naturally linked with a semi-classical regime, and we will prove
that the evolution of approximate Slater determinants can be approximated
by the nonlinear Hartree-Fock equation. Finally, in Section[7] we will consider
the same fermionic mean-field regime but this time we will focus on mixed
quasi-free initial data approximating thermal states at positive temperature.
In Appendix [A] we explain how the Gross-Pitaevskii correlation structure
introduced in Section [5|is crucial also for the ground state energy.

Wave functions and observables. We will describe quantum systems of
N particles in three dimensions through a complex-valued wave function
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Yy € LAR3N dxy,...dzy) = L2(R3N) with |[¢n|l2 = 1. The arguments
(21,...,2n5) € RN of the wave function 1 describe the position of the N
particles. Since it does not play an important role in our analysis, we always
neglect the spin of the particles. We identify L?(R3M) with ®;V:1 L*(R3) in
the standard way through ¢; ® - ® on(z1,...,2N8) = p1(x1) - en(aN).
We use p®F = p® -+ ® ¢ to denote the tensor product of k copies of .

Observables of the quantum system are associated with self-adjoint opera-
tors on the Hilbert space L?(R3*Y dz; ...dxy). If A is such an operator, the
spectral theorem allows us to write it as

A= /)\dEA()\),

where dE4()) is the spectral measure associated with A. Assuming for sim-
plicity that A has purely discrete spectrum, we find A = Zj Aleide;ls
where A; are the eigenvalues and ¢; the eigenvectors of A. The expectation
of the observable A in the state 1y is then given by the inner product

(Un, Apy) = Z/\j|<<ﬂj’¢>\2-

This expression for the expectation of A leads to the following interpretation:
the eigenvalues A; are the possible outcomes of a measurement of A while
[{p;,1)|? is the probability that a measurement of A produces the outcome
A;j. The positions of the IV particles are associated with multiplication oper-
ators; hence |n (21, ..., 2x)|? is the probability density for finding particles
close to (z1,...,zy) € R*N. The momenta of the particles are associated with
differential operators p; = —iV,,. Hence, if zZN denotes the Fourier trans-

form of 1, |1ZN (p1,-..,pn)|? is the probability density for finding particles
with momenta close to (py,...,pn) € R*N. The fact that ¢x determines the
probability distribution of all observables of the system is an important fea-
ture of quantum mechanics (it leads for example to Heisenberg’s uncertainty
principle).

Statistics. In the following we will study systems of N indistinguish-
able particles. In this case, there are important restrictions on the behavior
of the wave function with respect to permutations. There are two classes
of particles in nature. Bosons are characterized by wave functions which
are symmetric with respect to permutations, i.e. YN (Zx(1),...,Zx(N)) =
YN (z1,...,2zN) for all permutations 7 € Sy . Fermions, on the other hand, are
characterized by antisymmetric wave functions, i.e. Yn(Zx(1), ..., Zx(n)) =
orton (1, ..., 2N), where o, is the sign of the permutation 7 € Sy . In these
notes, we will consider both the time-evolution of bosonic and fermionic sys-
tems; as we will see, the different behavior with respect to permutations has
important consequences on the dynamics.
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Dynamics. The time evolution of quantum systems is governed by the
Schrodinger equation

10N = HNYn e (1.0.6)

for the N-particle wave function iy (the subscript ¢ indicates the time
dependence of ). On the r.h.s. of , Hy is a self-adjoint operator
on L?(R3*N dz;...dxy) known as the Hamilton operator (or Hamiltonian)
of the system. In these notes, we will consider Hamilton operators with two-
body interactions, having the form

N N
Hy =Y (=4, + Vexs(25)) + XY V(e — ) (1.0.7)

i<j

for appropriate functions Vey; (the external potential) and V' (the interaction
potential) and for a coupling constant A € R (which we introduce here for
later convenience). The sum of the Laplace operators is the kinetic part of
the Hamiltonian and generates the evolution of free particles.

The Schrédinger equation is linear and can always be solved
by ¥n: = e Bty o, where e ¥t denotes the unitary one-parameter
group generated by the self-adjoint operator Hy. This implies that the well-
posedness of the Schrodinger equation is not an issue (although sometimes
it can be difficult to prove the self-adjointness of the Hamilton operator).
Nevertheless, for IV > 1, it is essentially impossible to extract useful qualita-
tive and quantitative information from that goes beyond the existence
and uniqueness of solutions. According to the philosophy outlined above, we
look for simpler effective equations which approximate in interesting
regimes.



Chapter 2

Mean-Field Regime for Bosonic
Systems

One of simplest non-trivial regimes in which it is possible to approximate
the many-body dynamics by an effective equation is the mean-field limit
for bosonic systems. In the mean-field regime, particles experience a large
number of weak collisions, whose cumulative effect can be approximated by
an average mean-field potential. To realize the mean-field regime, we consider
a system of N bosons with a Hamilton operator of the form , in the
limit of large N and small coupling constant A, with N\ of order one. This
last condition guarantees that the total force on each particle is of order one,
and therefore comparable with the inertia. In other words, we consider the
dynamics generated by the mean-field Hamiltonian

N 1 N
HN = Z (_Aacj + V:ext(ifj)) + N ZV(.’EZ — {ITj) (201)

Jj=1 1<j

acting on the Hilbert space L2(R3*Y), the subspace of L?(R*") consisting of
permutation symmetric functions, in the limit of large N. (This is of course
an idealization since in physical systems N is finite, though its value ranges
from the order 10? in very dilute Bose-Einstein condensates to the order 10%
in chemical systems.)

Initial data. The choice of the initial data is dictated by physics. In typical
experiments a Bose gas is initially trapped by an external confining potential.
To study the dynamics of the gas out of equilibrium, we consider the reaction
of the system to a change of the external field. In other words, we are going
to consider initial data given by equilibrium states of a Hamiltonian of the
form , with Vext modeling the external traps. In particular, at zero
temperature, we are interested in initial data close to the ground state of
(2.0.1). Under appropriate assumptions on the interaction potential V' it is
known that the ground state 1%, of can be approximated, in the limit
of large N, by a factorized wave function; i.e. ¢} ~ ©®N _for an appropriate
¢ € L*(R3) (p is the minimizer of the Hartree energy functional). We are
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interested, therefore, in the solution of the Schrodinger equation

10N = HNYn e (2.0.2)

for approximately factorized initial data ¥no =~ ¢®V. Note that the ex-
ternal potential in the operator Hy appearing on the r.h.s. of is
typically different from the external potential in the trapping Hamiltonian,
whose ground state is approximated by p®~ (otherwise, the dynamics would
be trivial). For example the initial data would be taken as an approximation
to the ground state in a harmonic trap, and the evolution of this initial data
would be studied after switching off the trap, i.e. Vg = 0.

Notice also that here we describe a high density situation: the decay of ¢
defines the length (and volume) scale of order one (w.r.t. to N); in the state
©®N this volume is filled with N particles.

Hartree equation. Of course, since Hy is an interacting Hamiltonian, the
dynamics does not preserve the factorization of the many-body wave func-
tion. Still, since the interaction is weak, we can expect factorization to be
approximately (in a sense to be specified later) preserved, in the limit of
large N. In other words, we can expect that for IV > 1

N
Yni(T1, ., TN) H@t(%’) (2.0.3)
i=1

for an evolved one-particle wave function ¢;. Assuming , it is easy to
derive a self-consistent equation for the evolution of the one-particle wave
function ¢;. In fact, factorization of the N-particle wave function means, in
probabilistic terms, that the particles are distributed in space according to
the density |¢|?, independently of each other. The law of large numbers then
suggests that the total potential experienced, say, by the j-th particle can be
approximated by

N Vi — )= [ Vi - plew)Pdy = (V 0P (z))
i#]

Hence, ¢; must satisfy the Hartree equation
i0rpr = (= A+ Vext)pr + (V * [oi|*) o (2.0.4)

where the many-body interaction has been replaced by the effective one-
particle potential V |2, making |¢;|? a nonlinear equation. Despite the
nonlinearity, the Hartree equation for many purposes is much easier to treat
than the original Schrédinger equation because ¢; depends only on
3 rather than 3N spatial coordinates. In particular, it is numerically more
tractable.
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Reduced densities. To explain in which sense we can expect to
hold true, we introduce the notion of reduced density matrices (also known
as reduced densities). The one-particle reduced density associated with the
wave function ¢+ is defined by

71(\% = NTroz . N[UNe) (N,

where |¢n ) (¥n,¢| denotes the orthogonal projection onto ¥y and Tra . n
is the partial trace over the last (N — 1) particles. In other words, the one-
particle reduced density 7](\},)15 is defined as the non-negative trace-class oper-

ator on L?(R3) with integral kernel

71(\}7)t(x7y) :N/de~~'dewN,t(xax%'"7xN)wN,t(yax27"'>xN)'

Notice that we chose the normalization Tl"%(\},)t = N.
Analogously, for £k = 2,3,..., N, we can define the k-particle reduced
density associated with ¥ ; by

N
TNt = <k> Trpt1,..., N[N (Wn el

The integral kernel of the k-particle density matrix is given by
(k)

Y@L TR YL - Yk)
N
=\ drgsr ... deNy one(T1, .o Ty Ty 1, -, TN) (2.0.5)
X EN,t(yla e Yk The 1y -+ TN

The normalization is such that Trvj(\]f)t = (JZ )

Clearly, for k£ < N, the k-particle reduced density ’y](\lf)t does not contain
the full information about the system. Still, '71(\];)1: is enough to compute the
expectation of any k-particle observable: Let J() be an operator on the one-
particle space L?(R®), and denote by JZ-(l) =1® - @JU®---®1 the
operator on L?(R3*Y) acting like .J () on the i-th particle and trivially on the

other (N — 1) particles. We write dI'(JM) = SN JZ-(l). Then

N

(WOn, dD(TDV)n ) =3 (e, I )

=1

= NTYJi(l)WN,t)(leA =Tr JO 71(\},)15'
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Similarly, if J*) is an operator on the k-particle space L?(R?*) and if we

denote by Jl(lk)lk the operator acting like J) on the k particles i, ..., ix,
we have A i
(W Y I ona) =Tr W A0
{ix,ein}
where the sum on the L. h. s. runs over all sets of k different indices {i1, ..., i}

chosen among {1,...,N}.

Convergence of reduced densities. It turns out that reduced densities pro-
vide the appropriate language to describe the convergence of the many-body
quantum evolution towards the Hartree dynamics. Under appropriate as-
sumptions on the external potential V., and, more importantly, on the in-
teraction potential V', one can show the convergence of the reduced densities
associated with the solution ¢+ of the Schrédinger equation (2.0.2)) towards
orthogonal projections onto products of solutions of the Hartree equation
. More precisely, consider a sequence of wave functions 1y € L2(R3Y)

with reduced density *yj(\}) satisfying

1

TN @)l (V= 00) (2.0.6)
for a ¢ € L?(R?). Let ¥n, = e "INty be the solution of the Schrédinger
equation ([2.0.2) with initial data ¥y . Then we expect, and under appropriate
assumptions on Vo, V we can show that

1
ﬁvﬁ,)t = ) {pe] (N — o0). (2.0.7)

Here ¢, denotes the solution of the Hartree equation with initial data
wo = . The convergence in can be understood in the trace-class
topology. In fact, since the limit is a rank-one projection, weak convergence
implies convergence in the trace nornﬂ Moreover, notice that convergence
of the one-particle reduced density towards a rank-one orthogonal projection
also implies convergence of higher order reduced densities in the limit N — oo
(the argument is outlined in [49], after Theorem 1),

1
mw(?,)t = le) (e . (2.0.8)
k

I First, by testing the difference N_I’y](\})t — i) (pt| against |p¢){p¢| it implies Hilbert-

Schmidt convergence. Then, since |p¢){p¢| is a rank-one projection, the operator N’l'y](\}y)tf

|p¢) (@t has exactly one negative eigenvalue. (If there were two linearly independent eigen-
vectors £1,&2 with negative eigenvalue, one could find a linear combination & such that
<£7’71(\},)t5> < 0.) Since Tr'y](\},)t — |pe) (| = 0, its absolute value is equal to the sum of all
positive eigenvalues, and therefore the trace norm is twice the operator norm.
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The convergence here (and in (2.0.7)) is for fixed ¢ and k. Eq. and
(12.0.8)) explain in which sense one should understand the approximate fac-
torization . (For any operator A we use the notation A®* = ®§:1 A
for its k-fold tensor product.)

Some results. The first rigorous results of the form have been ob-
tained for smooth interactions by Hepp [4I] and for singular potentials by
Ginibre and Velo [36]. For bounded potential, a proof of the convergence
, based on the analysis of the so-called BBGKY hierarchy, has been
given by Spohn [63] (see next paragraph). The BBGKY technique has been
later extended to potentials with Coulomb singularity in [31, 0] and, for semi-
relativistic bosons, in [26]. A new approach giving a precise estimate on the
rate of the convergence towards the Hartree dynamics has been developed in
[57] for potentials with Coulomb singularities (and further improved in [21]);
this approach, based on the ideas of [41], B6], will be presented in Section
Other bounds on the rate of convergence towards the Hartree evolution have
been established in [45] (based on ideas proposed in [55]) and recently in [3].
In [34] B3] the convergence of the many-body evolution has been interpreted
as a Egorov-type theorem. In [4] [5] the authors study the propagation of the
Wigner measure in the bosonic mean-field limit. Next order corrections to
the Hartree dynamics have been considered in [39] [40], leading to a better
approximation of the many-body evolution. (A related problem is the study
of the fluctuations around the Hartree evolution, which will be discussed in
Section ) Instead of a fixed interaction V, it is also interesting to consider
N-dependent potentials, scaling like Vy(z) = N3*V(N%z) (in the three di-
mensional case) and converging towards a delta-function in the limit of large
N. In this case (assuming « < 1; for & = 1, one recovers instead the Gross-
Pitaevskii regime, which will also be discussed in Section , the many-body
evolution can be approximated by a nonlinear Schréodinger equation with
a local cubic nonlinearity. Results in this direction have been obtained in
[1, 2, 20] in the one-dimensional setting, in [43] in the two-dimensional case
and in [27] in three dimensions. It is also possible to start from Hamiltonians
with three-body interactions; in this case, the evolution can be approximated
by a quintic nonlinear Schrédinger equation; see [23) [18].

The BBGKY approach. The main idea of the BBGKY approach, which
was first applied to many-body quantum systems in the mean-field regime
in [63], is to study directly the evolution of the reduced densities defined in
. To explain this idea it is convenient to normalize the reduced densities
associated with the solution vy ; of the Schrédinger equation, defining, for
k=1,...,N,

- 1
VJ(\IrC)t = m’YZ(\]]C)t
k

The new density matrices are normalized so that Tr %(\]f)t =1forall N eN
and all &k = 1,...,N. From the Schrédinger equation for ¥y it is easy
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to derive evolution equations for the family {7*)}X_,. It turns out that the
evolution of the N reduced densities is governed by a hierarchyﬂ of N coupled
equations, known as the BBGKY hierarchy (BBGKY stands for Bogoliubov-
Born-Green-Kirkwood-Yvon):

k

.a ~(k ~(k ~(k
AN, = 3 [~ A, A0 + NZ{ 7= )75

7j=1 1<J

(2.0.9)
N_—k& ~(k+1)
+ N E Try41 {V(mJ — Ty1), TNt ]

where we use the convention that 7(N+1) = 0 and where Try 1 denotes the

partial trace over the degrees of freedom of the (k 4 1)-st particle. Here we
also introduced the commutator, defined by [A, B] = AB — BA on a domain
suited to the operators A and B. Notice that the second term on the r.h.s.
of describes the interaction among the first k particles in the system.
The last term on the r.h.s. of , on the other hand, corresponds to
the interaction of these k particles with the other (N — k) particles. At least
formally, the BBGKY hierarchy converges, in the limit of large N,
towards the infinite hierarchy

k k
Zaﬂ Z [ x]ﬁgoc)t} + ZTrkJrl [V(:ﬂj — Tpt1), %ﬁtl)] . (2.0.10)

It is simple to check that this infinite hierarchy has a factorized solutions
ﬁéﬁ)t = |¢1) (¢¢|®¥, given by products of the solution of the Hartree equation
2.0.4)). This observation suggests a general strategy to show the convergence
2.0.8)) of the reduced densities towards projections onto products of solutions

of the Hartree equation. The strategy consists of three steps:

e (Compactness: first, one needs to prove the compactness of the sequence
(in N) of families I'y,; = {7%“1}{3’:1 with respect to an appropriate weak
topology. Compactness implies in particular the existence of at least one
limit point I'c ¢ = {%ﬁﬁ,)t}kzl.

e Convergence. Secondly, one needs to characterize limit points of the se-
quence I'y ¢+ as solutions of the infinite hierarchy (2.0.10)). In other words,
one has to show that any limit point I ; of the sequence I'y: satisfies
(E010).

e Uniqueness. Finally, one has to prove the uniqueness of the solution
of the infinite hierarchy. This implies immediately that the sequence
I'y converges, since every compact sequence with at most one limit
point converges. Moreover, since we know that the factorized densities

fyéi)t = |ps) {¢|®F are a solution of (2.0.10), uniqueness also implies that

2 i.e. the equation for ’y< ) depends on ’y<k+1>
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ANt = |@i) (| ®F for all k € N (the argument proves convergence with re-
spect to the weak topology with respect to which one showed compactness
in the first step; however, since the limit is a rank-one projection, weak
convergence immediately implies convergence in the trace norm).

The most difficult of the three steps is the proof of the uniqueness of the
solution of the infinite hierarchy. Let us illustrate how to prove uniqueness
in the case of a bounded interaction potential V € L°(R3). To this end, we
rewrite the infinite hierarchy in integral form as

1 t
78, =u® FE, + - / dstU® (¢ — ) BRFELD. (2.0.11)
0

Here we defined the action of the free evolution U*) (t) on a k-particle density
’Y(k) by
UP) ()7 F) = ot o Aut (R) i S5y At

and the action of the collision operator B®*) on a (k 4 1)-particle density
,Y(k—&-l) by

k
BEy k41 = 3 [V(xj ~ Zpen)s 7“““)} . (2.0.12)
j=1

Notice that the collision operator maps (k + 1)-particle density matrices into
k-particle density matrices. It is important to observe how the free evolution
and the collision operator affect the trace norm. On the one hand, we clearly
have

24 E B = [y ®g (2.0.13)

On the other hand, for bounded interaction potentials, we find

k
IBOYED o <37 [T V(g = x| + T [y DV (5 — )|
j=1

< 2KV [l Trly )]

< 2KV oo [y ¥V s
(2.0.14)

Here we used that Tr|AB| < ||A||Tr|B| for any bounded operator A and any
trace-class operator B. (In the same way Tr|AB| < || B||Tr|4] if B is bounded
and A trace class.)

Iterating , we obtain the n-th order Dyson series
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T =uP el

— 1 t Sm—1
+> ﬁ/o dsy .. /0 dsd ¥ (t — 57) B . ..

m=1

> u(k—l—m—l)(sm_l _ sm)B(k+m—l)u(k+m) (sm)iélgir)m)

1 t Sn—1
+ ?/ d81 / dsnl/{(k)(t—sl)B(k)U(k"’l)(sl —82)"'
v Jo 0

X u(k+n71)(5n—l - Sn)B(k+n71)7<§§i:)

(2.0.15)

Suppose now that the families I o = {'71 %o t}k>0 and I oot = {72 oo ¢ FE>0
are two solutions of the infinite hlerarchy, written in the integral form ([2.0.11)),
with the same initial data. Expanding both solutions as in (2.0.15]), and taking
the difference (so that all fully expanded terms cancel), we find

k ~(k
’chzot r)éo)ot‘

t Sn—1
g/ dsl.../ dsy [UP) (8 — 51)B® ... pltn=DFEED ||
0 0

t Sn—1
—i—/o dsl.../o dsp, ||u(k)(t—31)B() . glkt+n—1) ;kJrn Htr

Tr

,00,8n,

Applying iteratively the bounds (2.0.13]) and (2.0.14)), we conclude that
k k t" n n
T % 8| <20 k1) - (b @IV o) < 28IV el

where we used the normalization Tr 'ygk;? =Tr vék;? =1 and the bound

n+k—1 <2k+n—1.
k—1 -

For [t| < (8]|V]|so) !, we obtain that for all n € N

~ (k) ~(k)

k—
’Yloot 200t <27

Tr

Since the L h.s. is independent of n, it must vanish. This proves that

7{’20 = yéko)o . for all [t| < (8[|V]|o)~". Since this argument only uses the

normalization Tr %k;gr;) = Trﬁék;? = 1, which hold for all ¢ € R, it can be
iterated to prove uniqueness of the solution of the infinite hierarchy for all
teR.

For a Coulomb potential V' (z) = £1/|z|, the proof we outlined above can
be modified by introducing a different norm for density matrices (this ap-

proach was first used in [31]). For a k-particle density 7*), acting on L?(R3*),
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we define the Sobolev-type norm
||§<’f>||H£k> =Tr|S;...53 %S, ... 5 (2.0.16)

where S; = (1—A,,)'/2. Since the Coulomb potential is bounded with respect
to the kinetic energy in the sense that as operators

1
+ - <01-A
2] ( )

one can show that the collision operator B¥) defined as in (2.0.12)), but now
with V(z) = £1/|z|, satisfies

||B(k)7(k+1)||H§k> < C’k||7y(k+1)||Hl<k+1),

This bound replaces (2.0.14)). Using this new bound one can prove, similarly
as explained above for the case of bounded potentials, that any two solutions

I op = {%izo,t}kzl and I oo = {%i)o,t}kzl of the infinite hierarchy with
the same initial data satisfy

~(k ~(k
H’Y§0)0t éo)ot

~(k+ ~(k+n
o SO (R i + IS e

To conclude uniqueness, here we need to show a-priori estimates of the form

~(k
HV‘EO)tH w S c* (2.0.17)

for all t € R and k € N, valid for any limit point I, = {%g?t}kzl of

the sequence of families I'y: = {7](\?1}?:1 of densities associated with the
solution of the Schrédinger equation. (This step was not needed in the case
of bounded potentials because the trace norm trivially remains uniformly
bounded.) To obtain a-priori bounds of the form , one can use energy
conservation; for details, see [31].






Chapter 3
Coherent States Approach

In this section, we illustrate the method developed in [57], based on the
original ideas of [41},36], to prove the convergence of the many-body evolution
in the mean-field regime towards the Hartree dynamics. This method is based
on representing the many-boson system on Fock space, which gives us more
freedom in the choice of initial data. We will study a class of initial data
with particularly convenient algebraic properties, known as coherent states.
With respect to the BBGKY approach that was presented in the last section,
the analysis of the evolution of coherent states allows us to obtain precise
bounds on the rate of convergence towards the Hartree dynamics. This is an
important point since real systems have a large but, of course, finite number of
particles. Bounds on the rate of convergence are therefore crucial to establish
whether the Hartree equation is a good approximation to the dynamics of a
given boson gas.

Fock space. The bosonic Fock space over L?(R3) is defined as the direct
sum

F=CaopLi®m),

n>1

where L2 (R3") denotes the subspace of L?(IR®") consisting of all permutation
symmetric functions. On F, we can define the inner product

<wv glf)>.7: = Z<w(n)7 <P(n)>

n>0
We denote by ||.||7 the corresponding norm. We always use vectors ¥ € F
normalized such that
)% = > Il ™3 = 1.

n>0

The Fock space allows us to describe states of the system where the number
of particles is not fixed. The vector ¥ = {(™}, 5o € F describes a state
with probability ||1)(")||3 has n particles. In particular, states with exactly

17
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N particles are embedded in the Fock space; they are described by vectors
{0,0,...,%n,0,...} € F having only one non-zero component. These vectors
are eigenvectors of the number of particles operator A/ defined by

(/\[gp)(n) — n¢(")

for any ¥ = {¢)("},~¢ such that

> Pl < oo

n>0

The vacuum vector 2 = {1,0,...} € F plays a special role; it is an eigen-
vector of NV with eigenvalue zero and describes a state with no particles at
all.

Creation and annihilation operators. For any one-particle wave-function
f € L?(R3) we define the creation operator a*(f) and the annihilation oper-
ator a(f) by setting

(@* (/@)™ (z1,... ,x,) = % S Fa)e™ D (@, g, )
j=1

(@) 1) = VA F T [ A @O ),

The interpretation is straightforward: a*(f) creates a new particle with wave
function f, while a(f) annihilates such a particle. Creation and annihilation
operators are closed densely defined operators on F; moreover, a*(f) is the
adjoint of a(f) (as the notation suggests). Notice also that a*(f) is linear
in f, while a(f) is anti-linear. Creation and annihilation operators satisfy
canonical commutation relations

[a(f),a(9)] = (f,9), [a(f),alg)] = [a"(f),a"(9)] = 0. (3.0.1)

Despite the bosonic creation and annihilation operators being unbounded,
usually domain questions are unproblematic since one can take the domain
of a sufficiently large power of the number operator to easily make sense
of most expressions and in particular of their commutators — see .
(One has to be more careful in this respect when working with the operator-
valued distributions below.) It is also useful to introduce operator-valued
distributions a} and a, which formally create and annihilate a particle at
position 2 € R3. It terms of these distributions

()= [ f@azds, a(p) = [ F@ads

and
[az,ay] = 6(z —y), [az,ay] = [ay,a;] = 0. (3.0.2)
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Notice that, if & = {1}, cn,

(ae®) ™ (z1, ... xn) = Vi + 10T (2 2y, 2). (3.0.3)
Hence
(U, N)
= Z n/dazl .. .dmna(n)(xl, o xn)e™ (2, , T
n>0
_ 7y (n—1) (n—1)
= Z dxdzy .. .dz,—1(a,P) (1, ., Tn-1)(a,P) (1., Tn-1)
n>1

= /dm (a; ¥, a, D)
and in this sense we can write
N = /dma;am. (3.0.4)

This expression for A/ suggests that, although creation and annihilation
operators are unbounded operators, they can be bounded with respect to the
square root of the number of particles operator. We have

+ (&, (alf) +a™()¥)
<2/, a(f)¥)]

< 22\/n—l—1/dmdx1...da:nw(")(a:l,...,xn)f(x)w(”ﬂ)(a:,xl,...,xn)

n>0
<23 Va1 fle™ et
n>0
(3.0.5)
and therefore in the sense of forms
+ (a(f) +a*(f) < 4| FIN'2. (3.0.6)
In norm, we have the bounds
a( ||+ < N2 and
la(H)¥)= < I£Il k2 (3.07)

la* (/)2 = < IFIIN + 1) 20|

for any f € L?(R®). To prove the first bound in (3.0.7), we observe that by
the Cauchy-Schwarz inequality
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1/2
lerlr < [ asls@llatle < 151 ( [ aolal) = 11102

(3.0.8)
The second estimate in (3.0.7) follows from

la*(H@NF = (&, a(fla*(£)®) = (&, a*(a(£)P) + | F]* ¥
= [la(H)2|* + I FI]1@]?
and .

Similarly to , we can express the second quantization of any one-
particle operator in terms of the operator-valued distributions a} and a,: Let
J) be an operator on the one-particle space L? (R3). The second quantization
of JM is the operator dI'(J()) on F defined by the requirement that

(D (JD)w)m) = ijﬂl)z/,(n)
i=1

where J) denotes the operator acting on L2(R3") as J() on the i-th particle
and as the identity on the other (n — 1) particles. If the one-particle operator
JM has the integral kernel J™M)(z;y), we can write

(®,dl(JV W)

Y, 1)

n>1j=1
n>1

= Z / dedydzs . . . dr, T (2;9)(ae®) =D (2o, . .., 20)
n>1

% (@)D s, )
= [ dwy 1033 (0.8, 0,0).
Thus
dr(JWy = /dzdy JO(z;9)akay,. (3.0.9)

Since the number of particles operator is the second quantization of the iden-
tity, N' = dI'(1), the last expression is consistent with . Notice that if
JW) is bounded, then its second quantization dI'(J™1)) is (although generally
unbounded) bounded with respect to the number of particles operator, i.e.

(@, dT(TM)p)| < |TV|[(, N9p)  for all ¢ € F. (3.0.10)
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and also
[dr(J )| < |[lTD[INE] .

We can extend (3.0.9) to operators involving more particles. Let J*) be
an operator on the k-particle Hilbert space L2(R3¥). We define the second
quantization dI"(J*)) of J*) by

(dr (W)™ = 3" VAR (3.0.11)
{il,...,ik}

where the sum runs over all sets {i1,. .., i} of k different indices in {1, ..., n},
and where Jz(lk)

particles i1, ..., ix and as the identity on the other (n—k) particles. If J*) has
the integral kernel J*)(z1, ... 2p;y1,...,yx), we find, similarly to (3.0.9)),

4, denotes the operator on L?(R®") acting as J*) on the

dr(J®)
= /d:rl...d:ckdyl...dyk J(k)(xh...,xk;yl,...,yk)azl Oy Gy Gy
(3.0.12)
Similarly to (3.0.10), we find

(@, dD(J®) )| < [JPNNWN =1)... (N =k +1).

Reduced densities. We define the one-particle reduced density associated
with a normalized Fock space vector ¥ € F as the operator (1) : L?(R3) —
L?(R?) such that

Tr JVAD = (@, ar(JM)w)

for all one-particle observables J1). From 1) we find that the integral
kernel of the one-particle reduced density v(!) is given by

Y (z;y) = (T, ala. ). (3.0.13)

We define the k-particle reduced density associated with the Fock space vector
¥ € F as the operator ¥} on L?(R3*) such that

Te J®A®) = (w ar(J*)w)

for every k-particle observable J*). Using (3.0.12) we find that the integral
kernel of the k-particle reduced density v*) is

'y(k)(:cl, TR YL - Uk) = (Way, - ay gy, ).

Notice that v*) is normalized such that Try*) = (W N(N —1)... (N —k +
1)v).
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Representation of the Hamiltonian in second quantization. We define the
Hamilton operator Hy on the Fock space F by (Hy¥)(™ = H%L)Q/J(") with

. n 1 n
O SIPRTR S L) 3014
j=1 i<j

Since it does not play an important role in our analysis, we neglect here
the external potential (but we could also add it, requiring only straight-
forward changes). The operator Hy leaves the number of particles invari-
ant, i.e. it commutes with the number of particles operator N'. When re-
stricted to the N-particle subspace (consisting of the vectors of the form
{0,0,...,0,%n,0,...}), Hxn coincides precisely with the Hamilton operator
defined in the previous section (of course up to the external poten-
tial that we neglect here). Notice that the parameter N appearing in the
Hamiltonian is not yet related with the number of particles in the
system which in Fock space is arbitrary. Of course, later on we will restrict
our attention to initial data in F that has approximately N particles; this is
important to make sure that we are in the same mean-field regime discussed
in Section

We can write the Hamiltonian Hy in terms of the operator-valued distri-
butions a, and a}. From we find that

1
Hy = /dw VyarVaa, + N /dmdyV(x — Y)a,0,0y0; - (3.0.15)

The r.h.s. should be understood in the sense of forms, similarly to .
The fact that Hy commutes with the number of particles operator N is
evident from 7 because, in every summand, the number of creation
operators matches exactly the number of annihilation operators. In particu-
lar, it follows that

67i’HNt{O7...;O7wN;O,...}:{07'"70767iH§VN)t¢N’O""}'

On the r.h.s. we recover exactly the mean-field evolution discussed in the
previous section. So what have we gained by switching to the Fock space
representation of the bosonic system? The answer is that now we have more
freedom in the choice of the initial data; in particular, we can consider initial
data having a number of particles which is not fixed, i. e. is a superposition of
different particle numbers. We will make use of this freedom by considering
a special class of initial data known as coherent states.

Coherent states. For f € L?(R3), we introduce the Weyl operator

W(f) = e*N)ma" (N,
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The coherent state with wave function f € R? is defined ad]]

2 n
W(f)g_e||f|2/2ea*(f)g_e|f|2/2{1,f’f® e

ﬁ,...,m,...,}.(&o.w)

Since W (f) is unitary,

W) =W (f) =W(-f),

coherent states are always normalized, |[W(f)#2| = 1 for all f € L?(R?).
Weyl operators generate shifts of creation and annihilation operators, i.e.

W(f)*a(g)W(f) = alg) + (g, f),
W(f) a* (@)W (f) =a*(g9) + (f,9)-

This implies that coherent states are eigenvectors of all annihilation opera-
tors, i.e.

a(g)W (f)2 = W(H)W*(fa(g)W (f)2 = W(f) (alg) + (g, f)) 2
= (f,9)W(f)12.

From , we see that coherent states do not have a fixed number of
particles. Instead they are a linear combination of states with all possible
numbers of particles. The expectation of the number of particles operator in
the state W(f){2 is

(3.0.17)

W(H2NW(f)2) = / 4w (W ()02, a%a, W (f)12)

= /d9~"<W(f)9, (a3 + f(2))(as + f(2))2) = || f]I*.

More precisely the number of particles in the coherent state W(f){2 is a
Poisson random variable with mean and variance || f||2.

Dynamics of coherent states. We are interested in the evolution of coherent
initial states. For ¢ € L?(R3) with ||| = 1, we consider the coherent state
W(V/Ng)f2. The expectation of the number of particles operator is N; for
this reason we expect to be in the mean-field regime, in which many-body
interactions can be effectively approximated by an average potential. This is
made rigorous by the following theorem.

1 To evaluate W (f){2 we made use of the Baker-Campbell-Hausdorff formula for operators
A, B with the property that [[A, B], A] = [[A, B], B] = 0:

—1
oA+B _ —%[ABl A B

Since a(f)f2 = 0 one then simply has to expand the exponential of a*(f).
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Theorem 3.1. Let V' be a measurable function satisfying the operator in-
equality
Vi(x) < C(1 - A) (3.0.18)

for some C > 0, and let p € HY(R?). Let {{n}nen be a sequence of vectors
in F with ||Ex|| =1 and such that for some C > 0

(€N NéN) + %<§N7N2£N> <C VNeN (3.0.19)

Let 71(\% be the one-particle reduced density associated with the evolved state
YN = e MNW (VN)én. Then there exist constants D, K > 0 such that

Tr |9 = Nlen) (il | < DeXM (3.0.20)

for allt € R and all N € N. Here ¢; denotes the solution of the nonlinear
Hartree equation
i0rpr = — A + (V  |oe*) o (3.0.21)

with initial data o = @.
Remarks:

e The trace-norm bound ([3.0.20)) is of order one; this is to be compared to

Trfy](\}’)t = TrN|¢t){p:] = N. In this sense, establishes a relative
rate of convergence of order 1/N.

e The assumption V2(z) < C(1 — A) holds for potentials with a Coulomb
singularity, since Hardy’s inequality implies that

[asletel?
o
In fact, the result can be easily extended to potentials V €
L?(R3) + L*°(R3), although in general the time dependence on the r.h.s.
of (3.0.20)) may be worse.

e The condition (3.0.19)) guarantees that the initial deviations from the co-
herent state W (v N¢){2, which are described by the vector &y, are small
compared to the number of particles in the initial data W (v/N )&y, which
has expectation N.

e It is possible to represent states of the form p®V as the projection of a
coherent state on the N-particle subspace; that way also the evolution of
initial data ®V can be studied through the coherent states method and
some extra work [57] [21] .

Sketch of the proof of Theorem[3.1] According to (3.0.13)), the one-particle
reduced density associated with the Fock space vector ¥x; has the integral
kernel

< [l

71(\},)t($3 Y) = (N, a,a:¥N 1) (3.0.22)
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We define the fluctuation vector {x; at time ¢ by setting

Uny = e_iHNtW(\/NQO)gN = W(\/NgOt)fN,t (3023)

)

where ¢; is the solution of the Hartree equation (3.0.21)). Equivalently, we
can write

Ene =UN(E0)EN

where we introduced the fluctuation dynamics

U (t;s) = W (VN e W (VN g,). (3.0.24)

Plugging the r.h.s. of (3.0.23)) in (3.0.22)), we obtain

Vb @ y) = (W(VNeen e alaoW (VN )En )
= (&n., (@) + VNG () (az + VNgi(2)éns)
= NG, (W)ee(z) + VNG, (1) (Ener asbne) + VN@(@)(Ene, AN )
+ €Nty ayaz8N 1)

Integrating against a one-particle observable J() with kernel .J (1)(;5; Y), we
find

Tr JO (%(V%,)t - NI%)M‘) = */N<5Nvt’ [“(J(l)‘m + “*(‘](1)%)} 5N¢>

+ (Enp, dD (TN ).
(3.0.25)

According to (3.0.10) and (3.0.6), the expectation values of the operators
a(JW ) +a*(JDp,) and dI'(JD)) can both be bounded by the expectation
of the number of particles operator, in the state {n ¢ = Un (¢;0)€n. The next
proposition is taken from [I7, Prop. 3.1] but similar estimates have already
been proven in [57, 21]. The proposition extends also to higher moments of
the number of particles operator.

Proposition 3.2. Let V' be a measurable function satisfying the operator in-

equality and let ¢ € HY(R®). Then there exist constants D, K > 0
such that

U 05000 MU (1:0)0) = D (3, [+ N2 0)

for any v € F. Here Uy is defined as in .

While Proposition [3.2] immediately implies the desired bound for the second
term on the r.h.s. of , some more work is required to get rid of the
additional v/N factor in the first term on the r.h.s. of . We will omit
the details which can be found in [57, 21], and just write the final estimate
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1
Tr 7@ (5 = Nlea e )| < DITO|Jex1.

Since the space of trace class operators £(L?(R?)), equipped with the trace
norm, is the dual of the space of compact operators, equipped with the op-

erator norm, the last bound implies (|3.0.20)).

Sketch of the proof of Proposition[3.3. Let us briefly discuss the main ideas
needed to bound the growth of the number of fluctuations. We notice, first
of all, that the fluctuation dynamics Uy (¢;s) satisfies the Schrodinger type
equation

iOUN(t;s) = Ln(t)Un(L;s)

with the time-dependent generator
Lx(t) = [0 (VN@)| W(VN@) + W (VN HNW (VN ).
The time derivative if?]

[i@tW*(\/ﬁwt)} W(VNegy) = Crn(t) — VN (a* (i) + alidypy))

and, using (3.0.17]), that

W* (VN ) HNW (VNp;) =
Con(t) + VN (a(= Ay + (V * [0:*) 1) + a(—Apy + (V x @1 *) 1))

—}-/dxvmazvzaz +/dm(V* loe)?) (z)akay

+ [dsayv iz - D@ aa,

+ [ dsdyV () (e v)aza; + 727 ase,)
+— [ sy (@ = et (et + Z0)ay) o

1 * %
+ N /dmdyV(x —Y)a,ay 0,0,

2 Systematically, time derivatives of the form (8,e=A®))eA®) (with A(t) a sufficiently
regular family of operators) can be calculated as follows. Start by writing

1 1

(Bre=AW)AW® — iy 1 / L (e AeHmAA®N) = / dX e~ ADN 4 (1)eAON,
h—0 h Jq dX 0

Now one uses the Baker-Campbell-Hausdorff formula e~ Be# = B — fol dpe—rA (A, B]ePA

for operators A, B and iterates. In the application here, the iteration however breaks off

immediately because the commutator is just a complex number.
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for appropriate constantsﬂ Cy n(t) and Co N (t). Since ¢, satisfies the Hartree
equation, the contributions of order /N (which are linear in a and a,)
cancel exactly, and therefore (up to a constant contribution, which can be
absorbed in the phase) we obtain

Ly(t) = /d:cvmazvxaac + /dx(V* loc]?) (z)arka,
+ [dsagvia - e aa,
+ /dxdyV(x ) (gpt(:v)got(y)a:a;; + 5 (2)7(y)asay)  (3.0.26)
+ e [ sy (@ = et (o) + F0)ay) o
1 * ok
+ N /da:dyV(x —Y)aya,aya;.

We notice that Ly (¢) contains terms (the third and fourth line) which do
not commute with the number of particles operator. This means that, as
expected, the fluctuation dynamics Uy (t), in contrast with the original dy-
namics e~ "~ does not preserve the number of particles. Nevertheless we
can control the growth of the expectation of A'. We compute

10y (Un (t;0)6n, NUN (t;0)N)
= (Un(t;0)En, [N, Ly (0)]UN(;0)EN)

= 2{Im /dxdyV(m —y)pe(x)pe(y) UN (L5 0)EN, [V, agay JUN (L5 0)EN)
+ %Im /dxdyV(m — ) () (Un (£;0)En, [N, ayayazUn(t;0)EN).
Using the canonical commutation relations (3.0.2) we find
Or(Un (£ 0)én, NUN (t;0)En)
= 4Im/dzdyV(m —y)ee(x)pe(y) Un (t;0)EN, azayUn (0)EN)

i [ dadyV (o = 9)0(0) Uy (1 ). ol (50)6x)

=:1+1L
(3.0.27)

The first term can be bounded using (3.0.7)):

3 We speak of constants since these are not operators, but rather just complex numbers.
Of course they depend on time and on N.
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1= | f o)t (1006, (V0 = e (1:0))
< 4/dI|¢t($)|||azUN(t;0)§N|\||a*(V(I — ) )Un (£ 0)8n ||

< 4/dw|¢t($)lllaxuzv(t;0)£NHIIV($ —)eell2 IV + 1) 2Un (8 0)én |

< dsup [V (@ = Jeillo[|[V + 1) 2Un (£ 0)En 1.
From the assumption (4.0.4), we obtain

V(o= Jerl = [ gV = o) < Clloulin.

Furthermore, the Hartree energy

eulo) = [ IVota)Pds+ 5 [ dodiV(e - p)le@Plow)?  (3.025)

is conserved along the Hartree evolution, i.e. for a solution of the Hartree
equation ¢y, Eg(¢) is independent of t. Together with the assumption (4.0.4)),
this implies that there exists a universal constant C' > 0 such that

lletllar < Cllwoll -

Hence
sup [V(z — el < K
xr

for a constant K > 0 depending only on the constant C0 in (4.0.4) and on
the H'-norm of the initial wave function ¢y. We conclude that

I < KUN(80)En, (N + DUN (£ 0)En ). (3.0.29)

To control the second term on the r. h.s. of (3.0.27)), we proceed as follows:
2
] < ﬁ/dxlla(v(ﬂﬁ = i) acUn (£ 0)En [l aaldn (£ 0)En ||

< f—ﬁsgp IV = el / Al as N 2Uy (1 0)Ex | [ anldn (£ 0)x |

K

<
- N

{Un (£0)En, N2Un (£:0)6n) + K Un (8 0)n, NUN (15 0)En).

In the first term on the r.h.s. of the last equation, we are going to use
the 1/N factor to reduce the exponent of the number of particles operator.
Since Uy (t;0)N Uy (t;0) measures the number of fluctuations, it is heuristi-
cally clear that it can be bounded by the total number of particles N; more
precisely, one can prove the operator inequality (see [I7], proof of Prop. 3.1)
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1 N2
NU}Q(t;O)J\/'QUN(t; 0) SUNE0ONUN(E0) + N

Applying this bound for £y, we conclude that

1

N

and therefore that

(Un(10)6, N2 (10)€n) S (b (: 00 Nty (5 0)x) + (6, M)

11| < K Uy (10)én, (N + Dk (8 0)En)

Inserting the last bound and (3.0.29)) into ((3.0.27)), we find

d

7 UN (8 0)En, NUy (8 0)En) | < KUy (8 0)En, (N + 1)Uy (0)En)-
Gronwall’s Lemma implies therefore

Un (t;0)En, NUN (£;0)Ex) < CeEIHL

This concludes the sketch of the proof of Proposition more details can
be found in [57, 21].






Chapter 4

Fluctuations Around Hartree
Dynamics

The coherent state approach presented in the last section also allows us to
describe the fluctuations around the Hartree dynamics.

Fluctuations for coherent initial states. For simplicity, let us consider the
evolution of a coherent state initial data Wy = W(VN@)2 € F. (As in
the last section, we could also consider approximate coherent states Uy =
W (VN p)én, with £y satisfying (€, (V*/2HN V2NN IN?)ey) < C)
According to the definition of the fluctuation dynamics (3.0.24)), we can write

e TN (VNQ) 2 = W (VN Uy (t;0)£2.

Recall the generator £y (t) of the fluctuation dynamics Uy (t; s) as given by
(3.0.26)). The last two terms on the . h.s. of (3.0.26)), the cubic and the quartic
contribution to Ly (t), seem to vanish, in the limit of large N. Therefore we
define a new time-dependent generator

Loo(t) = /dxvxazvxax + /dx(V * o] ?) (2)akay
+ [ dedy o~ por(e)p)aa, (4.0.1)
+ / dedyV (x — y) (pe(2)ec(y)asay +7,(2)7,(y)azay)

keeping only the quadratic part of £y (¢). We denote by U (t; ) the evolution
generated by L(t), i.e.

10 U0 (15 8) = Loo(t)Us(t;8), Uso(s;s) = 1. (4.0.2)
For interaction potentials satisfying the condition (3.0.18)) one can prove that

1 (1:0) -t ()] < I a2 +

1 2
N WHN ¥l (4.0.3)

31
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for some constant C' > 0. The proof of (4.0.3) is based on the identity

Un(t;0) = Uso(t;0) = /Ot Un(t;s) (Ln(s) = Loo(s)) Uso(s:0) ds

and on the control of the growth of moments of the number of particles
operator with respect to the limiting fluctuation dynamics Us(s;0). The
bound (|4.0.3)) leads to the following theorem.

Theorem 4.1. Let V' be a measurable function satisfying the operator in-
equality
Viz) < C( - A) (4.0.4)

for some C > 0, and let ¢ € H*(R®). Then there exists a constant D > 0
such that

Dt
VN’

In other words, Theorem states that, if we approximate the many-body
evolution of the initial coherent state taking into account also the limiting
fluctuation dynamics U, (¢;0) rather than only the Hartree dynamics of the
coherent state, we get convergence in norm as N — oo (with a rate propor-
tional to N~/ 2), while approximation of the many-body evolution just by
evolved coherent states only gives convergence in the weaker sense of reduced
densities.

e ™ W (VNG) 2 = W(VN @)U (10)2]| <

Bogoliubov transformations. In contrast with Uy (¢; s) the limit fluctuation
dynamics U (t; s) is a simple evolution, because its generator is quadratic.
In fact, it acts as a Bogoliubov transformation, a general concept that we
introduce now. For f,g € L*(R?), we define

A(f,9) = al(f) +a™(9).
Then we have
A*(f,9) = a*(f) +a(g) = A(g, f) = AT (f,9)) (4.0.5)

where J : L?(R?)® L?(R3) — L?(R?®)® L?(R3) is the anti-linear map defined
by

J(f,9) = (9 f)
The canonical commutation relations take the form
[A(f1,91), A" (f2, g2)] = ((f1,91), S(f2,92)) (4.0.6)

with the linear operator S : L?(R3) @ L*(R3) — L?(R3) @ L*(R3) defined by

S(fag) = (fa 79)3
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and where (-, -) denotes the inner product in L?(R?) & L?(R?). A Bogoliubov
transformation is a linear map © : L?(R3) & L?*(R?) — L?(R3) @ L?(R3) that
preserves (4.0.5)) and (4.0.6). In other words, it is a linear map satisfying the
two conditions

0J=J6 and 6*SO=2S.

It is easy to check that © is a Bogoliubov transformation if and only if it can

be written in the block form
v
6 = (V U) (4.0.7)

with two linear operators U, V : L*(R3) — L?(R3) satisfying U*U —V*V =1
and U*V +V*U = 0.

A Bogoliubov transformation © : L2(R?) @ L?(R3) — L?(R?) @ L?(R3) is
called implementable if there exists a unitary map = : F — F defined on the
bosonic Fock space F over L?(R3) such that

Z*A(f,9)= = A(O(f,9))

for every f,g € L?(R?). The Shale-Stinespring condition states that a Bo-
goliubov transformation © is implementable if and only if the off-diagonal
operator V : L?(R3) — L?(R3) is Hilbert-Schmidt (i.e. if TrV*V < o0).

The limit fluctuation dynamics U, (¢; ), defined in , acts for any
t,s € R as a Bogoliubov transformation: It is simple to check that there exists
a two-parameter group of Bogoliubov transformations O(t;s) : L*(R?) @
L3(R3?) — L*(R3) & L?(R?) such that

U (8 ) A(S, 9)U(t; 5) = A(O(L; 5)(f, 9))- (4.0.8)

The time-dependent Bogoliubov transformations ©(t;s) are easily seen to

satisfy the equation
10:0(t;s) = D(t)O(t; s)

with the generator

D(t) = A4 (V* |‘Pt|2)+A1 Ao
B Az —A+ (Vx|p?)+ 41 )

Here we denoted by A; and A, the operators with integral kernels A;(x;y) =
V(z—y)pe(x)er(y) and As(z;y) = V(z—y)ee(z)p:(y) (these are of the form
of the exchange operator, but their physical role is different). Identifying
U (t; s) with a Bogoliubov transformation means that the limit fluctuation
dynamics can be determined by solving a partial differential equation on
L2(R3?) @ L%(R3); in this sense we can think of Us(¢; s) as a simple effective
dynamics (in contrast with Uy (¢; s) which a true many-body evolution).
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Probabilistic interpretation. The convergence of the reduced densities can
be interpreted, in the language of probability theory, as a law of large num-
bers. Let J(M) be a one-particle observable, i.e. a self-adjoint operator over
L?(R3). We denote by JZ-(I) the operator on L?(R3*N) acting as J(*) on the i-th
particle and as the identity on the other (N —1) particles. W.r. t. a factorized
N-particle wave function p®", the observables Ji(l) define independent and
identically distributed random variables, and therefore, for every ¢ > 0,

N

1
Boon ( 32 eI W)
i=1

W.r.t. the evolved wave function 1y ¢, solution of the mean-field Schrodinger
equation

26>—>0 (N = o00).

N | X
10N = [ _ —A;+ N Z V(wi — mj):|1//N,t
Jj=1 1<]
with initial data 1y o = =V, the N observables Jl(l), ey Jz(vl) are no longer

independent. Nevertheless, it is easy to check that the convergence of the
reduced densities implies that

sz\r,t <

At time t = 0 we also have a central limit theorem stating that the fluctua-

1 N

T2 = (e I M)

i=1

25>—>0 (N = o0).

tions of vazl Ji(l), appropriately normalized, are Gaussian in the limit. Does
the same hold true for ¢ # 0?7 The answer, obtained in [T [I7], is positive;
with respect to the measure induced by ¥y, we have

N
1
T o = e T - Ganss(0.0f) (4.0.9)
i=1

as N — oo, in distribution. The variance of the limiting Gaussian variable is
given by

2 _
Oy =

[ (6(1:0) (O, JOg) . O(10) (O, JOG)

{60 (Ogr, TO0) , = (0, 2))P

S

where ©(t;s) denotes the Bogoliubov transformation defined in (4.0.8)) to
describe the limit fluctuation dynamics. Eq. shows that in the mean-
field limit the correlations among the particles are weak enough for the central
limit theorem to hold true, but they are strong enough to change the variance
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of the limiting Gaussian variable. (For a completely factorized wave function
©PN | the variance would clearly be (¢, (JM1)2p,) — (@, JWp)2.)

Fluctuations for data with fized number of particles. For N-particle initial
data, a better approach to study fluctuations around the Hartree dynamics
has been proposed in [47], based on ideas developed in [48] to analyze the
excitation spectrum of mean-field Hamiltonians. Fix ¢ € L?(R?). Then we
can write any N-particle wave function vy € LZ(R3V) a

Py = w(o)@(@N + 1/)(1) Ry s0®(N—1) 4+ w(N—l) ®s @+ w(N)

where the n-particle bosonic wave function (™ is assumed to be orthogonal
to ¢ in all its n entries. This defines a map

U, : L2(R*) — F,
/(/)N = {¢(0)7¢(1)7~ .. 71/}(N)7070’ . }
which is linear and isometric. Here F, denotes the bosonic Fock space over
the orthogonal complement of span{ep}. We can think of U,y € Fy as
describing the fluctuations around the condensate. We assume that the initial
data 1y € L%(R3N) exhibits complete condensation in ¢ € L?(R3) in the

sense that the fluctuations ¢(0) := Uyyyn € F4 can be bounded uniformly
in N in the sense that for some C' > 0 we have

(¢(0),dI'(1 = A)p(0)) < C
independent of N. We let ¢ evolve with the Hamiltonian
N | N
Hy :;—Am + N;V(ajl —xj).

We know that n; = e Nty exhibits condensation in the one-particle
state oy evolved according to the Hartree dynamics. To study the evolution
of the fluctuations around the Hartree evolution we apply the map U,, :
L%(R3N) — F, ;, defined analogously to U, on 1y ;. (Notice that the image
space of U,, depends on time because of the requirement of orthogonality to
¢¢.) We find that

|Upe 8y — p()]| = 0 (N — o0). (4.0.10)
Here ¢(t) € F4 is the solution of the evolution equation

iD06(t) = Loo (HO() (4.0.11)

I The symbol ®s denotes the symmetrized tensor product, i.e. p1 ®s -+ ®s N =
(NDT1 Y csy Po(1) © ® o (N)-
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with initial data ¢(0) and a quadratic time-dependent generator L., () very
similar to (although not exactly the same because of the requirement of
orthogonality). Eq. shows that, by taking into account the quadratic
dynamics of the fluctuations, we obtain a norm approximation for the full
evolution ¥y ¢. In other words, writing ¢(t) = {¢(M(¢),...,0M)(t),0,0,...},
we find

Ung = OGN + 00 () @2 97 YTV 4+ 6N (1)

with an error whose norm tends to zero as N — oo. (It is also possible to
check that the error is actually of order N~1/2.)



Chapter 5
The Gross-Pitaevskii Regime

Another limit in which it is possible to approximate the many-body dynam-
ics of bosonic systems by an effective one-particle equation is the Gross-
Pitaevskii regime, which is relevant for the description of trapped Bose-
Einstein condensates in typical experiments with dilute alkali gases. At the
microscopic level, a trapped Bose-Einstein condensate can be described as a
gas of NV bosons with Hamilton operator of the form

N
Hy™ =3 (=4, + Vex(2))) + D N?V(N(z; — ). (5.0.1)

j=1 i<j

Here Vo is an external potential modeling the trap and the interaction
is described by a smooth repulsive potential V' (we have to assume that
V > 0 pointwise) with short range (for convenience we will assume that V'
has compact support, although this is not really necessary).

Scattering length. In the interaction potential scales with the num-
ber of particles N so that its scattering length is of order N~!. Let us recall
that the scattering length of a potential V' is defined through the solution of
the zero-energy scattering equation

(—A - ;V> f=0 (5.0.2)

with the boundary condition f(z) — 1 for |x| — oco. Under the assumption
of compact support for V one can show that, for |z| sufficiently large,

f@)=1-

|z

for an appropriate constant ag > 0, which is called the scattering length of
V. It is a simple exercise to show that equivalently the scattering length ag
can also be defined through the integral

37
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8rag = / V(@) f(z)ds (5.0.3)

where again f denotes the solution of . From the point of view of
physics, the scattering length ay measures the effective range of the inter-
action potential; two quantum mechanical particles interacting through the
potential V', when they are far apart, feel the other particle as a hard sphere
with radius ap (in particular, the scattering length of a hard sphere potential
coincides with the radius of the sphere).

Notice that if ag denotes the scattering length of V', the scattering length
of the rescaled potential N2V (N-) is given by a = ag/N. This follows because
by simple scaling, from we find

(—A + ]\;V(N~)) F(N) =0

and

Nlz| ||

f(Vz) = 1— % _q_ (a/N),

Ground state properties of trapped condensates. It was proven in [51] that
the ground state energy per particle for the Hamiltonian (5.0.1) converges,
as N — 00, towards the minimum of the Gross-Pitaevskii energy functional

ébp(¢)=l/1UVWﬂ2+‘émJ¢F-+4ﬁad¢Vldw (5.0.4)

over all one-particle wave functions ¢ € L*(R3) with ||| = 1. From
we conclude that in first approximation the ground state energy of the boson
gas depends only on the scattering length of the interaction potential, not on
its precise profile.

It was then shown in [49] that the ground state of Hy"P exhibits com-
plete condensation in the minimizer of the Gross-Pitaevskii energy functional
. More precisely, the one-particle reduced density *y](\}) associated with
the ground state of Hy" was proven to satisfy

1
T = ledel (V= 00).

The interpretation of this result is straightforward: in the ground state of
Hjt\ﬁap all particles, up to a fraction vanishing in the limit N — oo, are
condensated in the one-particle state described by the unique minimizer of
the Gross-Pitaevskii functional.

Dynamics of initially trapped condensates. Since Gross-Pitaevskii theory
has proved so successful in the description of the ground state properties of
the Hamiltonian , can it also be used to predict the time-evolution of
initially trapped condensates? As in Section [2l we want to study the reaction
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of the system to a change of the external fields. At time ¢ = 0, we assume the
boson gas to be prepared in the ground state v of the trapping Hamiltonian
. Then, the traps are switched off and the condensate starts to evolve
by the translation invariant Hamiltonian

N N
Hy =Y -4y + Y N°V(N(z; — x;)). (5.0.5)

i<j

The next theorem, taken from [27] 28] 29], describes the resulting dynamics.
(More recently, a similar statement has been shown in [55].)

Theorem 5.1. Let V > 0 be a spherically symmetric, short range, bounded

potential with scattering length ag. Consider a sequence ¥y € L2(R3N) sat-

isfying

e Finite energy per particle: there exists C' > 0 such that (Y, Hyon) <
CN;

e Condensation: the one-particle reduced density ’y](\}) associated with ¥y is

such that 1
T = ledel (N = o)

for a ¢ € L*(R3).

Let Y = e~ Nty and let ’yg\})t be the one-particle reduced density associ-
ated with Yy . Then, for every fized t € R,

1
Nw(vl,)t = loe) (] (5.0.6)

as N — oo, where @ is the solution of the time-dependent Gross-Pitaevskii
equation
10y = —Apy + 87Ta0‘90t|280t (5.0.7)

with the initial condition py = ¢.

Remarks. Convergence in holds for example in the trace norm.
Moreover also implies convergence of higher order reduced densities.
If 7](\];1 denotes the k-particle reduced density associated with 1 ¢, it is shown
in [28, 29] that

1 @
(T)m(v,l = |e) (is|®*
k

as N — oo, for any fixed kK € N and ¢t € R.

Comparison with mean-field regime. Let us discuss the relation between the
Gross-Pitaevskii limit, characterized by an interaction potential with scatter-
ing length of the order N~!, and the mean-field regime discussed in Section
Writing the interaction potential in as
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1
N?V(Nz) = —
(No) = Tow (@)
with vy (z) = N3V(Nz), one could think of the Gross-Pitaevskii limit as a
mean-field limit with a potential vy that converges towards a delta distribu-
tion in the limit of large N. However, this interpretation of (5.0.5)) is quite
misleading. Formally we have

vn(z) = N3V(Nz) — bod(x)

with by = [ V(z)dz. Hence, based on the mean-field interpretation of (5.0.5),
we should expect the many-body evolution to be approximated, in the limit
of large N, by the nonlinear Schrodinger equation

i0ppr = — Ay + bo(6 * [oe[*)pr = — Ay + bo e * 1.

This equation has the same form as the Gross-Pitaevskii equation but
a different constant in front of the nonlinearity. The reason why the mean-
field interpretation leads to a wrong coupling constant is that physically the
two regimes are very different. While the mean-field regime is characterized
by a large number of very weak collisions, in the Gross-Pitaevskii regime
particles interact very rarelyE but when they do interact, the collisions are
very strong. Because of these rare and strong collisions, the solution of the
Schrodinger equation ¢+ generated by the Hamiltonian develops a
singular correlation structure, varying on the length scale N~" which is then
responsible for the emergence of the scattering length in the Gross-Pitaevskii
equation . Correlations among the particles therefore play a crucial
role in the Gross-Pitaevskii regime, while they are negligible in the mean-
field limit.

Correlation structure. Let us now try to explain how the correlation struc-
ture affects the dynamics of the condensate. (Recently the correlation struc-
ture developed by the solution of the Schriodinger equation in the Gross-
Pitaevskii limit has been studied in [20].) Let us normalize the one- and
two-particle reduced densities associated with ¥, to %(\})t =N *17](\2 and

%(\?,)t = (g] )7171(\?51. They satisfy the differential equation

AN, = [~AFAN) + (N = D)Try [N?V(N(z1 —22)), 5%, | (5.0.8)

which is the first of the N coupled equations forming the BBGKY hierarchy
(similar to (2.0.9)) in the mean-field setting). By assumption, at time ¢ = 0,

YN, exhibits condensation, meaning that ?ﬁle — @) (| for a p € L?(R3).

I Particles interact only when they are at distances of the order N1, which is much smaller
than the typical distance N—!/3 among the particles. In this sense, the Gross-Pitaevskii
model describes a dilute gas, in contrast to the mean-field scaling, which describes a high-
density gas.
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If condensation is approximately preserved by the time-evolution, we should
expect that also for ¢ # 0

A = lee . (5.0.9)

As for the two-particle reduced density, again we expect approximate fac-
torization. Here, however, we should also take into account correlations. As-
suming that correlations can be described by means of the solution of the
zero-energy scattering equation , we expect that the integral kernel of

~](\?7)t can be approximated by

T @, 22591, 90) = F(N (21 — 22)) (N (51 — y2))e (1) 01 (02) P (41) B (y2).

(5.0.10)
Using this ansatz for %(37)“ we find that the second term on the r.h.s. of
(5.0.8)) approximately has the integral kernel

(N = )T, [N2V(N (21 = 22)),95)] (@39)
= (V= 1) [ doa (NPV(N (o = 2)) = NV (N(y - 22))) 2, 02230, 2)

~ / dy (N*V(N(z — 22)) = N3V (N(y — 22))) 0e(2) (1) 1 (22)

X f(N(z —22)) f(N(y — z2))

~ 8mag (\(pt(x)|2 —lee(W)?) e(2)B, (y)
(5.0.11)

where we used (5.0.3) and the fact that f(Nz) — 1 weakly as N — oc.
Inserting also (5.0.9) in the term on the 1.h.s. as well as in the first term
on the r.h.s. of (5.0.8)), we see that the Gross-Pitaevskii equation
arises exactly as the self-consistent equation for ;. Notice that the presence
of the solution of the zero-energy scattering equation f(N-) in the ansatz
for the two particle reduced density does not contradict the fact
that, as N — oo, %(\?,)t — |ot) (| ®?; the correlation structure in is
non-trivial only for |z — z2| < N1 or |y —y2| < N~1, and it disappears in
the limit N — oco. Nevertheless it plays a crucial role in because it
is multiplied with a very singular potential, varying on the same short scale.

Energy estimate. Since the presence of the solution f(N-) of the zero en-
ergy scattering equation in plays such an important role, a rigorous
derivation of the Gross-Pitaevskii equation requires a proof that the
solution ¢+ of the many-body Schrédinger equation really develops a corre-
lation structure and that, in good approximation, this correlation structure
can be described by f(N:). To reach this goal, it is useful to prove certain
energy estimates, bounding appropriate Sobolev norms of 1 ; by moments
of the Hamiltonian.
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To give an example of the analysis involved in this step, we prove a simple
energy estimate for the case of small interaction potentials. More precisely,
we define the following dimensionless quantity to measure the strength of the
radial interaction V:

p=supr?V(r) + / drrV(r)
>0 0

where we introduced the short hand notation r = |z| and V(r) = V(x) if
|| = r. Smallness of p also implies that the solution f of the zero-energy
scattering equation remains close to 1 (recall the boundary condition
f(z) = 1 as x| = o). In fact, one can show [27, Lemma D.1] that there
exists a constant ¢ > 0 with

L—ep< fz) <1, \Vf(x)\sﬁ, \sz(w)léc# (5.0.12)

for all z € R3. Using ((5.0.12)), we can prove the following proposition, which
is taken from [28].

Proposition 5.2. Let V' > 0 be a spherically symmetric, short range, bounded
potential with p > 0 small enough. Let f denote the solution of the zero-energy

scattering equation . Then

2
(W Hyow) = 5 [ do

Y ()
V21V, 7

I IET)] (5.0.13)

for every ¢y € L2(R3N). Here we used the convention © = (x1,...,7N) €
R3V,

Remark. Let ¢+ = e~ "INty be the solution of the Schrodinger equation
with initial data 1. Assume additionally (with respect to the assumptions
of Theorem [5.1)) that (¢, H3%¥n) < CN?; this can be achieved with an
approximation argument that we skip. Then implies that

Nz/dx

and therefore that

U, (x)

2
2
TN ey = 20w MR

= 2(¢n, HyYn) < 2CN?

Va1V,

2

1PN,t(X)
/ o T (1 — 22))

uniformly in N and in ¢t. Note that in (5.0.14)) it is very important that we
divide ¥+ by f(N(x1 — x2)) before we take the two derivatives. Keeping in
mind that f(z) =1 — ag/|z| for |z| large enough, it is easy to check that

A v <C (5.0.14)
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/dac V2 (f(N2)? = N

and therefore we can expect that

/dx |VIIV12"¢1N¢(X)|2 ~ N.

Only if we first divide ¢, by f(IN (21 —22)), removing in this way the singular
correlation structure in the x; — x5 variable, we obtain in a bound of
order one. In other words, implies that, when |z — xo| < N71) the
evolved wave function ¢, can be approximated by f(N(x; — x2)) times a
function ¢ ¢(x)/f(IN(x1 — x2)) which varies on a larger length-scale. In this
sense, we can say that the estimate proves that 1 ; has a short scale
correlation structure, which can in good approximation be described by the
function f(N(x1—x2)). For this reason the bound plays a crucial role
in the proof of Theorem (for the case of weak potential treated in [28];
for large potentials, a different energy estimate has been proved and applied
in [29]).

Proof (of Proposition . We write
Hy = ZN:h with  hj = —A, + EZNQV(N(CC‘ —z;))
=1 ’ ’ Yo i S
Then, using the permutation symmetry of ¢y, we find

(N, HyYn) = N(N — 1) (N, hihatn) + N (¥n, hin)
> N(N = 1){¥n, hihatn).

The positivity of the potential and the fact that for all j > 3
N?V(N(z1 = 25))(=As,) = V3, N?V(N (21 — 7)) Va,

imply that

2
(N, HyYn) > N(N — 1) (¥, (_Axl + NTV(N(SM — xz)))

, (5.0.15)
X <_Ax2 —‘rNTV(N(iEl —xg))) 1Z)N>
Next we define ¢ (x) = ¥n(x)/f(N(x1 — x2)) and write
—Aa N _2N(VS)(N(z1 —3))
@ —o) 0N N )Y

N?(=Af)(N(x1 — x2))
f(N(z1 —22))
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Hence

N2
(—% + 5 V(N(z1 - xz))) Uy = f(N(@1—x2))Lagny (5.0.17)

where we defined the operator

2N(Vf)(N(z1 — z2))
(N (21 = 22))
The important observation is that the last term on the r. h.s. of (5.0.16| can-

cels exactly with the potential, because f satisfies the zero-energy scattering
equation. Analogously, we find that

Li=—-A; ¢n —

. le

(=80 + S VN1 = 20) ) e = (o1 — 22D Lt

with
2N(Vf)(N(z1 — x2))
F(N(z1 — 22))

It is important to observe that Li, Lo are the Laplace operator w.r.t. the
weight f2(N-). In other words

L2 - _AIQ¢N + : vxg'

[ dx for o2 T Bew () = [ dx il — ) 0 La) (0
_ / dx f2(N (21 — 22)) Vo, Xov (X) Vi, € (%)

and analogously for Lo.

From we conclude that
(o Hio) = NV = 1) [ dx (N1 = ) La(0) Ladw ()
=NV 1) [ dx PN @1 = 22) V2,08 G0V, Lat(x)
= NV = 1) [ dx PPN = 22) [V, 0 (0
FNW = 1) [ dxf (N~ 2) T (9[Va, Lo ()
=NV = 1) [ dx PV - 22)) 92,V 6 ()

NNV - 1) / dx (N (21 — 2)) Vor O (%)

N(Vf)(N(z1 — x2))
F(N(z1 — 22))

x V szqu(x).

(5.0.18)



5 The Gross-Pitaevskii Regime 45

In the first term on the r.h.s. we bound f2(N(z; — x2)) > (1 — Cp)? from
below (see (5.0.12))). As for the second term on the r.h.s. of (5.0.18]), we

notice that

N(VHN (@1 —a2)) _ N2(V2f)(N(21 — 22)) n N2(Vf)*(N(x1 — x2))
f(N(z1 — 22)) f(N(z1 — x2)) fAN (21 —22))

The bounds ([5.0.12) therefore imply that

N(VH) (N (1 — 22)
‘V WN@—m) |~ Pl P

\%

for small p > 0. Hence

N(Vf)(N(z1 — x2))
f(N(z1 — x2))

1
o Ve o (Ve ()

< CpN(N - 1) / 0% |V, Vo 63 (%)

‘N(N - 1)/dxf2(N(a:1 — 23)) Va, on (x)V Vi, N (%)

gC’pN(N—l)/dx

and thus
(o Hieow) = (1= NN = 1) [ x|, Voo (0
For p > 0 sufficiently small, we obtain the desired bound. O

Strategy of the proof of Theorem[5.1. As mentioned above the energy es-

timate (5.0.13) and its corollary (5.0.14)) play a crucial role in the proof of
Theorem because they can be used to identify the short-scale correla-

tion structure characterizing the solution ¢y ; of the many-body Schrodinger
equation. Let {%(\’Z)t}szl be the family of normalized reduced densities asso-
ciated with ¢+, satisfying Tr%(\];)t =1 for all N,k € N and t € R. Denote

by {ﬁgz)t}kzl a limit point of the sequence {%(\’;)t N | for N — oco. The esti-
mate (5.0.14]) implies that, for large but fixed N € N (along the appropriate
subsequence), we can approximate

k
%(\’rc,)t(xlv s TR YLy Yk) Hf(N(ffi - xj)ﬁﬁ’i,)t(rch TR YLy e Yk)
i<j
(5.0.19)
This allows us to derive, starting from the BBGKY hierarchy for the reduced

densities {%(\’,“)t ~_, the infinite hierarchy
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k

k
0%, =3 [fAzj , ag;;} +87ag > Triss [5(xj — Zhs1)s ;g:}t] . (5.0.20)
j=1 j=1

for the limit point {%Ig’)t}kzl. The presence of the correlation structure in
(5.0.19) is the reason why the scattering length ag arises in the infinite hier-
archy . What is still missing to show Theorem is a proof of the
uniqueness of the solution of the infinite hierarchy . Before proving
uniqueness, it is important to understand in which space of families of densi-
ties {%lz’)t};@l uniqueness should be shown; proving uniqueness in a smaller
space is of course easier, but it also requires to show that every limit point
of the sequence {%(\];)t}fj:l is contained in that small space. It turns out that
a possible choice of the space of densities is the Sobolev-type space

Hi={{7®P}s1: IO >0VkeNTr(1-A,,)...(1— A, y® < CF}.

Hence, to conclude the proof of Theorem one has to prove that every
limit point of {'y](\’;)t}kzl is in the space H1, and further one has to show that,

for any initial condition %120 = |p)(p|®* € Hy, there is at most one solution

{ﬁéﬁ?t}kzl of the infinite hierarchy (5.0.20) which is in #H; for all ¢ € R.

The proof that every limit point {ﬁf,’,j?t}kzl of the sequence {%(\’f)t N

satisfies the a-priori bounds
_ _ ~(k) k
Tr(l—Ag). . (1= A )70 <C (5.0.21)

for all k£ > 1 is based on energy estimates similar to Proposition but
involving also higher moments of Hy. A challenge is the fact that for finite
N, the reduced densities %(\];)t cannot satisfy 1) at least not uniformly
in N, because of the presence of the correlation structure (taking derivatives
of the correlation functions f(N(x; —z,)) produces factors of N). Only after
taking the limit V — oo, the correlation structure disappears and one can

expect (5.0.21)) to hold true. To obtain ((5.0.21]), one needs therefore to show

estimates of the form
/ dx Op(X) |Va, ... Vi (x)]* < CF (5.0.22)

where the cutoff @y satisfies Oy(x) ~ 0 if there exists i < k and j < N with
|z; — ;] < ¥, while Op(x) ~ 11if |x; —x;| > (foralli <kandje{l,...,N}
with j # 4. If £ is sufficiently large (it turns out that one needs N/¢2 > 1),
the cutoff removes all singularities of V,, ...V, ¢¥n+ due to the correlation
structure (because correlations are only important when particles are close to
each other). At the same time, if N¢3 < 1, the effect of the cutoff turns out

to be negligible in the limit of large IN; hence (5.0.21)) follows from ([5.0.22]),
choosing N~1/2 « ¢ <« N—1/3,
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The proof of the uniqueness of the infinite hierarchy in the class
H1, given in [27], is based on an diagrammatic expansion in Feynman graphs.
Since the singularity of the interaction (the d-function (5.0.20))) cannot be
controlled by the kinetic energy (the H;-norm), one needs to make use of
the dispersive properties of the free evolution generated by the first term
on the r.h.s. of . To perform the analysis it is convenient to switch
to Fourier space. Thanks to the decay in momentum characterizing every
family of densities in 7; and to the decay of the propagators of the free
evolution, the contribution associated to every Feynman graph is convergent
in the ultraviolet regime. Further details can be found in [27].

A different and shorter approach to prove the uniqueness of the infinite
hierarchy was later proposed in [44] based on certain space-time
estimates for the densities %S)t Recently [22], this approach was applied to
deduce uniqueness in the spacé H1; an important ingredient was the quantum
de Finetti theorem.

Coherent states approach in the Gross-Pitaevskii regime. Theorem
proves the convergence towards the Gross-Pitaevskii dynamics without con-
trol on the rate of the convergence. Since in real systems the number of
particles N is large but finite (e.g. N ~ 1000 in very dilute samples of Bose-
Einstein condensates), it is important to know how large N must be in order
for the Gross-Pitaevskii equation to become a good approximation of the
many-body quantum dynamics. Can the coherent states approach presented
in Section 3] for the mean-field regime also be applied in the Gross-Pitaevskii
limit to obtain an explicit bound on the error?

Let us first try to proceed naively, following exactly the same strategy as in
the mean-field case. We switch to the bosonic Fock space F = €@,,~, L2(R")
on which we define the Hamilton operator

1
Hy = /dxvxazvmam + §/d:cdyN2V(N(:v —y))azaaya,.  (5.0.23)

We consider a coherent state initial data W = W(v/N¢)2 with a ¢ € L?(R?)
with ||¢|| = 1. The expected number of particles in the state ¥ is N. We let
¥y evolve and try to approximate it with a new coherent state. To this end
we define the fluctuation vector n, € F by

TN (VN2 = W (VN@En s,
which can be rewritten as
vt =Un(t0)02
with the fluctuation dynamics

U (t;s) = W (VN e W (VN g,). (5.0.24)
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Instead of choosing ¢; to solve the Gross-Pitaevskii equation ([5.0.7)), it is
convenient to consider the solution of the modified Gross-Pitaevskii equatio

iOypr = =Dy + (N°V(N)F(N-) * e (5.0.25)
with the same initial data g = ¢. As N — oo,
N3V (Nz)f(Nx) — 8magd(x)

and the solution of the modified equation can be easily shown to
converge towards the solution of the Gross-Pitaevskii equation (5.0.7), with
the rate N1 (at least for sufficiently regular initial data).

Similarly as in the mean-field case, to show that e "*~*IW (v/N)f2 can
be approximated by the evolved coherent state it is enough to prove that the
fluctuation vector £+ stays close to the vacuum. More precisely, it is enough
to control the growth of the expectation of the number of particles operator

(Un (£:0)2, NUx (t;0)2) (5.0.26)

with respect to the fluctuation dynamics U (¢; s). To this end, we compute
the (time-dependent) generator Ly () of Un(t;s), defined by the equation

iOUN(ts) = Ly (OUN(t:5), Un(sis) =1
and thus given by
Lx(t) = [0 (VN@)| W(VN@) + W (VN HNW (VN ).
On the one hand we have

[iatW*(\/NS@t)} W(\/Nsot) = C1(N,t) - \/N[a*(iat%) + a(i0ppy)]

(5.0.27)
for an unimportant constant C7(N,t). On the other hand, using (3.0.17)), we
find

2 Of course, this equation depends on N, and so do its solutions. So when we talk about
convergence of this equation to the Gross-Pitaevskii equation we mean convergence of
its IN-dependent solutions to solutions of the Gross-Pitaevskii equation. Despite solutions
being N-dependent we don’t put an extra N-index to keep the notation light.
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W (VN HNW (VNg)
= Co(N, 1) + VN [a" (= Auipy + (N V(N-) = e [*)pr)
+a(—Azp + (N*V(N-) = |‘Pt|2)@t)}

/de aiV a, + /da: (N3V(N-) * |p¢|}) (2)aka,
T / drdyN*V (N (z — y)) 1 (2), (v)aa,
+ % / dudy NV (N(z — y)) [pe(x)pe(y)ata;, + 5,(2), (y)asa, ]
T %ﬁ / dadyN*V (N (z — y))a(pe(y)ay + y(y)ay)as

1
+ N dxdyN3V (N (x —y))aza,a,a;

(5.0.28)

where Co(N,t) denotes another unimportant constant. Recall that in the
mean-field regime the linear terms (linear in creation and annihilation oper-
ators) arising from the two contributions to the generator canceled
exactly due to the choice of ¢; as a solution of the Hartree equation. Here in
the Gross-Pitaevskii regime, the cancellation is not complete; in fact the cre-
ation and annihilation operators on the r.h.s. of have the argument

iOppr = —Apy + (N*V(N-) f(N-) o *) o

while the argument of the creation and annihilation operators appearing in
the linear terms on the r. h.s. of (5.0.28]) does not contain the solution f(N-)
of the zero-energy scattering equation (5.0.2)). It follows that

Ln(t)
— C(N, 1)

+ VR [ (NOV (N (V) * [orl2)er) + al(NPV(N)w(N-) * [e)n)]
—l—/deza:Vmax—l—/da:(NSV(N-) * |oe?) (2)akay,
4 / dedyN*V (N (z - 4))oe @)y (v)atay

+§ / dedy N*V(N(z — y)) [pu(@)ou(y)azal, + 7,(2)F, (y)away ]

L / dedyN*V(N(z — y))a%(@(y)a, + i(y)as)a,

/dxdyN?’V( (x —y))azayaya,
(5.0.29)
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where we set w =1 — f (and where C'(N,t) = C1(N,t) + C3(N,t) is another
unimportant constant). Hence, in the Gross-Pitaevskii regime, the generator
of the fluctuation dynamics contains a contribution which is linear
in creation and annihilation operators and therefore does not commute with
the number of particles operator. This contribution is of order v N (at least
formally), and for this reason, it is impossible to bound the growth of the
expectation of the number of particles operator uniformly in N.

Modified fluctuation dynamics. The reason why this naive approach does
not work is the fact that we are trying to approximate the many-body evolu-
tion of a coherent state initial data by an evolved coherent state, completely
neglecting the correlation among the particles. (Recall that coherent states
in each n-particle component are completely factorized and thus do not have
any correlations.) Since we know correlations to be very important in the
Gross-Pitaevskii regime, it should not surprise us that fluctuations with re-
spect to the evolved coherent state are too large.

To take into account the correlation structure developed by the time-
evolution we define the kernel

ke(z;y) = —Nw(N(z — y))pi(z) et (y) (5.0.30)

where, as before, ¢; denotes the solution of the modified Gross-Pitaevskii
equation and w =1 — f (where f is the solution of the zero-energy
scattering equation (5.0.2)). Recall that w(z) ~ ag/|x| for |z| > 1, while in
accordance with t is regular for |z| < 1; it is useful to think of the
function Nw(N(x —y)) as ag/|x — y| but regularized for |z —y| < 1/N. Using
the kernel k; we define the unitary operator Ty, acting on the Fock space F,
by

1 _
T; = exp <2 /d:cdy (ke (s y)ayay — ky(w; y)away)) . (5.0.31)

Since the exponent is quadratic in creation and annihilation operators, T}
implements a Bogoliubov transformation. It is even possible to explicitly
compute its action on the creation and annihilation operators, yielding

Ty a(f)T; = a(coshy, f) + a* (sinhy, f) (5.0.32)
770 (£)T; =  (coshy, ) + afsinhy, ) -

for any f € L?(R3). Here we use the notation coshy, and sinhy, for the linear
operators on L?(R?) given by

1 - 1 —
COShk = E 7(/€tkt)n7 Sil’lhk = E 7(ktkt)nkt,
t | t |
= (2n)! = (2n+1)!

where products of k; and k; have to be understood as products of operators
(we identify the function k; € L?(R® x R3) with the operator having k;
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as its integral kernel). We use the unitary operator T; to approximate the
correlation structure developed by the many-body evolution. We consider
the evolution of initial data having the form

Uy =W Ne)Toén (5.0.33)

for a &y with only few particles (think of {x = (2 for simplicity), and we
try to approximate its evolution with an evolved state of the same form.
As discussed in Appendix is a natural class of initial data, ap-
proximating the ground state of the Bose-Einstein condensate trapped in a
volume of order one (the point here is that the Bogoliubov transformation
Ty generates the correct correlation structure, which is crucial on the one
hand to reach the ground state energy and, on the other hand, to follow the
many-body dynamics). States of the form are also called squeezed
coherent states. The use of Fock space is crucial here to allow this choice of
initial data.

To approximate the evolution of , we define the new fluctuation
vector {y,; requiring that

e MW (VN Toén = W(VN@) Tién .
Equivalently {n, = Un (t;0)¢ with the modified fluctuation dynamics

Un(t;s) = TFW* (VN )e N W (N, )T (5.0.34)

Let us compute the kernel of the one-particle reduced density fy](\}_)t associ-

ated with Wy, = e~ N tgy:
(1) . _ *
’YN,t(%y) = <¢N,t,ayaz&DN,t>
= (W(VN@)Tién v, a0 W (VN @) Tién o)

= (v T7 (a5 + VNB,()) (a0 + VNG ()) Teé,)

Hence, for any one-particle observable J on L?(R3), we find

TrJ (71(\},1 - leot><sot|)
= VN{En, T) [a* (Jor) + a(J )] Teéwe) + (En,e, Ty dD () Tiéne)
and therefore

Tr <VNENLTINY2TEN ) + Ena, TINTEN 1)

1
1% — Nl (el
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Using ((5.0.32f), we conclude that E|

TyNT, < C(N +1) (5.0.35)
and therefore that
T |h¥) — Moo (] < OVR(En e W + D). (5.0.36)

This means that to get a bound on the rate of the convergence of the many-
body evolution towards the Gross-Pitaevskii dynamics (proportional to VN ),
it is enough to control the growth of the number of particles with respect to
the modified fluctuation dynamics, i.e. to control the expectation value

(U (t:0)&, NUx (£ 0)€) (5.0.37)

uniformly in N.

Generator of modified fluctuation dynamics. To estimate the expectation
1) we compute the generator of Uy (¢; s), defined by the equation

iOUN (t;8) = Ly (OUN(t;s)  with Uy (s;s) =1
and therefore given by
Ln(t) = (i0,T7) Ty + T} L (8)T, (5.0.38)

where Ly (t) is the generator computed in (5.0.29). The first term on the
r.h.s. of (5.0.38)) is an expression quadratic in creation and annihilation op-
erators and can be bounded as

+[(i0,T}) To, N] < C(N +1).

Hence, its contribution to the growth of the number of particles operator
can be controlled similarly as we bounded in the mean-field case.
Let us now focus on the second term on the r.h.s. of . As discussed
between Eq.s (5.0.28)) and (5.0.29)), the generator £y (t) contains a large term
(proportional to v/N) linear in creation and annihilation operators. After
conjugation with T3, this term is given by

VN / dedyN*V (N (z — y))w(N (& — 1) o () Poe (0) T 03T + hie. (5.0.39)

At the same time, the generator Ly (t) (5.0.29)) contains a term which is
cubic in creation and annihilation operators. After conjugating with T; we
find this contribution to be, introducing the notation ch,(z) = coshy, (z; x)

3 It is interesting to note that, while the introduction of T} changes the energy by a
contribution of order N (see Appendix @), Eq. (6.0.31) shows that the change in the
number of particles is only of order one.
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and sh,(z) = sinh(z; x),
1 — * %
Wisi / dzdyN*V (N (z — )@, (y) T abaya. Ty + h.c.

= Tlﬁ /dmdyN3V(N(x — )t (y)T; a}Ti(a(chy) + a*(shy))
x (a(chg) + a*(shy)) + h.c.

= Tlﬁ /dxdyN3V(N(w —y)pe(y)TyarTa* (shy)(a(chy) + a*(shy))
+— [ sy NV (NG — ) )Ty 0 Tialeh, Ja(ch)

+ ﬁ /dzdyN3V(N(x - y))@f (y>Tt*a;Tta(Chy)a* (Sh’I')

+ h.c.
(5.0.40)

In the last summand, the operators a(ch,) and a*(sh,) are not in normal
order (a product of creation and annihilation operators is said to be normal
ordered if all creation operators are to the left of all annihilation operators).
Putting them in normal order produces a commutator term which is linear in

creation and annihilation operators. Since coshg, = 1 + O(k;)? and sinhy, =
ki + O(k}), we find

(chg,shy) = /dz coshyg, (z; z) sinhy, (z;y) ~ /dzé(x —2)ki(z;y) = ki (z5y)

(5.0.41)
up to terms which are regular in the variable x — y (more precisely, higher
powers of kg have kernels that are regular on the diagonal and therefore their
contribution to can be shown to be negligible; in contrast, k;(x;y)
behaves like aglz — y|~! for |z — y| > 1/N). With this approximation, we

find from ([5.0.40))
1 — * %
N /dzdyNBV(N(x —y)e, (YT} ayaya,Ti +hec.
1 — * %
o~ Wi /dxdyN?’V(N(x —y)ke(x;y)@,(y) Ty arTy + € + h.c.
= VN [ BtV (V@ )N G~ )l P ()T T, 6 4 e
(5.0.42)

where £ includes all terms proportional to T} a}T; multiplied with a normal
ordered quadratic expression in a and a*. It is easy to check that all terms
in & after expanding T;a}T; can be written in normal order up to negligible
errors, and the normal ordered expression can be bounded using the number
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operator A/. In contrast, the main term on the r.h.s. of (5.0.42) can not be
bounded; however it cancels exactly the large linear contribution in (5.0.39).

There is another important cancellation produced by the conjugation
with the Bogoliubov transformation 73. On the one hand, we have the two
quadratic contributions

/dez (a*(chy) + a(shy)Ve(a(chy) + a*(shy))
= /dmdyvma;(vwkt)(%y)a; +&
— N [ dedy(Aa)(N (o~ ))r(a)eulw)a + €
(5.0.43)

and
/ dzdyN®V (N (z — y))ou(@) () (0" (chy) + a(shy))(a* (chy) + a(shy )
- / dzdyN*V (N (z — y))pu(2)pr(y)ata’, + Es
(5.0.44)

where &£1,& and & denote error terms, which can be controlled by the ex-
pectation of the number of particles operator A/ and of the kinetic energy
operator

K= /dizazvxax.

On the other hand, from the quartic term in ([5.0.29)) we find after conjugation

% / dzdy N*V (N (z — y))(a*(ch,) + a(sh,)(a*(ch,) + a(shy))
x (a(chy) + a”(shy))(a(chy) + a*(shy))
= % /dxdyN3V(N(m —y))a*(chg)a™(chy)a(chy)a*(shy) + &4
— [ dadyN V(N - y))ks(wsy)azay + &
—— [ dsdy NV (N @ ) (N @~ y)eu(o)eelv)asay +
(5.0.45)

where the error term & can be bounded by the expectation of A, of N2 /N
and of the quartic potential term
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/da:dyNQV(N(x —y))ay,a,a,a; .

Combining the first terms of the r.h.s. of (5.0.43)), (5.0.44) and (5.0.45), we
find

N3 / dady K—A + ;V> (1- @} (N(z — 9))ge (@) pr(y)atal = 0 (5.0.46)

because we chose f = 1 — w as the solution of the zero-energy scattering

equation (5.0.2)).

Taking into account these two important cancellations, the generator of
the modified fluctuation dynamics ([5.0.34)) can be controlled by the number
of particles operator N, by N?/N and by the Hamiltonian (5.0.23)), i.e.

~ N2
+ Ln(t) < Celtl </\/ + 5+ HN) (5.0.47)

for some C,c > 0 (independent of N and t). The time dependence on the
r. h.s. of the last equation arises through high Sobolev norms of the solution
¢ of the modified Gross-Pitaevskii equation ([5.0.25)).

Growth of fluctuations in the Gross-Pitaevskii regime. The final step is to
control the growth of the number of particles operator. In a very similar way
as used to prove ([5.0.47)), we also obtain the two bounds

+ [ZN(t)J\/] < Celtl (N+ /%2 + EN(t)> ;

N

, ) (5.0.48)
+Ly(t) < Cecltl (N+ ~ ﬁN(t)> .

Furthermore we have a simple bound where the number of fluctuations is just
bounded by the total number of particles, the ‘worst case’:

_ N2~ . ~ N?
Un(t;0)EN, WUN(t; 0)én) < Un(t;0)n, NUN(t;0)En) + <§N, N§N>

With these ingredients the next proposition can be proven by Gronwall’s
Lemma.

Proposition 5.3. Let V' > 0, spherically symmetric and short range. Let
En € F, with

(€, NEx) + 3 n, NEn) + (€, HuvEw) < ©

for some C > 0 (independent of N ). Then there exists constants K,c > 0
(independent of N and t) such that
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Ut 0)En, NU(E; 0)En) < K explexp(c|t])) (5.0.49)
for allt € R.

The fast deterioration in time of the bound (5.0.49) is a consequence of
the time-dependence in (5.0.47) and ([5.0.48)), arising from bounds for high
Sobolev norms of ;. If one assumes that ||| 7+ < C uniformly in time, the
bound becomes a simple exponential.

Quantitative convergence towards the Gross-Pitaevskii equation. From
(15.0.36|) and Proposition We obtain the following theorem, which has been
proved in [12].

Theorem 5.4. Let V' > 0, spherically symmetric and short range. Let ¢ €
H*R3) and &y € F such that

(En, NEN) + %<5N7N2§N> + N, Hnén) < C

for some constant C > 0 (independent of N ). Consider the family of initial
data

Wy = W(VNe)Tobn
and denote by '7](\;,)1: the one-particle reduced density associated with the evo-
lution Wy, = e Nty of Uy, Then

Ir 71(\% — Nl (]| < ON'? exp(exp(clt]))

for allt € R.



Chapter 6

Mean-Field Regime for Fermionic
Systems

So far we have discussed the time evolution of systems of interacting bosons.
In this section, we will focus instead on fermionic systems. We will consider
systems of N fermions initially confined to a volume of order one by a suitable
external potential, e.g. an electromagnetic trap. We are interested in the
evolution of such systems resulting from a change of the external field, e. g.
switching off the trap.

The Hamilton operator of the trapped N fermion gas has the form

N N
HY™® =3 " (= Ay, + Vet (5)) + XY Vi — ) - (6.0.1)

j=1 i<j

It acts on L2(R3Y), the subspace of L?(R3N) consisting of functions which
are antisymmetric w.r.t. permutation of the IV particles. The interaction
potential V' varies on the same length scale as the one characterizing the
confining potential V.. For this reason, each particle interacts with all the
remaining (N — 1) particles, producing a potential energy of the order AN2.
The mean-field regime is defined by choosing the coupling constant A\ so
that the potential energy is typically of the same size as the kinetic energy.
While the potential energy is independent of the statistics of the particles, the
antisymmetry of the wave function plays an important role for the kinetic
energy. In order to understand this point it is instructive to consider the
following simple example.

The free Fermi gas. Consider a gas of N non-interacting fermions in the
three-dimensional torus T®. The Hamiltonian of the system is

N
trap __
Hy™ = E —As;
j=1

acting on L2(T3N). The eigenstates of HyP can be computed explicitly; they
are given by Slater determinants:

57
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1
Ystater(T1, -, TN) = 7 det(fi(x;))1<ij<n
1
= —= > oxfi(@a) - (@) s
N! TESN
where 4
fi(z) = fp,(x) =P p; € 2173 .
For an arbitrary choice of N pairwise distinct momenta p1,...,pn € 27Z3,

the energy of the corresponding Slater determinant is given by Zivzl p?. Thus,
the ground state of H %ap is obtained by choosing N pairwise distinct vectors
{p:}¥| in 27Z3 minimizing Zivzl Ipi|?. The condition that all momenta must
be distinct follows from the observation that the Slater determinant vanishes
if two momenta coincide. This is an expression of the Pauli exclusion princi-
ple, stating that there cannot be two fermions in the same one-particle state.
It follows that the ground state energy of H]t\;ap is approximated by filling
the Fermi ball {p € 2xZ>, |p| < cN'/3}, where ¢ = 27/(4F)'/3. We have (up

to errors of lower order)

inf spec(Hy'P) =~ Z Ip|? ~ N5/3/ dp |p|? for N > 1.

[pl<eNt/2 Iplse

Hence the ground state energy, which is purely kinetic in this simple example,
is of the order N°/3 and thus much larger than N.

Fermionic mean-field regime. The fact that the kinetic energy of a Fermi
gas scales as N°/3 is a general property of N fermion systems trapped in
a volume of order one. This is made rigorous by the Lieb-Thirring kinetic
energy inequality, which states that for any ¢ € L2(R3V)

N
0,3~ A ) > C / o @)z (6.0.2)

i=1

for a universal constant C'. Here we defined the density p, associated with v
through

py(x) = N/dxz cdry p(z, T, . 2N (6.0.3)

Applying (6.0.2) to the ground state 1y of Hy, we conclude that, for well-
behaved densities py,

N
<'(/)N7 Z _Awi wN> > CN5/3 (604)

=1

Therefore, in order to have a nontrivial theory in the limit N — oo, we are led
to choose the coupling constant A in Eq. (6.0.1) as A = N~1/3, In the same
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spirit, the external potential should also be scaled with N: taking Viy(z) =
N2/3pq (z) we make sure that all components of the Hamiltonian scale as
N®/3. This completes the definition of the fermionic mean-field regime. Notice

that if
0 ifzeA

oo otherwise

Vext (x) = {

for a domain A € R? the rescaling of the external potential is trivial.

Hartree-Fock theory. In this regime, the ground state of the system is ex-
pected to be well approximated by a Slater determinant gjater (21, ..., 2N) =
N!1=Y2 det(f;(x;)) with a suitable choice of the orthonormal system { f; 1
in L2(R3). The one-particle reduced density associated with t)gjater is given
by

N

wny = NTry . N|Ysiater) (¥Slater| = Z |fi)(fil - (6.0.5)

j=1

Notice that wy is the orthogonal projection onto the subspace of L?(R?)
spanned by the orbitals {f; ;-V:l. Slater determinants are quasi-free states;
that is, they are completely characterized by their one-particle reduced den-
sity wy in the sense that all higher order densities can be computed through
wn using Wick’s rule . In particular, the energy of a Slater determi-
nant can be expressed in terms of only wy, through the Hartree-Fock energy
functional

Enr(wn)

t
= <z/}Slater; H]\;aprlater>

=ﬂ&A+WMw+ﬁ%;/mwvu—wwmmew—wmmm-
(6.0.6)

Hence, we expect the one-particle reduced density of the ground state of

(6.0.1)) to be well approximated, for A = N~1/3 and N large, by the minimizer
of (6.0.6) among all orthogonal projections wy on L?(R3) with Trwy = N.

Thomas-Fermi theory. The Hartree-Fock energy functional still de-
pends on N. So what happens if we take the limit N — oo here? We obtain
the next, coarser, degree of approximation which is Thomas-Fermi theory.
More precisely, after dividing by N°/3, the Hartree-Fock ground state en-
ergy is expected to be close to the minimum of the Thomas-Fermi energy
functional

Erelp) = gore [ dopla)*+ [ devoala)ole)+5 [ dedyV (e -p)p(@)niy)

(6.0.7)
over all densities p € L/3(R3) with p > 0 and ||p||; = 1. The minimizer prg
satisfies the Thomas-Fermi equation
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erpprr(r) = (1 — dre ()3 (6.0.8)

with the Thomas-Fermi potential ¢1F = vext + V * prr generated by the
trap and by the self-consistent interaction produced by prg. In the
parameter p plays the role of the chemical potential; it has be chosen so that
[orrl1 =1.

Notice that prp should be interpreted as the (normalized) configuration
space density of the fermions in the ground state. With it, we can approximate
the minimizer of the Hartree-Fock energy functional by the Weyl

quantization
~ 1 T+ Yy v £
wn(z;y) = re) /de( 5 ,v) el =t (6.0.9)

of the characteristic function M (x,v) = x(jv] < cp;/lf(x)) (the constant ¢ > 0

is chosen so that Trony = N and is independent of N) H Physically
corresponds to the idea that in analogy to the case of free fermions, the
ground state of (and of the corresponding many-body Hamiltonian
(6.0.1)) can be approximated by filling the Fermi ball; here, however, this
procedure is implemented locally, with the number of particles in the local
Fermi ball dictated by the Thomas-Fermi density prr.

Dynamics. We consider initial data close to the trapped ground state of
(6.0.1)) and its evolution resulting from a change of the external potential. For
simplicity we assume that at time ¢t = 0 the external traps are just switched
off. The subsequent evolution is governed by the Schrédinger equation

ia‘l”le,T = HNwN,T ) 1/)N,0 = 1/}N

with
N

Hy =) A, + ﬁZV(xi —xj) . (6.0.10)
i=1 i<j

We now identify the relevant time scale on which the system undergoes macro-
scopic changes. From the discussion above, we expect the kinetic energy per
particle to be of order N2/3; hence, the classical velocity of the particles is
typically of order N'/3. Therefore the natural time scale of the evolution is
of order N~1/3. After rescaling time by introducing the variable t = N1/37,
the Schrodinger equation takes the form

N
iNY30n, = (Z —Ag, + ﬁ > V- $j))¢N,t : (6.0.11)
=1

i<j

I However wy is only approximately an projection.
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Setting ¢ = N~'/% and multiplying the l.h.s. and the r.h.s. of (6.0.11) by
€2, we find

(0N, = (Z 20, + — Z V(z; — )z/;N,t . (6.0.12)

i=1 Z<j

In we recover the N~! coupling constant characterizing the mean-
field limit of bosonic systems. Here, however, the mean-field limit is natu-
rally linked with a semi-classical limit where ¢ = N—1/3 plays the role of
Planck’s constant. (Notice that for systems of electrons and nuclei interact-
ing through Coulomb potentials, the scaling used here is analogous to the
well-known semiclassical scaling used to study Thomas-Fermi theory and
time-independent Hartree-Fock theory [50, 38, [§].)

We are interested in the evolution for initial data approximating
Slater determinants with reduced density wy minimizing . We expect
that 1 stays close to a Slater determinant whose one-particle reduced
density evolves according to the time-dependent Hartree-Fock equation

igath’t = [hHF(t)7wN,t] with hHF(t) = —EzA + V * Pt — Xt s (6013)

and with initial data wyo = wy. Here, [A,B] = AB — BA denotes the
commutator of the operators A and B. Moreover, p;(z) = N lwy ¢ (x;x) is
the configuration space density associated with wy ¢, the convolution V * p;,
called the direct term, acts as a multiplication operator on L?(R?) and X;
is the exchange term, an operator with integral kernel given by X;(z;y) =
N7V (z — y)wn (x;y).

Like the Hartree-Fock energy functional, also the time-dependent Hartree-
Fock equation still depends on N. As N — oo, it is expected to con-
verge towards the classical Vlasov equation. More precisely, let us define the
Wigner transform (which is the inverse of the Weyl quantization introduced

in (6.0.9))

Wi (z,v) /dnw;vt x+ 6277) wn (6.0.14)

of the reduced density wy+. Wi is a normalized density on the classical
phase space R?xR3, but in general not positive. As N — oo, Wy + is expected
to converge (in an appropriate sense) to a probability density Wi, ; on the
classical phase space which satisfies the Vlasov equation

(O +2v - V) Weoi(x,v) = (Vi V % p,‘{l)(x) - VoWeo,i(z,v) ,

where pV! = [ dvWaot(z,v) is the configuration space density associated
to Weo . On a heuristic level, this can be seen as follows: The Wigner trans-
form of a solution of the Hartree-Fock equation satisfies (where we neglected
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the exchange term X; as explained in (6.0.46]))
Z.<€6‘7'I/VN,7' ([L’, U) (27T)3

- /dn e (—e? Ay + 2 As) wh,r (m + sg; x— 5%)

S E R COAIE RTRI )

n 77)
X E—;x —€E—
WN,r (1: + 2 T )
wherein A; and As denote the Laplacian acting on the first and the second
argument, respectively, of the integral kernel wy (z1,22). We approximate
the difference in the last integral by expanding in e:

(V% pr) (Jc + 6%) - (V xpr) (x - eg) =en-V(V xp,)(z) + O(?).
Using integration by parts to convert the factor of 7 into a gradient with
respect to v, we obtain for the last integral

eiV(V x p.)(z) - VoW o (2,v) + O(?).

Furthermore it is easy to see that

2
(A — A)wn 7 (Jc + 8%;33 — sg) = gvnvM,T (3: + 5%;3: — 63) .
Again using integration by parts with respect to n and dividing the whole
equation by ie, we finally arrive at

O-Wn +(z,0) +2v - V, Wy (x,v) = Vo (V x pr) () - VoW - (z,0) + O(e).
(6.0.15)
Noticing that the configuration space density p?¥ of the Wigner function is
pY (z) = [Wn ,(z,v)dv = wy - (z,2) = p;(x), we have indeed obtained the
Vlasov equation, up to an error formally of order e.

Rigorously, the convergence of the Hartree-Fock (or Hartreeﬂ) dynamics
towards the Vlasov evolution has been proved to hold in a weak topology
for sufficiently regular initial data Wy o and for a large class of potentials
including the Coulomb potential in [52]. More recently, bounds on the rate of
the convergence from the Hartree equation to the Vlasov equation for regular
initial data and for regular potentials have been established in [7]. In [14],
these bounds have been improved and extended to a larger class of initial
data. In particular, in contrast with previous works, some of the estimates
in [14] also apply to W o(z,v) =~ x(Jv| < ¢p'/?(x)), which is the natural
approximation for equilibrium states in the case of zero temperature.

2 See [15] for the proof that the exchange term Xy can be neglected with an error smaller
than that of the step from many-body quantum mechanics to Hartree-Fock.
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Semi-classical structure. To establish the convergence of the many-body
evolution to the time-dependent Hartree-Fock equation , it is very
important to take into account the structure of the initial Slater determinant.
We are particularly interested in Slater determinants whose reduced density
wy is chosen close to the minimizer of the Hartree-Fock energy . In
this situation we expect the integral kernel wy(z;y) to decay to zero for
|z — y| > e. At the same time, we expect it to be regular and to vary on
scales of order one in the x + y direction.

To explain this point better, let us consider again the free Fermi gas on
the torus. In this case, the one-particle reduced density of the ground state
is (as N — o0) given by

wn(zy) = Z e @—y) ~ N dp e @=v)/e = Ngo(m — y)’
Ip|<eN1/3 Ip|<c €
(6.0.16)
for some function ¢ which can be explicitly calculated. As expected, wy
varies on the short scale € in the z — y variable. In this elementary case the
(x + y)-dependence is trivial because Vexi(z) = 0 in the box A.

The formula suggests that the approximation wy of the minimizer
of the Hartree-Fock energy functional for an interacting system in the
mean-field regime exhibits the same semi-classical structure; it varies on the
scale ¢ in the (x — y)-variable and on a scale of order one in its (z + y)-
dependence.

A convenient way to quantify the separation of scales of wy is given by
estimates on the commutators

[Wn,z] and [Wy,eV]. (6.0.17)

Recalling the Weyl quantization, the integral kernel of [Wyx, 2] is given by

x . LY
+y,'U e'L’U' =

i) = o = )on i) = s [ do(T00) (

while
[wn,eV](z;y) = —& (Ve + V) on(759)
— 6.0.19
g/dv(VxM)(x+y,v) ozt (0019)

(2m)3 2
1/3

Hence, taking M (z,v) = x(|p| < cpyp (x)), semi-classical analysis suggests
that

Tr |[Wn, z]] < CNE/dxdv|(VvM)(x,v)| < CNE/dmp%/F:g(x) < CNe

and
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Tr |Gy, 2V]| < CNe / da|Vpre(z)| < CNe (6.0.21)

under reasonable assumptions on V and Vi (to guarantee that prp €
L?/3(R%) and Vprp € L'(R?) with N-independent norms). Note however
that making these claims rigorous is far from trivial because there is no rig-
orous elementary way of calculating the trace norm of an operator from its
integral kernel.

In the following we will study the time evolution of approximate Slater
determinants with one-particle reduced density satisfying the commutator
estimates (6.0.20) and (6.0.21). This assumption is motivated by the argu-
ments given above, since we are interested in the evolution of initial data
approximating the ground state of in the mean-field regime. These
commutator estimates are crucial for our result.

In the recent study of the emergence of the Vlasov equation [I4] these com-
mutator estimates play a crucial role as well: According to (6.0.18)), (6.0.19)),
the VW -term in the approximate Vlasov equation (6.0.15)) corresponds to
the commutator %[&)N,NEV] and the V, Wy ;-term to = [@n ¢, z]; the com-
mutator estimates tell us that both terms in the Vlasov equation are of order
one and thus it is reasonable to drop the error of order e. (In [I4] actu-
ally higher regularity than only of V,Wx; and V,Wy is imposed; this is
justified in the positive temperature setting of Chapter m)

Rigorous results. The mathematical literature concerning the derivation of
effective evolution equations for interacting fermions is much smaller than for
the bosonic case. In the mean-field limit we are interested in, the first deriva-
tion of the Vliasov equation from quantum many-body dynamics has been
given in [53] for analytic interaction potentials. Shortly after, this result has
been extended in [63] to twice differentiable potentials. The first derivation
of the Hartree-Fock equation has been given much later in [25], for analytic
interaction potentials and short times.

In the rest of this section we will present the results of [I5], where the
convergence towards the Hartree-Fock equation has been established with
control of the rate of convergence for a much larger class of potentials and
for all times (notice that the results of [I5] were also extended to the case of
pseudo-relativistic particles in [16]).

Concerning other scaling limits, the Hartree-Fock equation has been de-
rived in [10] and (for a Coulomb potential) [32] starting from a many-body
Hamilton operator of the form (6.0.1), but with A = N~1! (in this case, there
is no link to a semi-classical limit). Recently, convergence in presence of a
regularized Coulomb interaction with a N~2/3 coupling constant has been
given in [54].

Fock space. In order to discuss the results of [15] we introduce the fermionic
Fock space over L?(R?), which is defined as the direct sum
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F=Co@PLiR™)

n>1

where L2(R3") denotes the subspace of L?(R3") consisting of all functions
antisymmetric with respect to permutations of the n particles.

As in the bosonic case, we let 2 = {1,0,0,...} denote the vacuum and
define the number of particles operator by (N®)™ = nyp( for all ¥ =
{™},en € F. Moreover, for all f € L?(R3), we introduce the creation and
annihilation operators a*(f) and a(f) by setting

n _1)j -
(a*(f)@)(")(ac ey Tp) = (7f(x-)w(” 1)(:10 ey L1, Ty ey X))
1 ; \/ﬁ 7 1 j—1yLj+1

(a(f)&) ™ (zy, ..., 2,) = V0 + l/dxmw(”ﬂ)(%xl, cey Tn)
(6.0.22)

for U = {4p(M},en € F. Tt is easy to see that a*(f) is the adjoint of a(f)
and that fermionic creation and annihilation operators satisfy the canonical
anticommutation relations

{a*(f),a*(g)} = {a(f)7a(g)} =0, {a*(f),a(g)} = <gvf>

for all f,g € L?(R3). (The anticommutator is defined as {A, B} = AB + BA
for any two operators A and B.) An important consequence of the canoni-
cal anticommutation relations is that a(f) and a*(f) are bounded operators
(unlike in the bosonic case), since

la(F)PIP = (@, a*(Fa(F)F) = -, a(Ha* (OO +IFIE < IFIF Ve F .
(6.0.23)
It is simple to check that [|a*(f)|| = ||a(H)|| = || f]]2-
As in the bosonic case, it is useful to introduce operator-valued distribu-
tions a; and a,, which allow us to write

a(f) = /daﬁv)aac , a*(f) = /dx f(x)ak . (6.0.24)

The second quantization of operators on the Fock space is defined exactly as
for the bosonic case; see Section

Fermionic Bogoliubov transformations. It turns out that N-particle Slater
determinants can be obtained in the Fock space F by applying appropriate
Bogoliubov transformations on the vacuum vector {2. To explain this point
in more detail, let us define fermionic Bogoliubov transformations, similarly
as we did in Section @ for the bosonic case.

For f,g € L*(R?), we define
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A(f,9) = a(f) +a”(9)-

Observe that
A*(f,9) = A(T(f.9)) (6.0.25)

where the operator 7 is defined by J(f,g) = (g, f) (as in (4.0.5))). In terms
of these operators, the canonical anticommutation relations assume the form

{A(f1.91), A*(f2, 92)} = {a(f1), a"(f2)} + {a”(g1), a(g2) }
= (f1, f2) + (G2, 91) = (f1, f2) + (91,92) (6.0.26)
= ((f1,91), (f2, 92)) 2012

A fermionic Bogoliubov transformation is a linear map v : L?(R3)® L?(R3) —

L?(R3) & L*(R®) preserving and in the sense that these
properties continue to hold for the new field operators B(f,g) := A(v(f,g)).
It is easy to see that v is a fermionic Bogoliubov transformation if and only if
v is unitary and Jv = vJ. Equivalently, a linear map v : L?(R?)® L?(R3) —
L?(R3) @ L?(R3) is a fermionic Bogoliubov transformation if and only if it

has the form B
V= (“ ”) (6.0.27)
v U

where u,v : L?(R?) — L?(R?) are linear maps with
wutvv=1, wT+v'u = 0. (6.0.28)

As in the bosonic case, a fermionic Bogoliubov transformation v is said to be
implementable on F if there exists a unitary operator R, : F — F such that

RLA(f,9)Ry = A(v(f,9)) (6.0.29)

for all f,g € L?(R3). By the Shale-Stinespring condition, the fermionic Bo-
goliubov transformation v is implementable if and only if v is a Hilbert-
Schmidt operator (see e.g. [61, Theorem 9.5] or [58]).

It is useful to see how the unitary R, transforms the fermionic operators
and the corresponding operator-valued distributions. We have:

Ria(f)R, = REA(f,0)R, = a(uf) + a*(vf) (6.0.30)
for all f € L*(R?). Setting a(f) = [ dx a, f(z), Eq. is equivalent to
RjayR, = a(uy) + a™(Ts) , (6.0.31)

Here we introduced the notations u, (y) := u(y; =) and v, (y) = v(y; x), where
u(z;y) and v(z;y) are the integral kernels of the operators u and v.

Quasi-free states. For any implementable Bogoliubov transformation v :
L2(R?) @ L*(R?) — L*(R3) @ L?(R3), the Fock space vector R, {2 describes
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a quasi-free state; all correlation functions of R, (2 can be computed through
one-particle correlations by means of Wick’s rule. In this sense a quasi-free
state ¥ € F is completely determined by its one-particle reduced density
71(\}), with the kernel

Wiay) = (0, aa,®)
and by its pairing density ag\,), defined by
ay(2,y) = (¥, a,a,9)

Let wy denote an orthogonal projection on L?(R3) with Trwy = N.
Then we find an orthonormal system {f;}}; in L2(]R3) such that wy =

ZJ 1 \fj)<f]| We define uy = 1 —wy and vy = Z 1 |f;)(f;]- Observe that
uyun +oyvny =1 and ujOn = vy = 0. Hence 1) is satisfied and

D — UN UN
N o ay
defines an implementable (since Trovjvy = Trwy = N < oo) Bogoliubov

transformation. This implies that R, {2 is a quasi-free state. Its one-particle
reduced density has the integral kernel

W (@59) = (Ruy 2,050, Ry 2)
= (0 [ (uN o)+ a(ony)llalun.e) + a* (0x,2)]2)
= (2, {a(tn,), a* (0x,0) }2) = (Wiow) (@)
= wn(3y)

The pairing density of R, {2 is given by

oV (z,y) = (Ryy 2, aya, Ry )

= (2, ]a(un,y) + a” (Ony)lla(un,z) + ™ (Tn,:)]2)
= (2,{a(uny),a" (UNn:)}2)

= (vn

un)(z;y) =0

Having the same one-particle reduced density and pairing density as the
N-particle Slater determinant ¥sjater (21, .., 2n) = NI7Y2det(fi(x;)), we
conclude that up to a trivial phase R, 2 = {0,0,...,¥siater,0,0... }.

Alternatively the unitary operator R, , can be introduced as a particle-hole
transformation on F. As above, let wy = Z;V 1 1£3)(f;] for an orthonormal
system {f;}¥ e Moreover let us complete {f;};en to an orthonormal basis
of L?(R?). Then, Eq. (6.0.30) implies that
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N p* . px _ ok ) - a(fz) ifi >N
RVNa(f'L)RyN - Ryl*va(fl)Rl/;‘V - RyNa(f'L)RIIN - {a/*(fz) lfl S N .
(6.0.32)

Being unitary, R, defines new fermionic creation and annihilation operators
b*(f) = Ruya*(f)R;,, and b(f) = Ry,ya(f)R;, , whose vacuum is the Slater
determinant R,, {2. Instead of creating particles, b*(f) creates excitations
(particles or holes) w.r.t. the Slater determinant.

Dynamics of quasi-free states. As in the bosonic case, we define the Fock
space Hamilton operator

1
Hy = 52/dx VarVga, + ﬁ/dxdy V(z —y)azayaya, . (6.0.33)

Notice that on the N-particle sector of F, Hy coincides with the Hamilton
operator appearing on the r. h. s. of the Schrédinger equation . In fact,
for initial data R, , {2, here in the fermionic setting the second quantized
language is mostly a matter of convenience and we could in principal use
first quantized language; this is in contrast to the bosonic models where the
(squeezed) coherent initial data lies outside the N-particle subspace.

The next theorem describes the time-evolution generated by on
approximate Slater determinants.

Theorem 6.1. Let V € L*(R?) such that

/ dp |V (p)|(1 + p[?) < oo (6.0.34)

Let wy be a sequence of orthogonal projections on L?(R3) with Trwy = N
and
Tr|[z,wn]| < K Ne, Tr|[eV,wn]| < KNe (6.0.35)

for some constant K > 0. Let vy be the fermionic Bogoliubov transformation
associated with the projection wy (as constructed in the last paragraph).

Let {n be a sequence in F with (En,N&n) < C and denote by 7](\3 the
one-particle reduced density associated with the Fock space vector

Wy, =e NUER, Ey.
Then there exist constants C,c > 0 such that
1
V&7 = wnells < C expleexpelt]) (6.0.36)

for all t € R. Here wy+ is the solution of the time-dependent Hartree-Fock
equation
isath,t = [—€2A + V x Pt — Xta (.A.)t} (6037)

with initial data wy o = wy (recall that py(xr) = N lwy(z;2) and X (x5y) =
N=YW(z—y)wn(z;y)). Under the additional assumptions that (Enx, N2En) <
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C and dI'(wy)én = 0, we also have the trace-norm bound
Trh](\}’)t —wpne| < ONYSexp(cexpelt]) . (6.0.38)

Remarks.

e Ther.h.s. of and should be compared with the size of
||'Y](\})t||HS ~ N1/2 and of Tr%\}’t = N. In this sense, and
prove that the Hartree-Fock equation gives a good approximation to the
many-body evolution in the fermionic mean-field regime.

e The vector &y describes initial deviations from the Slater determinant.
Taking £y = {2, the initial data is exactly the N-particle Slater determi-
nant with reduced density wy. As long as (x,N€&y) < C uniformly in
N, the initial data R, & is still close to a Slater determinant, at least in

the sense of reduced densities (choosing ¢ = 0 in (6.0.36) we observe that

1
Iy — willss < ©).

e It is simple to extend to &n € F with (¢, Nén) < N for any
a < 1 (if @« = 1, the deviations from the Slater determinant are as big
as the Slater determinant). Under this assumption, is replaced by
the weaker bound

(1)

HVN,t —wntllas < CNe/? exp(cexp(clt])). (6.0.39)

e It is possible to extend ([6.0.39)) to arbitrary N-particle initial data ¥n
with reduced density close to the one of a Slater determinant in the trace
norm topology. Let wx be a sequence of orthogonal projections on L?(R?)

with Trwy = N, satisfying (6.0.35)). Let ¢n be a sequence of normalized

functions in L2(R3*") with one-particle reduced density ’y](\}) satisfying

Ty — wy| < CN® (6.0.40)

for some o < 1. Set {iy = R} {0,0,...,%n,0,...} and observe that, using

(©030).
(En, NEN) = (hn, (N = 2dT (wn) + N)by) . (6.0.41)

Here, we identified ¢ with the Fock space vector {0,0,...,9¥n,0,...}
and we used the identity

R, NR: =R, NR,, =N —2dl(wy) + N (6.0.42)

which follows from (6.0.32), applied to N' = Z;’il a*(fj)a(f;). From
(16.0.41)) we find
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(&, Nén) = 20N, dI(1 — wn)Yn)
= 2Tr’yj(\})(1 —wy) =2Tr (fyl(\}) —wn)(1 —wn)

<2Tr [y — wy]

where we used that wy is an orthogonal projection. Hence (|6.0.40|) implies
that (En, NEy) < CN for some a < 1, and (6.0.39)) holds.

Theorem can be extended to prove the convergence of the higher order

correlation functions 'y%c)t to WJ(\];,)t’ defined by the integral kernel

k
W](\l;’)t(‘rh"'7xk;y17"'7yk> = Z On HwN,t(xj’yﬂ'(])) . (6043)

wEeSk Jj=1

(This is just the k-particle reduced density as it looks like for a quasifree
state due to the Wick theorem.) More details about this point can be
found in [I5] Theorem 2.2].

It is well-known that the exchange term is subleading with respect to the
direct one. In particular, for the class of potentials we consider in Theorem
dropping the exchange term does not change the estimates (6.0.36)).
In fact, recalling that X, has the integral kernel X;(z;y) = N~V (x —
Y, (:y), we write

1 ~ ) )
X = N /dp V(p)eP wy e P® (6.0.44)
and we find

1 N ) )
Tl X < 7 [ dp V) T [e %o e o]

IN

C N )
¥ [ V@I o) (6.0.45)

IN

C .
~ [ 17 @lpl T o)

where in the last step we used that Tr|[e??® wy ]| < [p|Tr |[z,wn ]| As
we shall see later, the bounds can be propagated along the flow
of the Hartree-Fock equation; the result is Tr|[x,wn ]| < K Neexp(clt]),
and hence

T Xs. x| < Ceexp(clt) [ dolV@)lol (6.0.46)

Roughly speaking, (6.0.46]) implies that the contribution of the exchange
term to the solution of the Hartree-Fock equation (6.0.37)) is of order ¢ =
N~1/3 (over times of order one), and hence comparable with (or of smaller

order than) the r.h.s. of (6.0.36) and (6.0.38). The situation is expected
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to change in the presence of unbounded potentials, e.g. for a Coulomb
potential; in this case, the analogy with the study of the ground state
energy of large atoms [8 B8] suggests that neglecting the exchange term
will deteriorate the error estimates.

Sketch of the proof of Theorem [6.1 The proof follows a strategy con-
ceptually similar to the coherent state technique discussed in the bosonic
case in Section For simplicity, we shall only discuss the proof of con-
vergence in Hilbert-Schmidt norm, that is of the inequality . Let

Unyt = e‘mNt/ERVNgN be the evolution in Fock space of the initial state

R, En. The kernel of the one-particle reduced density 'yj(\})t is

YW@y y) = (e HNUER, En alage NYER, N (6.0.47)

The idea is to compare the quantum evolution e~ *#nt/ *R,, {2 with the
Hartree-Fock evolution, described in Fock space by R, ,{x. This is done
by introducing the fluctuation dynamics Uy (t;s) := R;N,te_mN(t_s)/ERl,Nys.
Using the shorthand notation w . (y) = un,(y;x) and v . (y) = vn . (y; x),
we can rewrite the kernel of 7](\%(:10; y) as
(@) = Un(6:0)8n, By ay Ry Ry Ry Un (10)En)
= (Un (808N, [a” (uty) + a(@ry)][a(urz) + 0" (0r)Un (£ 0)EN)
= wnt(®;y)
+ Un (06N, [a" (ury)a(ure) + a* (ury)a™ (D)
+ a(Ory)aue,z) — a*(Vr2)a(Vry)JUn (5 0)EN) -
(6.0.48)

Here we used the transformation property (6.0.31) and the fact that the
anticommutator is {a*(T¢z), a(Vsy)} = wn,(x;y). For any Hilbert-Schmidt
operator O on L%(R?) we find
Tr O(’y](\i)t — WN.t)
= (Un(t;0)&n, [dI (unOun,e) — dI (Un,:OVN 1) Un (£ 0)EN)
+ [/dxdy O(z;y)Un (t;0)EN, a(Ty,y)alu o ) Un (8 0)EN) —|—c.c.]
(6.0.49)

Consider the first two terms in (6.0.49)). Since for any bounded self-adjoint
operator A on L?(R3) we have the bound +dI'(A) < [|A||N, where ||A] is
the operator norm of A, we find, using that |jun || <1 and [Jun|| <1,
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UN(t;0)En, [dI (un i Oun,) — dI' (DN, OV N4 )| Un (8 0)§N>’
< 2[|O|{Un (t;0)En, N Un (£ 0)En) -

(6.0.50)

Consider now the second line of ((6.0.49)). In order to estimate it, we shall use
the following bound. Let A be a Hilbert-Schmidt operator on L?*(R?), with
kernel A(z;y). Then

| [ ey Awsyaca, o+ 17272
/dyH )ay(N + 1) U%H
/@M Dlzllay OV + 1720 (6.0.51)

< ||Allns / dy ||y (N +1)~1/29|
— Al s N2 + 172 < (Al ] -

where in the second line we used the boundedness of the fermionic cre-
ation/annihilation operators, Eq. (6.0.23). We find

H(N'+1)71/2/dasdyA( Ty y)ay, 1/1” = H/dxdyA z;y)ayay (N +3) 1/27,/)H

< || Aljus]|¥|l -
(6.0.52)

The estimates (6.0.51f), (6.0.52) can be used to bound the second line of
(16.0.49). We get

’/da:dy O(z; y)(Un (t;0)En,a(Tyy ) a(u o ) UN (5 0)EN) + c.c.‘

< Cllun,:Ov e|lus|| (N + 1)V Uy (£0)En]| -
(6.0.53)

Since [lun 1Ovn i|lus < ||O|lus and [|O]] < [|O||us, (6.0.50)) and (6.0.53]) imply
’IYO( —wN )| < ClO|lusUn (t;0)En, (N + 1)UN(t;0)En) . (6.0.54)

In particular, choosing O = 'y](\}’)t — wn,¢, we obtain

7§ — wnellis < CUN(E0)EN, (N + Dy (t:0)En) - (6.0.55)

Hence, to conclude the proof, we need to control the growth of the expectation
of the number of particles operator with respect to the fluctuation dynamics
Un (t;0). This is the content of the next proposition.



6 Mean-Field Regime for Fermionic Systems 73

Proposition 6.2. Under the same assumptions as in Theorem[6.1], there ex-
ist constants C,c > 0 such that

(UN(t;0)En, (N +1)Un(t50)En) < Cexp(cexpclt])(En, (N +1)EN). (6.0.56)

Controlling the growth of the fluctuations. Here we present the main steps
in the proof of the key bound Eq. (6.0.56)). It is based on a Gronwall-type
argument. Using the identity (6.0.42)) we write

(Un (068, NUN(t;0)éN)
= (e7™MNUER, En, Ry NRy, e7MNYER, E) (6.0.57)

= (e7HNUER, En,IN 4+ N — 2dT (wy¢)]Je N ER,, Ex).

The expectation of (N + N) is independent of time; these terms disappear
when we take the derivative. Hence

d
zs£< N (t50)En, NUN(t;0)En)
—2(e”MNVER, en, (I (ieBwn ) — [Hn, dl (wi,e)]) e TINYER, €x)
< t O £N7 t(dF zg@tht [HN,dF(wN’t)])RVNYtUN(t; 0)€N>

—2(Un (t;0)EN, ,,Nt(dr( pexV — Xy) — [Vn,dl(wne)]) Ry Un (£0)EN)
(6.0.58)

where )
Vy = N /dwdy V(r —y)ayayaya;

is the many-body interaction. In the last step we used that the contribu-
tion of the kinetic energy cancels, as follows from the identity dI'([4, B]) =
[dI'(A),dI'(B)]. Applying the Bogoliubov transformation R, , and reorga-
nizing all terms in normal order we end up with

ie 5 (U 6:0)6m, NU (5, 0)6)
= %Im/dmdyV(x —y)
1 {(Un (5 0)8w, 0" (urr)alD )l )alu o (£ 0)¢
o+ (Un (15 0)8w, a(T1.0)a(Fry Jaluny Jalu U (1 0)én )
+ (Un (t:0)6n, 0" (w1,,)a" (B, )" (Br.o) (e Un (5,006 ) .
(6.0.59)

where all quadratic summands were cancelled by imposing the Hartree-Fock

equation for wy; in (6.0.58).
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Now, let us consider for example the second term on the r. h.s. of (6.0.59)).
Expanding the potential in Fourier space, we write

o [y Vi — ) (00w ol oty ot (0:0)6x)
= %/de(p)/drldrgdrgdm(vte*ip'mut)(r1;rg)(vteip'xut)(rg;m)
X <UN(t;O)§N,a,.larzarsa7.4uN(t;0)§N>.

Inserting 1 = (N 4 5)2(N + 5)~/2 and applying the Cauchy-Schwarz in-
equality, we get

‘% / dxdy V(z — y)<UN(t; 0)En, a(Tr.0)a(Try)alue.y)alue.o Un (t; 0)5N>‘

< [ VO + 52Ut 0|
X H(N+5)_1/2/d’l"ld’l“g(’UN’te_ip'xUN,t)(7"1§T2)ar1ar2
« / drsdra(on 167 ) (s ra)arg i U (1 0|
_ %/dp|f/(p)|||w+5)1/2uN(t;0)£N||
X H/drldrg(vN,t[e’ip"”,uzv,t])(m;Tz)arlam
« / drsdra o e, ux ) (rs; 74)ar,ar, (N + 1) 22 (1 0)6 |

where in the last step we used that Ma(f) = a(f)(N —1) and the orthogonal-
ity v,u, = 0. Applying the estimate (6.0.51)) twice and using that |jvn || <1
we get:

7 [ ey V(@ = o) (U (5006, a(F2)alEu Jalus o e (00 )|

< [ IVl (U (50)ov, N (1 0) ).
(6.0.60)

Using the naive bound ||[e”*,wn ]||%g < 2[|[e7 7, wn¢]|ler < 4N would not
be enough here because of the factor € on the 1. h.s. of . Instead,
we have to propagate the semi-classical estimates along the solution
of the Hartree-Fock equation. This is the content of Proposition [6.3] below,
which tells us that ||[e?, wx 4] ||t < CNe(1+|p|) exp(c|t]) for all times ¢ € R.

Inserting this estimate in (6.0.60|), we conclude that
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‘% / drdy V(z — y)<UN(t; 0)En, al(Tr.0)a(Try)aluey)alue.o Un (t; 0)5N>‘

< Ce exp(elt]) U (4 0)6n, NUn (15 0)éw ).
The other terms in (6.0.59) can be bounded in a similar way. The only
difference is that instead of (6.0.51|) one has to use the estimate
H/drldTQA(rl;rg)aalaWH < | Alullell Ve F (6.0.61)

valid for any trace-class operator A on L?(R?®) with kernel A(ri;rs). The
details can be found in [I5]. We conclude that

d
‘% <Z/IN(t; 0)02, (N +1) U (t; 0)n>\ < oec\tl<uN(t; 0)12, (N+1)UN(t;0)Q> .
(6.0.62)
Gronwall’s lemma implies the desired estimate ((6.0.56)).

Propagation of the semi-classical structure. An important ingredient that
we used above to control the growth of the expectation of the number of
particles with respect to the fluctuation dynamics is the propagation of the
semi-classical commutator bounds along the solution of the Hartree-Fock
equation.

Proposition 6.3. Let V satisfy (6.0.34). Let wn be a sequence of orthogonal
projections with Trwy = N, such that

Tr|[z,wn]| < KNe and Tr|[eV,wn]] < KNe (6.0.63)

for some constant K > 0. Let wy + be the solution of the Hartree-Fock equa-
tion with initial data wn o = wn. Then there exist constants C,c > 0
such that

Tri[z,wn]| < CNeexp(clt]) and Tr|[eV,wn.]| < CNeexp(clt|)

for allt € R.

Sketch of the proof of Proposition . Let hup(t) = —e2A+V xpy — Xy
be the Hartree-Fock Hamiltonian. We compute

iﬁﬁ[%wz\r,t] = [, [hur (1), wn )] = (Wi, [har(t), 2] + [har (D), [2,wN,]-

The last term can be eliminated by conjugating [z,wn:] with the two-
parameter group of unitary transformations W (t; s) defined by

iE%W(t; s) = hur(t)W(t; s) with W(s;s) =1 for all s € R.

We have
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is%W*(t; 0)[x, wn ] W (¢;0)
= W*(;0) w1, [hur (t), 2]]W (£ 0)
= W (t:0) ([, ~2229] = [ww,p, [Xe, 2] ) W(5:0)
where we used the identities [—e2A, ] = —2¢2V and [p; *V, z] = 0. Therefore
we get the Duhamel-type formula
W*(t;0) [z, wn . |W (t;0)
1 t
= [z, wno] — E/ ds W*(s;O)([wN75,252V] + [wn.s, [Xs,x]])W(s;O).
0
This implies that

1 t
ol < N omollt 2 [ s (12229 + Nt (o2l
0

(6.0.64)
To control the second term we use (6.0.44). Since ||wn s|| < 1 we find

1 ¥ ip-x —ip-x
Jow el < 3 [ dal7(@) Nl [ =omae™ %, al

1 ~ ip-T —ip-x
< [ V@ lener e eonnsale

) (6.0.65)
<+ [ V@ ool

C
< NH[WN,s»:E]Htr-

Inserting (6.0.65) in (6.0.64]) we get

t

Nzl < lowollls + € [ ds (Ionare¥]lhe + N2 ool
0

(6.0.66)

To control [wys,eV] we start by writing
. d
Z€*[EV, wNﬂg] = [eV, [hHF(t), wN,tH

dt
= [wn ., [hur(t),eV]] + [hur(t), [V, wh 4]
= [hur(t), [V, wn )] + [wn e [or % V,eV]] — [wa e, [Xe, V]

As before, the first term can be eliminated by conjugation with the unitary
operator W (¢;0). We find
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eV, wn o]l

1 t
< NEVemollir+ 3 [ ds (lfome oo = Vel + fiw, [XKer eV )

(6.0.67)
The first term in the integral can be controlled by
[wn,s: [V * ps, eV]][ler = ell[wn,s: VV * ps] |l
<< [ dalV@!lal 5.(0) N ]
(6.0.68)

< E/dqlV(q)l |l 165 ()] o, @] lx

< C€|| [(“)N,sv .’E] ||tr

where we used the bound ||ps|lec < ||ps]li = 1 and the assumption on the
interaction potential. Finally, consider the second term in the integral on the

r.h.s. of (6.0.67)). Again using (6.0.44)), we write

1 ¥ iq-T —ig-x
s el < - [ a1V (@) oo e im0, ¥

IN

9 . . .
N / dq [V ()] lle""*wn,se™" ™, eVt

IN

- / dg [V (@) lfwn.: V] ox
(6.0.69)

where we used the identity

[eiq"’”wN,se*iq':”, eV] = eiq“[wN,s, e(V+ iq)]efiq'm = eiq'z[st, 5V]e*i‘” .

Inserting the estimates (6.0.68) and (6.0.69) into (6.0.67)), we get

69, wx e < NV, wnollhe
t

+€ [ ds (Ilowes s + N2 o, eVl
0

Combining this inequality with (6.0.66[), using the assumptions on the initial
data and applying Gronwall’s lemma, we obtain (6.0.63|).






Chapter 7

Dynamics of Fermionic Quasi-Free
Mixed States

In Section [6] we discussed the evolution of initial data approximating Slater
determinants. Slater determinants are relevant at zero temperature because
they provide (or at least they are expected to provide) a good approxima-
tion to the fermionic ground state of Hamilton operators like in the
mean-field limit. At positive temperature, equilibrium states are mixed; in the
mean-field regime, they are expected to be approximately quasi-free mixed
states, like the Gibbs state of a non-interacting gas.

Mized states. We introduce the short-hand notation h = L?(R3). We
shall denote by F(h) the fermionic Fock space built over b, that is F(h) =
@,,>0h"". A general fermionic state is represented by a density matrix on
F(h). A density matrix is a non-negative trace class operator p : F(h) — F(bh)
with Tr p = 1. Notice that the state described by the density matrix p is pure
if and only if p is a rank-one orthogonal projection onto a ¢ € F(h), i.e.
p = 1) (1p|. Otherwise the state is called a mixed state. In general,

p=D Anlton) (¥l (7.0.1)

where A, > 0, {¢,,} is an orthonormal family in F(h), and > X, = 1.
Physically, p describes an incoherent mixture of pure states and A, is the
probability that the system is in the state 1,,. The expectation of an arbitrary
operator A on F(h) in the mixed state with density matrix p is given by

TrAp = An(thn, Athy).
Given the density matrix (7.0.1]) we define the operator & : F(h) — F(bh)

by
K= Z 5n|wn><¢n|

79
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where ¢, € C is a sequence satisfying |¢,|?> = A, and {¢,} is an orthonormal
family in F(h). Clearly,

kK" = p.
Of course such a decomposition of p is far from being unique and later we shall
choose a convenient one. Since p is trace class it follows that & € L2(F(h)),
the set of Hilbert-Schmidt operators on F(h).

Next, we observe that L£2(F(h)) ~ F(h) ® F(h). This isomorphism is
induced by the map |¢)(¢| — 1 ® ¢, extended by linearity to the whole space
L2(F(h)). The mixed state with density matrix can be described on
F(h) ® F(h) by the vector

R = and)n ®$n

The expectation of the operator A on F(h) in the state k € F(h) @ F(h) is
given by
Tr Ap = Tr ARR™ = (K, (A® 1)K) F()oF () - (7.0.2)

The doubled Fock space F(h) ® F(h) is isomorphic to F(h&h) (see [24] or
any book on mathematical quantum field theory). The unitary map U that
implements this isomorphism is known as the exponential laow and is defined
by the relations

U271y @ 27r@1)) = 2rpen)

and

Ula(f) @1JU* = a(f ©0) = ai(f)

for all f € b, where a,(f), 0 =1, r, are called the left and right representa-
tions of a(f), respectively. By hermitian conjugation, we also find

Ula"(f) @ U™ = a*(f ©0) = a/ (f)

U~V @ a* ()] U* =a* (08 f) = a’(f) (7.0.4)

where o’ (f), o =, r, are the left and right representations of a*(f). Notice
that the presence of the operator (—1) on the second line of (7.0.3)) and

guarantees that creation operators on the space F(h @ b) satisfy the
canonical anticommutation relations (and in particular that alﬁ( f) anticom-
mutes with af(g), for all f,g € b).

It is convenient to introduce the left and right representations of the
operator-valued distributions a,, a} by the relations



7 Dynamics of Fermionic Quasi-Free Mixed States 81

alf) = [ e F@,  alf)= [dva, T,

(7.0.5)
Wﬁ=/wﬁﬁm7 @m=/M@Jm,

for all f € h. We also define the left and right representations of the second
quantization of operators on h by

U [dI(0) ® 1| U* = dI'(0 & 0) =: d[;(0),
Ul ®dl(0)|U* =dI(0@ O) =: dI,(0) .

The left and right representations of dI"(O) can be written in terms of the
operator-valued distributions as

41i(0) = [ dadyOGwip)a jays,  dLO) = [ dedyOeig)ar ay.r

(7.0.6)
According to (7.0.2), the expectation of the observable A in the mixed
state described by the vector ) = Uk € F(h & b) is given by

(8, (A® )K) Fyerm) = (Uk, U(A@ DU UE) Fhen)
= (Y, U(A® U Y) ryan) -

In particular, the expectation of the second quantization dI'(O) of a one-
particle operator O on b is given by

(6, U(dT(0) ® YU*) = (. dT,(O))
=/M@0mww@ﬂww=ﬂ0ﬁ%

where we defined the one-particle reduced density %([)1) associated with ¢ €

F(h @ b) as the non-negative trace class operator on h having the integral
kernel

v (@) = (0, jas10). (7.0.7)

We also define the pairing density o, associated with ¢ € F(h & h) as the
Hilbert-Schmidt operator on h with the kernel

ay(@3y) = (¥, ay,100,11). (7.0.8)

The above construction allows us to represent mixed states as vectors
in the “larger” Fock space F(h @ h). This idea is well-known in quantum
statistical mechanics and takes the name of purification.

Time evolution of mixed states. The time evolution of the density matrix

p is given by

P = e—iHNt/EpeiHNt/E7
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where Hy is the second quantized Hamiltonian given by (6.0.33). Ac-
cordingly, we define the time evolution of x € F(h) ® F(h) by k; =
[e*mNt/E ® emNt/ﬂ k. Let 1y = Uk, denote the vector in F(hDh) describing
the mixed state with density matrix p;. Then

wt =Uky = Uefi(HN®171®'HN)t/€H _ efil:Nt/Ew

where the Liouvillian Ly is defined by
LN :U(HN®1—1®HN)U*.
A more explicit expression follows from ((7.0.3]) and (7.0.5)):

1
Ly =¢e? /d:p Vaag Veag + ﬁ/dxdy V(z —y)ay a; ,0y,10. 1

1
—g? / dxVay, Vaay . — N / dzdyV(z — y)ay, ,a, 4y ray
(7.0.9)

Hence, the expectation of an arbitrary operator A on F(h) in the evolved
mixed state is given by

Tr Ap, = (b, U(A @ D)U*thy) = (1, eENVEU (A @ 1)U e Hnt/Ey)),

Araki-Wyss representation. In Section [6] where we proved that the time-
evolution of Slater determinants can be approximated by the Hartree-Fock
equation, a crucial ingredient of our analysis was the observation that Slater
determinants can be written in the Fock space F(h) in the form R, {2,
where vy is an appropriate Bogoliubov transformation. In this section, we are
interested in the evolution of quasi-free mixed states, which, after purification,
can be described by vectors in the Hilbert space F(h & b).

Let v: (hah)d(hdh) — (hdh) @ (hdh) be an implementable Bogoliubov
transformation on the doubled one-particle space. Then there exists a unitary
map R, : F(h @ h) — F(h D bh) implementing v. It is easy to see that vectors
of the form R,2ryey) € F(b © bh) are quasi free in the sense that higher
order correlations can be computed through Wick’s rule.

In the following we will be interested in quasi-free states in F(h @ b) with
average number of particles equal to N and with vanishing pairing density.
Let wy be a non-negative trace class operator on h with 0 < wy < 1 and
Trwy = N. Then we define vy : (h e h) D (hdh) — (heh) & (hah) by

- Un VN
VN = <VN UN) , (7010)

where
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Uy = (“év u(jv> . Un= <_2N ”6V> , (7.0.11)
and uy = /1 —wy, vy = \/wy. The operators Un,Vn : h @ h — h @D b
satisfy the relations ; hence vy defines a Bogoliubov transformation.
Since Tr Vi Vy = 2Trwy = 2N < oo, the Bogoliubov transformation vy is
implementable. Hence R, 2 € F(h @ b) describes a quasi-free mixed states
(here and in the following, we denote simply by (2 the vacuum in F(h @ b)).
We claim now that R, , {2 is exactly the quasi-free mixed state with reduced
density wy and with vanishing pairing density. In fact, for any f € b, we find

Ry ai(f)Ryy = ai(un f) — ay (N f), (7.0.12)
RzNar(f)RVN = ar(ﬂNf) + a?(’UN?)'

Equivalently,
R;NawleVN = al(uN,a:) - a:(EN,a:)v (7.0.13)
RzNafL’,TRVN = ar(ﬁN,m) + azk(UN,z)7

with the usual notation un.(y) = un(y;z), vn«(y) = vn(y;z). Using

(7.0.13) and the unitarity of R, we find, from (7.0.7)),

VR, 2(T3Y) = (Ruy 2, ay 1021 Ry £2)

(
= (2, R}, @ Ry R\ g 1Ry £2)
= (2, (a] (uy) — a,(T,)) (a1 (uz) — a’(,))2) (7.0.14)
= (92, a,(vy)a; (v2)42)

= (vyon)(z;y) = wn (75 Y)

where we used the canonical anticommutation relations and the fact that a;
and a, annihilate the vacuum. Also, from (7.0.8)),

AR, -Q(x; y) = <RVN 12, Ay 10z, 1Ry “Q>

= (02, (a1 (uy) — ar(Ty)(ar(uz) — ar(vs))42) (7.0.15)
= (2, a;(uy)ay (v;)2) = 0

where we used that {a;(uy), a}(75)} = 0.

This representation of quasi-free mixed states is a special example of a well
known construction in quantum statistical mechanics, known as the Araki-
Wyss representation [0].

Dynamics of quasi-free mized states. We consider the time evolution of
initial quasi-free mixed states satisfying certain semi-classical estimates (mo-
tivated by the idea that, physically, we are interested in the evolution of
equilibrium states at positive temperature). For such initial data, we show
that the evolution remains close to a mixed quasi-free state with reduced
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density evolving according to the Hartree-Fock equation (6.0.6). The next
theorem is taken from [I3].

Theorem 7.1. Let V € L'(R®) and assume that

/ dp (1+ pI)|V ()] < oo. (7.0.16)

Let wy be a sequence of operators on h = L*(R3) with 0 < wy < 1, Trwy =
N and such that Tr(1 — A)wy < oo and

llow, a]llzs < CN'2e, |[low,eV]|las < ON'2,

7.0.17
Ifun,@]llus < CN'?e,  ||[un,eV]|lus < CN'?e, ( )
with vy = Jwn, uny = /1 —wn, for a suitable constant C' > 0. Let vy
denote the Bogoliubov transformations , such that Ry, Qrpen) 5 the
quasi-free state on F(h @ h) with one-particle reduced density wy and with
vanishing pairing density.
Let 71(\},)t be the one-particle reduced density associated with the evolved
state

Ung =e ENVER, 2r o) (7.0.18)

where the Liouvillian Ly has been defined in . Let wy; be the solution
of the time-dependent Hartree-Fock equation

is@th’t = [—€2A + V % Pt — Xtwa,t] (7019)

with the initial data wno = wn. Then there exist constants C, c > 0 such
that

1
Iv; —wnilds < Cexpleexplelt]))  and

" b (7.0.20)
Tr|7N’t - wN,t| < CN*/“exp(cexp(clt])).

Remarks.

e Similarly to Theorem the convergence towards the Hartree-Fock dy-
namics can be extended to more general initial data than those appearing
in (7.0.18). Let N = dI}(1) 4+ dI,(1) be the total number of particles oper-
ator in the doubled Fock space and let £y be a sequence in F(h ¢ h) with
(En, N1¢x) < O and such that &y = (N < KN)éy (for a sufficiently
large constant K > 0 independent of N). In [13] it is shown that the one-
particle reduced density of R, &n can be approximated by the solution of
the Hartree-Fock equation.

e The semi-classical commutator estimates play the same role as
(6.0.35) in the analysis of the evolution of Slater determinants. There is

however an important difference. Eq. (7.0.17)) gives bounds for the Hilbert-
(6.0.35

Schmidt norm of the commutators, while (6.0.35) was expressed in terms
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of their trace norm. In fact, for Slater determinants we do not expect
to be correct. In this case the decay of the kernel wy(z;y) for
|z — y| > € is quite weak (because wy is a projection and the decay of
wy is dictated by the regularity of the Fourier transform in the (z — y)-
direction) and does not suffice, in general, to prove . On the other
hand, in Theorem wy does not need to be a projection, and one can
expect faster decay of the kernel wy (x;y) in the (x — y)-direction. This is
the reason why the assumption is appropriate for the study of the
dynamics at positive temperature.

For instance, a reasonable approximation for the one-particle reduced den-
sity of a thermal state of the Hamiltonian describing trapped inter-
acting fermions is given, in the mean-field limit, by the Weyl quantization

- 1 T+y iv. =)
wn(zy) = (27T5)3/dUM< 5 ,v) e (7.0.21)

where M (z,v) denotes the phase-space density,

M(z,v) = g1, (U2 - cp%éf’(a:)) , (7.0.22)

corresponding to the Fermi-Dirac distribution

1

gru(E) = [ Ry (7.0.23)

depending on the temperature T' > 0 and on the chemical potential p > 0.
In (7.0.22)), prr is the minimizer of the Thomas-Fermi functional (6.0.7))
and the normalization constant ¢ > 0 has to be chosen so that

/M(:v,v)dmdv =1.

For the reduced density wy, we find

@, a)(asy) = (2;56 5 / v (VM) <“f : y)

and

> ) = ——° Tty iv. 2y
[Wn,eV](z;y) = Gre) /dv (VM) ( 5 ,v) e
Hence,

5w, 2]l < 52N/dxdu|(va)(x,v)|2 < ONE,

5w, 2]l < EQN/dxdv|(VwM)(x,v)\2 < CONZ,
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using the regularity of the Fermi-Dirac distribution (and assuming
some regularity of the Thomas-Fermi density prr). This motivates the
assumption for initial data describing thermal states at positive
temperature (the condition is actually expressed in terms of vy =
Vwn and uy = /1 —wy but the same argument is expected to hold also
in this case).

The proof of Theorem follows a strategy conceptually similar to the
one of Theorem|[6.1] As for pure states, the rate of the convergence towards
the Hartree-Fock evolution can be estimated by controlling the growth of
the expectation of the number of particles operator N' = dI;(1) + dI.(1)
with respect to the fluctuation dynamics, which is now defined by

Un(t;s) = Ry, e "NUER, (7.0.24)

It turns out, however, that new ideas are needed here to control the growth
of
UN(t;0)2, NUN(t;0)2) F(hwp)-

The main difference with respect to Section |§| is that now uy = /1 — wy
and vy = y/wy are not orthogonal. To circumvent this problem, one has
to use certain cancellations between different terms in the generator of the
fluctuation dynamics. Moreover, it is important to introduce an auxiliary
dynamics Uy (; s) which, on the one hand, can be proven to stay close to
the original fluctuation dynamics, and, on the other hand, only changes the
expectation of the number of particles in a controllable way. The details
of the proof can be found in [13].



Appendix A

The Role of Correlations in the
Gross-Pitaevskii Energy

In this appendix we consider bosonic systems in the Gross-Pitaevskii regime,
as in Section [5] We show that the energy of Fock space states of the form
W(\/N ©)Toén, for € F with a finite number of particles and finite energy
(én describes excitations of the condensate), is to leading order given by
the Gross-Pitaevskii functional evaluated on the one-particle wave
function ¢ € L?(R3). This is an instructive calculation since it shows that the
Bogoliubov transformation T converts part of the many-body kinetic energy
into a contribution to the quartic term in the Gross-Pitaevskii functional.
Without the Bogoliubov transformation Ty the approximate coherent state
W(V/Nyg)én would have a higher energy, given by a functional similar to
but with coupling constant by = f V (x)dx, which is always larger than
47ag. Hence, introducing the Bogoliubov transformation T lowers the energy
by a quantity of order N (while the change of the number of particles is only
of order one; s). This observation supports the claim that states
of the form W (v N¢)Toén provide a good approximation for the many-body
ground state and that Ty implements the correct correlation structure.

Energy of Bogoliubov states. Consider the Hamilton operator describing
a Bose gas in the Gross-Pitaevskii regime, trapped by a confining potential
‘/ext;

; 1
HGP = /dw ay (—Az + Vexe(2)) az + 3 /dxdy N2V (N (z — Y))aya,ayas, .
Let £y € F be such that
1 ra
<£N7 (N+ NN2 +HY P) £N> <C (A.0.1)
uniformly in N. As in (5.0.31)), we define the Bogoliubov transformation

1 _
Ty = exp (2 /dwdy(ko(x; y)aza, — ko(; y)axay))
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with the kernel ko(z;y) = —Nw(N(z — y))p(x)e(y). We claim that for suffi-
ciently regular p € L?(R3) with ||¢|2 = 1

<W(\/N<P)T05Na "HﬁapW(\/N@)To&ﬂ
:N/WOWMW+Mmmwa+memﬂ+w¢m (A.0.2)
= Nécp(p) + O(VN).

Taking ¢ to be the normalized minimizer of Egp, we conclude from [51] that
W (V/N@)Toén has, in leading order, the same energy as the ground state of
the restriction of H§"” to the N-particle sector.

States of a similar form (using quadratic exponentials to describe corre-
lated particle pairs) were also used to obtain second-order upper bounds for
the ground state energy of a Bose-Einstein condensate in the translation-
invariant setting [30]. That upper bound was later refined to its supposedly
optimal value [64] (as predicted by the Lee-Huang-Yang formula), using a
more complicated trial state where pairs receive a correction of a third par-
ticle with small momentum.

Sketch of the proof of . Let us consider the case &y = 2. We
compute

<W(\/N<p)TOQ, HE;aPW(\/N@)TOQ>. (A.0.3)

conjugating the Hamiltonian first with the Weyl operator (producing a shift
of the creation and annihilation operators) and then with the Bogoliubov
transformation (which acts on the annihilation and creation operators as
given by ) At the cost of commutators appearing, all terms can be
brought into normal order. At the end, all terms with creation and annihila-
tion operators written in normal order vanish when we consider the vacuum
expectation. Hence, we find the following contributions to (A.0.3)). From the
kinetic energy we have

/dw <Q,TgW(\/Ncp)*vwa;vgcaxW(\/N@)TO@

(A.0.4)
= N/dx|Vg0(a:)|2 +/dx||szth2.
From the external potential we obtain
/dm%xt(x) <(2, TJW(\/NQO)*CL;(LQCW(\/NQO)T()Q>
(A.0.5)

= N [ doliola) PVoss(z) + [ daVoss(o)lsha .

Finally, from the interaction, we get
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/dxdyNzV(N(m —v)) <Q, TS‘W(\/]V@)*a;a;ayaxW(\/NQO)TOQ>

_ %/dxdyN2V(N(:c — y))|(chy, shy)|?
| (A.0.6)
45 [ dsdy NV (@ = ) (b o)) +c.c)

+ g / dedyN3V (N (z — y))|e(@) | (y)]?

To evaluate the terms on the r.h.s. of , and it is
useful (like in Section [5) to think of sh, (y) ~ ko(y; z) and chy(y) ~ 6(z — y);
more precisely recall that, in contrast to the regular kernels of higher powers
of ko, ko(z;y) itself is singular as (|]z — y| + 1/N)~t for N — oo. We then
find (in the last step using Hardy’s inequality)

Ishal}p > [ dy lkolys) P = [o(@)? [ dyloo) P NNz = )P
2

< Clo()P? / dym < (@) P Vel2.

This implies that
/ 4 Vit (@)lshall3 < C, (A0.7)

i.e. the contribution is of order one (for sufficiently regular ¢ € L2(R3)).

Hence, this term can be neglected.
As for the second term on the r.h.s. of (A.0.4), we notice that

[ s sh

= [ dnfsh (~A,)sh)

= = [ dnayNo(N (@~ ) RETRwIAs (Voo (N (@ = ) () (w)
— [ dadyN' (N @ = )o@ Plow) (- ) (N — 1) + OVN)

because contributions arising when one or two derivatives act on ¢ are of
smaller order. The key observation now is the fact that 1 — w satisfies the
zero-energy scattering equation (5.0.2)), which implies that

(—Aw)(N(z —y)) = %V(N(x —y)(1 —w(N(z —y)))

and thus that
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/desthmH?

= %/ dzdyN*V (N(z — y))w(N(z — )1 — w(N(z — ))) |e(@)*¢(y)]*

+O(VN). (
A.0.8)

Thus, from (A.0.4), (A.0.5) and (A.0.6), we conclude (using again the

approximations ch, (z) ~ 8(z — y) and shy () = ko(z; 2)) that
(W(VN@)To2, Hi™ W (VN )Ty 2)
- N/dx IVe(z)]? + N/dx Vext ()0 (z) [?
5 [ dedy NV (N @ = ) (N (@ =) (1= 0 (N (= )
< Le(@)2le(y)
+5 [ dedy NV = )V (o = )Plele) Plotw)l
- N [ dndy NV G = )V o~ )o@l
45 [ dedy NV (N @ = p)lela) o) + OWE)).
Combining all terms proportional to the interaction potential, we find
(W (/N T2, HY™ W (VN )T, 2)

N [ [ e (V6@ + Ve @)lpt))
+3 [[dodyNov (¥ z —y))f(N(x—y))lw(I)IQI@(y)IQ] LOWN).

Since [dxzV(z)f(x) = 8rag, we obtain in the limit N — oo (using again
some regularity of ¢)

(W(VN)To02, Hy™ W (VN )T 2)
=N U dz (|Ve()]? 4 Vexe () + 4mo¢(ﬂ?)|4)} +O(VN),
which proves (A.0.2). This computation can be easily extended (estimating

all normally ordered terms emerging from (A.0.3)) by (A.0.1)) to arbitrary {n
satisfying (A.0.1)).
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