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Preface

In these notes we review the material presented at the summer school on
“Mathematical Physics, Analysis and Stochastics” held at the University of
Heidelberg in July 2014. We consider the time evolution of quantum systems and in
particular the rigorous derivation of effective equations approximating the
many-body Schrédinger dynamics in certain physically interesting regimes.

We would like to thank Manfred Salmhofer and Christoph Kopper for orga-
nizing the summer school “Mathematical Physics, Analysis and Stochastics” and
for encouraging us to write up these notes. The work of Marcello Porta and of
Benjamin Schlein has been supported by the ERC grant MAQD-240518. Niels
Benedikter has been partially supported by the ERC grant CoMB0S-239694 and by
the ERC Advanced grant 321029.

Copenhagen Niels Benedikter
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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 described in
terms of its elementary constituents and their fundamental interactions. While such a
description is very accurate, it is typically not well-suited for computations because
of the large number of degrees of freedom. Examples of microscopic theories include
Newton’s theory of classical mechanics, Schrédinger’s quantum mechanics, quan-
tum electrodynamics and Einstein’s general relativity.! On the other hand, a macro-
scopic description of the system does not resolve the constituents and only takes
into account effective interactions. It focuses on macroscopically observable quan-
tities which arise from the collective behavior of the system and are of interest for
the observer. 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 hydrodynamics, 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 making
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

1Of 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 fundamental 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.

© The Author(s) 2016 1
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2 1 Introduction

obtained merely by heuristic and 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 effec-
tive equations that can be rigorously derived from microscopic theories in appropriate
limits.

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

E(N) = min (b, Hy) (1.1)
YeL2®RV):[y]=1

where Hy denotes the Hamilton operator

H,_ﬁ[

=1

M
Z|xj—R|]+Z|x,—x, +Z|R —RI (1.2)

i=1

Notice that Hy acts on the subspace Li (R3N) of L2(R3N) consisting of all func-
tions that are antisymmetric with respect to permutations of the N electrons. (Of
course E(N) and Hy also depend on M, on the charges Zi, ..., Zy and on the
positions Ry, ..., Ry). Observe that the last term on the r.h.s. of (1.2) is just a
constant representing the interaction among the nuclei. Already for N ~ 20 it is
extremely difficult to compute the ground state energy E(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

E(N) >~ Erp(N) = _ inf  ETr(p) (1.3)
p=0,lpli=N

with the Thomas-Fermi functional

M
Err(p) = —CTF/P5/3(X)dX_ZZi/%dX
i=1 !

M
1/P(X)P(y) Z,Z;
po [ PO Gy ST LA
2) Ix—yl §|Ri_Rj|

Notice that on the r.h.s. of (1.3) we are looking for a function p € L'(R3); as a
consequence, in terms of numerical computations, the minimization problem (1.3)
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is much simpler than the original problem (1.1) despite the fact that the resulting
Euler-Lagrange equations are nonlinear.

In [1] Lieb and Simon proved that the approximation (1.3) becomes exact in the
limit of large N. More precisely, they showed that, while E(N) and ETgr(N) are both
proportional to N7/3,

|E(N) — Erp(N)| < CN"/371/30

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 ETp(N)
to be a good approximation of the true quantum energy (later, better bounds have
been obtained [2—4]: 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

xXj(t) =v;)

N
0 (1) == > VV(xi(t) = xj (1)) (1.4)
i#]
for j =1,..., N.Here V is a short range (compactly supported), regular potential.

Equation (1.4) is a system of 6/N coupled ordinary differential equations. Given
appropriate initial data, it is known to have a unique solution for all t € R. However,
since the number of particles N is typically extremely large, it is almost impossible
to deduce from (1.4) 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

O filx,v) +v- Vy fi(x,v)

_ / v /S dw B — V5 (06, vowd fi (5. V) — fi 0 fi ) (15)

for the phase-space density f;(x, v), which should measure the number of particles
at time ¢ that are located close to x € R? and have velocity close to v € R?. Here

Vout =V +w- (V' — v)w

V=V —w- @ —vw

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 partial dif-
ferential equation in only six variables, and is therefore much more accessible to
computations than (1.4).
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For several years after the work of Boltzmann, his equation was not accepted by
the physics community. In contrast to Newton’s equations, Boltzmann’s equation
(1.5) 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 (1.5) is a good approximation.

In [5] 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 N p? is fixed
of order one (the low-density or Boltzmann-Grad limit). Finally Lanford proved
in [6] that indeed in this limit Boltzmann’s equation can be rigorously derived from
Newton’s equations, at least for sufficiently short times (recently [7, 8] have extended
the validity of (1.5) 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 exam-
ple 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 the-
ories (non-equilibrium question) approximating many-body quantum dynamics. In
the rest of this chapter, we will briefly recall the main properties of many-body
quantum systems and their time evolution. In Chap.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 Chap.3 we
will present a method, based on the use of coherent states and inspired by [9, 10],
to rigorously prove the convergence towards the Hartree dynamics. The fluctuations
around the Hartree equation will be considered in Chap. 4. In Chap. 5 we will discuss
a more subtle regime, in which the many-body evolution can be approximated by the
nonlinear Gross-Pitaevskii equation. In Chap. 6 we will discuss fermionic systems
(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 Chap.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 Chap.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 ¥y €
L2R3N dxy,...,dxy) = L>*(R*N) with ||¢x ||l2 = 1. The arguments (x1, .. ., xy)
€ R3N of the wave function 1y 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?(R3V) with ®;V=1 L%(R3) in the standard way through


http://dx.doi.org/10.1007/978-3-319-24898-1_2
http://dx.doi.org/10.1007/978-3-319-24898-1_3
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PL® @ pN(X1, ..., xn) = @i1(x1) - pn(xn). Weuse o = p® -+ ® p to
denote the tensor product of k copies of .

Observables of the quantum system are associated with self-adjoint operators
on the Hilbert space L2(R3N ,dx1,...,dxpy). If A is such an operator, the spectral
theorem allows us to write it as

A= / NEAN),

where d E 4 () is the spectral measure associated with A. Assuming for simplicity
that A has purely discrete spectrum, we find A = ) j Ajlpj){pjl, where \; are the
eigenvalues and ¢; the eigenvectors of A. The expectation of the observable A in
the state ¥y is then given by the inner product

(W, AYn) =D Njl(ej. V).
J

This expression for the expectation of A leads to the following interpretation: the
eigenvalues \; are the possible outcomes of a measurement of A while |{p;, ) RED
the probability that a measurement of A produces the outcome A ;. The positions of the
N particles are associated with multiplication operators; hence |¥y (x1, ..., xN)|2
is the probability density for finding particles close to (x1, ..., xy) € R3¥. The
momenta of the particles are associated with differential operators pj = —iVy;.
Hence, if 17)\1\/ denotes the Fourier transform of ¢y, |1$N (p1s--s P N)|2 is the proba-
bility density for finding particles with momenta close to (p1, ..., py) € R3V. The
fact that vy determines the probability distribution of all observables of the system
is an important feature of quantum mechanics (it leads for example to Heisenberg’s
uncertainty principle).

Statistics. In the following we will study systems of N indistinguishable parti-
cles. 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 permu-

tations, i.e. Yy (Xz(1)s - - ., Xx(N)) = ¥n(x1, ..., xy) for all permutations 7 € Sy.
Fermions, on the other hand, are characterized by antisymmetric wave functions, i.e.
YN X1y - - > Xx(N)) = 0z¥N (X1, ..., Xy), Where o is the sign of the permutation

7w € Sy . In these notes, we will consider both the time-evolution of bosonic and
fermionic systems; as we will see, the different behavior with respect to permutations
has important consequences on the dynamics.
Dynamics. The time evolution of quantum systems is governed by the Schrodinger
equation
10N = HNYN (1.6)

for the N-particle wave function v ; (the subscript ¢ indicates the time depen-
dence of ¢y ;). On the r.h.s. of (1.6), Hy is a self-adjoint operator on LZ(R3N, dxp,
..., dxy) known as the Hamilton operator (or Hamiltonian) of the system. In these
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notes, we will consider Hamilton operators with two-body interactions, having the

form
N

N
HNZZ(_ij+Vext(xj))+/\ZV(xi _xj) (1.7)

j=1 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 Schrodinger equation (1.6) is linear and can always be solved by ¢n ; =
e Nty o, where e HFINT 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 N > 1, it is essentially
impossible to extract useful qualitative and quantitative information from (1.6) that
goes beyond the existence and uniqueness of solutions. According to the philosophy
outlined above, we look for simpler effective equations which approximate (1.6) in
interesting regimes.
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Chapter 2
Mean-Field Regime for Bosonic Systems

One of the 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 (1.7), 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 N
1
Hy =D (= Ay, + Vex(x))) + N > Vi —x)) 2.1)
j=1

i<j

acting on the Hilbert space Lf.(R3N ), the subspace of L?(R3") consisting of permu-
tation 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 103 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 exper-
iments 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 (2.1), with V.x modeling
the external traps. In particular, at zero temperature, we are interested in initial data
close to the ground state of (2.1). Under appropriate assumptions on the interaction
potential V it is known that the ground state w}g\; of (2.1) can be approximated, in the
limit of large N, by a factorized wave function; i.e. w}gvs ~ ©®N  for an appropriate
@ € L>(R%) (¢ is the minimizer of the Hartree energy functional). We are interested,
therefore, in the solution of the Schrodinger equation

© The Author(s) 2016 7
N. Benedikter et al., Effective Evolution Equations from Quantum Dynamics,
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i0rn,: = HNoy ¢ (2.2)

for approximately factorized initial data ¢y o =~ ©®" . Note that the external potential
in the operator Hy appearing on the r.h.s. of (2.2) is typically different from the
external potential in the trapping Hamiltonian, whose ground state is approximated
by ©®V (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.
Vext = 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 function. 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 N > 1

N
YN axn) > [[ene)) (2.3)

j=1

for an evolved one-particle wave function ;. Assuming (2.3), 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 jth particle can be approximated by

1
¥ V=) = [ Ve = le oy =V + 1Py,
i#]

Hence, (; must satisfy the Hartree equation
i00pr = (=A+ Vedor + (V # | Ppr 24

where the many-body interaction has been replaced by the effective one-particle
potential V x |¢;|?, making (2.4) a nonlinear equation. Despite the nonlinearity,
the Hartree equation for many purposes is much easier to treat than the original
Schrodinger equation (2.2), because ; depends only on 3 rather than 3N spatial
coordinates. In particular, it is numerically more tractable.

Reduced densities. To explain in which sense we can expect (2.3) 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 1y ; is defined by

1
v\ = NTras v N W,
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where [ty ;) ()N ;| denotes the orthogonal projection onto ¢y ; and Tro  y is the

partial trace over the last (N — 1) particles. In other words, the one-particle reduced

density ’y](\,l)t is defined as the non-negative trace-class operator on L?(R3) with

integral kernel
TWhGy) = N/dX2.--de YN (X2 XN (0 X2, ).

Notice that we chose the normalization Tr fy[(\} )r = N.
Analogously, for k = 2,3, ..., N, we can define the k-particle reduced density
associated with ¢ ; by

k N
Wi = ( k)Trk+1 ..... NN (N -

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

(k)

YN XL e XS Vs YE)
N
=1, dXp1 .. dXNON (X1, ooy Xk Xkt 1y -0 v XN) (2.5)
XENJ(YI: ooy Vi Xkbls oo r XN)-

The normalization is such that Tr %(\jc)t = (IZ )

Clearly, for k < N, the k-particle reduced density 71(@ does not contain the full
information about the system. Still, 71(\% is enough to compute the expectation of
any k-particle observable: Let J 1) be an operator on the one-particle space L(R?),
and denote by Jl-(l) =1® ---®JV ®...-® 1 the operator on L>(R*) acting
like /M on the ith particle and trivially on the other (N — 1) particles. We write
drmy =3 7" Then

N

(N dD Ty ) = Wy T 0y )
i=1

= NTeJ P [ o) (Wl = Tr J DA

Similarly, if J® is an operator on the k-particle space L?(R3) and if we denote

by Jl(lk) ;, the operator acting like J* on the k particles i1, . .. , ik, we have

.....

k k
W > IO oy =Ted® )
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where the sum on the 1L.h.s. runs over all sets of k different indices {i1, ..., ix} chosen
among {1, ..., N}.

Convergence of reduced densities. It turns out that reduced densities provide the
appropriate language to describe the convergence of the many-body quantum evolu-
tion towards the Hartree dynamics. Under appropriate assumptions on the external
potential Vex; and, more importantly, on the interaction potential V, one can show
the convergence of the reduced densities associated with the solution 1y ; of the
Schrodinger equation (2.2) towards orthogonal projections onto products of solu-
tions of the Hartree equation (2.4). More precisely, consider a sequence of wave
functions ¢n € L%(Rw ) with reduced density 71(\}) satisfying

1
W&” — lp) el (N — o0) (2.6)

forap € L? (R3) (such 9 are said to exhibit complete Bose-Einstein condensation).
Letyy, = e tHN "4)n be the solution of the Schrédinger equation (2.2) with initial
data ¥ . Then we expect, and under appropriate assumptions on Vex and V we can

show that |
1

N = leted (N — co). 2.7)
Here ; denotes the solution of the Hartree equation (2.4) with initial data ¢ = .
The convergence in (2.7) 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
norm.! 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 [1], after Theorem 1),

Tah = Lot . (2.8)

(NY

(&)

The convergence here (and in (2.7)) is for fixed # and k. Equations (2.7) and (2.8)
explain in which sense one should understand the approximate factorization (2.3).

(For any one-particle operator A on L*(R?) we use the notation A®* = ®f: | A for
its k-fold tensor product acting on L2(R3*))

IFirst, by testing the difference N*]'y[(vl_)t — | (¢ | against |¢;) (e |, weak convergence implies

Hilbert-Schmidt convergence. Then, since |¢; ) (¢; | is a rank-one projection, the operator N~ 71(\},)1 —

|¢¢) (¢ | has exactly one negative eigenvalue. (If there were two linearly independent eigenvectors
&1, & with negative eigenvalue, one could find a linear combination & such that (¢, 'y}(\; }tﬁ )y < 0)

Since Tr 'y[(\} )[ — |r){ps| = 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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Some results. The first rigorous results of the form (2.7) have been obtained for
smooth interactions by Hepp [2] and for singular potentials by Ginibre and Velo [3].
For bounded potential, a proof of the convergence (2.7), based on the analysis of the
so-called BBGKY hierarchy, has been given by Spohn [4] (see next paragraph). The
BBGKY technique has been later extended to potentials with Coulomb singularity
in [5, 6] and, for semi-relativistic bosons, in [7]. A new approach giving a precise
estimate on the rate of the convergence towards the Hartree dynamics has been
developed in [8] for potentials with Coulomb singularities (and further improved
in [9]); this approach, based on the ideas of [2, 3], will be presented in Chap.3.
Other bounds on the rate of convergence towards the Hartree evolution have been
established in [10] (based on ideas proposed in [11]) and recently in [12]. In [13, 14]
the convergence of the many-body evolution has been interpreted as a Egorov-type
theorem. In [15, 16] 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 [17, 18], leading to a better approximation of the many-body evolution.
(Arelated problem is the study of the fluctuations around the Hartree evolution, which
will be discussed in Chap. 3.) Instead of a fixed interaction V, it is also interesting
to consider N-dependent potentials, scaling like Vy(x) = N 3ay(Nx) (in the
three dimensional case) and converging towards a delta-function in the limit of large
N. In this case (assuming o < 1; for « = 1, one recovers instead the Gross-
Pitaevskii regime, which will be discussed in Chap. 5), the many-body evolution can
be approximated by a nonlinear Schrédinger equation with a local cubic nonlinearity.
Results in this direction have been obtained in [19-21] in the one-dimensional setting,
in [22] in the two-dimensional case and in [23] 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 [24, 25].

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 [4], is to study
directly the evolution of the reduced densities defined in (2.5). To explain this idea
it is convenient to normalize the reduced densities associated with the solution 9y ;
of the Schrodinger equation, defining, fork =1,..., N,

~0 _ 1w
N,t — (jz_)VN,t'

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

%j.e. the equation for :/1(\5)1 depends on 7/1(\?;]) .


http://dx.doi.org/10.1007/978-3-319-24898-1_3
http://dx.doi.org/10.1007/978-3-319-24898-1_3
http://dx.doi.org/10.1007/978-3-319-24898-1_5
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k k
- 1

07N, = 2 [—Ax,,%(\lf,),]JrN > [V(xl—x,) 7(")]

j=1 i<j

N ) (2.9)
— k+1
+— N lerk+1 [V(x] — Xk+1)s ’Y( M )]
J

where we use the convention that 'y(NH) = 0 and where Try41 denotes the partial

trace over the degrees of freedom of the (k + 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 (2.9) describes the interaction
among the first k particles in the system. The last term on the r.h.s. of (2.9), on the
other hand, corresponds to the interaction of these k particles with the other (N — k)
particles. At least formally, the BBGKY hierarchy (2.9) converges, in the limit of
large N, towards the infinite hierarchy

k
07 = D [~ A 58] + ZTI‘k+1 [Vey —ne0.5850 ] @10

j=1 j=l1

It is simple to check that this infinite hierarchy has a factorized solutions ﬁggt =
lo:) (0 |®¥, given by products of the solution of the Hartree equation (2.4). This
observation suggests a general strategy to show the convergence (2.8) 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 ; = {5}{,‘1 } ,’{‘1:1 with respect to an appropriate weak topology. Compact-

ness implies in particular the existence of at least one limit point [ ; = {:?gé) k=1

e Convergence. Secondly, one needs to characterize limit points of the sequence
I'y ; as solutions of the infinite hierarchy (2.10). In other words, one has to show
that any limit point I'», ; of the sequence I’y ; satisfies (2.10).

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 "v'gg),t = |or){(p:|®* are a solution of (2.10),
uniqueness also implies that vy ; — |¢@r) (s |k forall k € N (the argument proves
convergence with respect 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 (2.10) in integral form as
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t
~(k ~(k 1 ~
T =UPOFY )+ ZT/ dsU® (t — ) BROFELD. @2.11)
0

Here we defined the action of the free evolution /) (r) on a k-particle density ~*)
by
UB 1)y B = = Zht Arj ) Ty At

and the action of the collision operator B®) on a (k + 1)-particle density v*+1 by

k
BOAED = 3 Ty [V = x40 (2.12)
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

e P A @13

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

k
1BOYED e = 37 [T [V = x|+ T S0V 05 = e
j=l1
< 2|Vl Triy V]
= 2KV lloo Iy
(2.14)
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|A| if B is bounded and A trace
class.)
Iterating (2.11), we obtain the nth order Dyson series

~(k ~(k
'Y<(>o),t = u(k)(f)’Yéo),o

n—1 1 t Sm—1 ) .
+Zi7/ d81-../ dsyU P @ —s)B® ...
m=1 0 0

x UKD (5,1 = 5,) BEFDUER (5, )7

1 t Sn—1
+7/ dsl.../ dspd® (1 — s)) BOUFD (51 — 55) - -
l 0 0

) UKD (5, _y — s,) BEH=DFELD

(2.15)
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Suppose now that the families I o0,; = {71(1’((10’[}1@0 and I o0, = ﬁgf&o,t}kzo
are two solutions of the infinite hierarchy, written in the integral form (2.11), with
the same initial data. Expanding both solutions as in (2.15), and taking the difference
(so that all fully expanded terms cancel), we find

~ (k) ~ (k)
Tr ‘Vl,oo,t - 72,00,1‘
t Sn—1
—1)~(k
5/ dSl.../ dsy [UP(t — s BP ... =Dl
0 0
' ! k k k+n—1)=(k+n)
—1)~ n
+/0 dsl---/o dsy U ¢ —s)BY ... BEF=DFTT |

Applying iteratively the bounds (2.13) and (2.14), we conclude that

1"
< 27k(k + 1) k1= 1DIVIIo)" < 2°@IV ot

(k) (k)
oot — V2,00,

Tr ”y

ikot)nt) =Tr 'Yék:on,) = 1 and the bound

nAk =1\ _ skpno1
k—1 -

For |t] < (8]|V]lso) ™", we obtain that for all n € N

where we used the normalization Try

~(k) ~(k) k—
Tr ’Vl,oo,t - 72,oo,t‘ <2 "

Since the Lh.s. is independent of n, it must vanish. This proves that ’i(k) =

1,00,
%kgot for all |t| < (8]|V|loo)~'. Since this argument only uses the normalization

Tr 7y’§k;"t) =Tr ~§k;"t) = 1, which holds for all r € R, it can be iterated to prove

uniqueness of the solution of the infinite hierarchy for all 7 € R.

For a Coulomb potential V (x) = £1/|x|, the proof we outlined above can be
modified by introducing a different norm for density matrices (this approach was
first used in [5]). For a k-particle density 7y'(k), acting on L2(R3*), we define the
Sobolev-type norm

|W<">||H1<k) =Tr|S...53% 8 ... 8 (2.16)
where §; = (1 — ij)l/ 2. Since the Coulomb potential is bounded with respect to
the kinetic energy in the sense that as operators

1
+— <C1-4)
x|
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one can show that the collision operator B*) defined as in (2.12), but now with
V(x) = £1/|x|, satisfies

|W®>%HW(M<CH|wHW(HM

This bound replaces (2.14). Using this new bound one can prove, similarly as
explained above for the case of bounded potentials, that any two solutions 7 s =

FW . Y1 and Doos = (3, }k=1 of the infinite hierarchy with the same initial
data satisfy

H~(k> ~<k>

||~(k+n) (k+n)
M,00,t = V2,00t H(k) =

[ e + TS on |

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

H~<"> H <ct 2.17)

(k) -

forallt € Randk € N, valid for any limit point I ', ; = {?é’;),, }k>1 of the sequence of

families I'n ; = {'71(\1;,)1 } 11{\/:1 of densities associated with the solution of the Schrodinger
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 (2.17), one can use energy conservation; for details, see [5].
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Chapter 3
Coherent States Approach

In this chapter, we illustrate the method developed in [ 1], based on the original ideas of
[2, 3], 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 chapter, 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 L2(R?) is defined as the direct sum

F=CeoPLIRM),

n>1

where L%, (R3") denotes the subspace of L2(R3m) consisting of all permutation sym-
metric functions. For ¥, @ € F, we define the inner product

(W, ) Z w(") ('l)

n>0

For ¥ € F, we denote by | ¥ | the corresponding norm. We consider ¥ € F
normalized such that
> =" 1w™; =

n>0
The Fock space allows us to describe states of the system where the number of parti-

clesis not fixed. The vector & = {1/}~ € F describes a state that with probability
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[l ||% has n particles. In particular, states with exactly N particles are embedded in
the Fock space; they are described by vectors {0, 0, ..., ¥y, 0, ...} € F having only
one non-zero component. These vectors are eigenvectors of the number of particles
operator A defined by

(NlI/)(n) — nw(")

for any ¥ = {1/)(”)}”20 such that

> a3 < oo.

n>0

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

Creation and annihilation operators. For any one-particle wave-function f €
L2(R3) we define the creation operator a*(f) and the annihilation operator a(f) by
setting

1 n
@ (H) ™ @1, x) = NG DRI, X X )
j=1

(a(f)llf)(”)(xl, o Xp) =A/n+1 /dxmz/)("+l)(x, X1y ouns Xn).

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 with domain given by the domain of A/1/2;
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 the canonical commutation relations

la(f).a* (@1 =(f.g), la(f),a(@]=[a"(f),a"(§)]=0. 3.1

Despite the bosonic creation and annihilation operators being unbounded, usually
domain questions are unproblematic since one can take the domain of a suffi-
ciently large power of the number operator to easily make sense of most expres-
sions and in particular of their commutators—see (3.7). It is also useful to introduce
operator-valued distributions a} and a, which formally create and annihilate a par-
ticle at position x € R>. In terms of these distributions

a*(f) = / faidx, a(f)= / f(x)axdx

and
[ayx, a;] =d0(x —y), lax,ay]l=Ia}, a;] =0. (3.2)
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Notice that, if ¥ = {1)™}, cn,

(@) (x1, . xn) =+ 10D (x x1, L x). (3.3)
Hence
(W, No)
= Zn/a’xl .. .dxna(n)(xl, e x)e™ (L L x)
n>0
= Z/dxdxl .. .dxn_lm(nil)(xl, e X D@ @)V (e, X))
n>1

= /dx (ax W, a, @)
and in this sense we can write
N = /dx aiay . (3.4)

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

(P, (a(f) +a*(fHV)
=2|{¥. a(H¥)I

<2> Vn+ l/dxd)q e dxg 0™ (xy, L x) FOO T (e xg, LX)

n>0
<2 VuA T fI ™ e
n>0
(3.5)
and therefore in the sense of forms
£ (a(f) +a*(f) <4l fIN' (3.6)
In norm, we have the bounds
a(HY| < NY2g | and
la(HEN < I [ 3.7

la*(HEI < 1AWV + D2

for any f € L2(R3). To prove the first bound in (3.7), we observe that by the
Cauchy-Schwarz inequality
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1/2
la(fH¥| < /dx LfCOllax®ll < £ (/dx ||aan2) = IFIINY2e ). (3.8)
The second estimate in (3.7) follows from

la* (WP = (W, a(fa* (W) = (W, a*(Ha(H¥) + I FI*1w)?
= la(HWI*+ I FI21w )12

and (3.8).

Similarly to (3.4), we can express the second quantization of any one-particle
operator in terms of the operator-valued distributions a} and a,: Let J M be an
operator on the one-particle space L?(R?). The second quantization of J(! is the
operator dI"(JV) on F defined by the requirement that

n
@r @™ =" Oy
i=1

where Jl.(l) denotes the operator acting on L>(R3) as J(I) on the i-th particle and
as the identity on the other (n — 1) particles. If the one-particle operator J (1) has the
integral kernel J M (x; y), we can write

(@,dIr (JDyw)

=22 1™ 7w

n>1 j=1

= Zn/dxdydxz cdx, o™ (x, xg, . ,xn)J(l)(x; y)i/)(")(y, X2, ey Xn)

n>1

= Z/dxdydxz ceodxy TV ) (ax @)D (xa, ..., x)

n>1

x (ay )" V(xg, .. x)
- /dxdy TV (x; y) (ax ®, ay ).

Thus
drJm) :/dxdy TV (x; yyatay. (3.9)

Since the number of particles operator is the second quantization of the identity,
N = dI'(1), the last expression is consistent with (3.4). Notice that if J OBT
bounded, then its second quantization dI"(J (1) is (although generally unbounded)
bounded with respect to the number of particles operator, i.e.

(W, dT Ty < V|, N@) forall W € F. (3.10)
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and also
ldr (| < ([JVIN .

We can extend (3.9) to operators involving more particles. Let J® be an operator
on the k-particle Hilbert space Lf (R3*). We define the second quantization 1" (J )
of J® by

@r ™ =" J®  pn (3.11)

where the sum runs over all sets {iy, ..., i;} of k different indices in {1, ..., n},
and where Jl.(lk?__ i denotes the operator on L>(R3") acting as J* on the particles

S
i1,...,ix and as the identity on the other (n — k) particles. If /%) has the integral
kernel J® (X1, .+« Xk V1s - - - » V&), We find, similarly to (3.9),

drJ%)

:/d)cl...dxkdyl...dykj(k)()cl,...,)ck;yl,...,yk)a;ck1 ...a;kayk...ayl.

(3.12)
Similarly to (3.10), we find

(W, dT (T < TP W@ NWN =1 ... (N —k+ D).

Reduced densities. We define the one-particle reduced density associated with a
normalized Fock space vector ¥ € F as the operator 1 : L*(R?*) — L2%(R?) such
that

TrJ Dy = (w, argOyw)

for all one-particle observables J M From (3.9), we find that the integral kernel of
the one-particle reduced density v is given by

YD y) = (@, daw). (3.13)

We define the k-particle reduced density associated with the Fock space vector ¥ € F
as the operator v® on L2(R3) such that

Tr JOA® =, arg®yw)

for every k-particle observable J®). Using (3.12) we find that the integral kernel of
the k-particle reduced density v*) is

'y(k)(xl,...,xk; Viseoos Vi) = (¥, a;‘l ...a;‘kaxk...axlllf).

Notice that v® is normalized such that Try® = (&, N(N = 1)... (N —k+ D)¥).
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Representation of the Hamiltonian in second quantization. We define the Hamilton
operator H on the Fock space F by (Hy W)™ = HX})z/J(”) with

n n
1
HY =D -4 + 5 >V - x)). (3.14)
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 straightforward changes). The
operator H y leaves the number of particles invariant, i.e. it commutes with the num-
ber of particles operator /. When restricted to the N-particle subspace (consisting
of the vectors of the form {0, 0, ..., 0, ¥y, 0, ... }), Hy coincides precisely with the
Hamilton operator (2.1) defined in the previous chapter (of course up to the external
potential that we neglect here). Notice that the parameter N appearing in the Hamil-
tonian (3.14) 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 Chap. 2.

We can write the Hamiltonian H in terms of the operator-valued distributions
ay and a}. From (3.3) we find that

1
Hy = /dx Vya;Vyay + m/dxdyV(x — y)a;ka;'fayax ) (3.15)

The r.h.s. should be understood in the sense of forms, similarly to (3.4). The fact
that Hy commutes with the number of particles operator  is evident from (3.15),
because, in every summand, the number of creation operators matches exactly the
number of annihilation operators. In particular, it follows that

(N)

e TNHO, L. 0.9, 0, ) = {0, 0. e TN Ty, 0,

On the r.h.s. we recover exactly the mean-field evolution discussed in the previous
chapter. 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) = AN =a*(f)


http://dx.doi.org/10.1007/978-3-319-24898-1_2
http://dx.doi.org/10.1007/978-3-319-24898-1_2

3 Coherent States Approach 23

The coherent state with wave function f € R3 is defined as'

f®2 f®n

2 * 2
W) = e WI72,8° (N o — o= IAI7/2 1 £ ...,
V2! Vn!

(3.16)

Since W (f) is unitary,
W =W='(f) = W(=1),

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) a(@W(f) =alg)+(g. ).

% X (3.17)
W(f) a™()W(f) =a"(g) + (f. g)-

This implies that coherent states are eigenvectors of all annihilation operators, i.e.

a(@W ()2 = W(HW (a@W(f)2 =W(f) (g + (g, )2
= (. e)W()$2.

From (3.16), 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

(W(NHRNW(R2) = /dX(W(f)-Q,aj?axW(f)Q)
= /dX<W(f)9, @@y + F))ax + f)R) = I £1%.

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 l¢ll = 1, we consider the coherent state W (/N p)S$2.
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 effec-
tively approximated by an average potential. This is made rigorous by the following
theorem.

ITo evaluate W (f)$2 we made use of the Baker-Campbell-Hausdorft formula for operators A, B
with the property that [[A, B], A] = [[A, B], B] =0:
ATB _ ,~3[AB] A B

Since a(f)$2 = 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 inequality
Vix) <C(l—A) (3.18)

for some C > 0, and let ¢ € H'(R?). Let {¢n)nen be a sequence of vectors in F
with ||En|l = 1 and such that for some C > 0

1
(En, NEN) + N@N,N%N) <C VYNeN. (3.19)

Let ’y,(\})t be the one-particle reduced density associated with the evolved state Yy ; =

e THNIW (VN p)En. Then there exist constants D, K > 0 such that
1
Tr |9\, = Nigo) (]| < DeX! (3.20)

forallt € Randall N € N. Here p; denotes the solution of the nonlinear Hartree
equation
i0rpr = =Dy + (V x i) (3.21)

with initial data ¢y = .

Remark

e The trace-norm bound (3.20) is of order one; this is to be compared to Tr’y](\,l‘)l =
TrN|¢:)(p:] = N. In this sense, (3.20) establishes a relative rate of convergence
of order 1/N.

e The assumption V2(x) < C(1 — A) holds for potentials with a Coulomb singu-

larity, since Hardy’s inequality implies that

()2
/dx PO ol

|x|2

In fact, the result (3.20) can be easily extended to potentials V € L*(R3) +
L®(R3), although in general the time dependence on the r.h.s. of (3.20) may be
worse.

e The condition (3.19) guarantees that the initial deviations from the coherent 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 ¢®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 [1, 4].

Sketch of the proof of Theorem 3.1. According to (3.13), the one-particle reduced
density associated with the Fock space vector ¥y ; has the integral kernel
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Y@ Y) = (W ala ). (3.22)

We define the fluctuation vector £y ; at time ¢ by setting

Una = ¢ TNWNEy = W Neén.s (3.23)
where ¢, is the solution of the Hartree equation (3.21). Equivalently, we can write

Env,e = Un; 06N

where we introduced the fluctuation dynamics

Un(t; s) = W/ Np) e TV W (/Ngy). (3.24)
Plugging the r.h.s. of (3.23) in (3.22), we obtain

TWh G y) = (W N@)EN 1 aiac W (VNe)én..)
= (&N (@ + VNG () (ax + VN@ (0))En)
= NG (0@ () + VNG (D) (Enr axén.e) + VN () (Enr, atén.s)

+ (€N ayaxéne)-

Integrating against a one-particle observable J (1) with kernel J" (x; y), we find

T (W), = Nle(@il) = VA (en [a0 Ve +a Do v
+ (€N dT (T e )

(3.25)

According to (3.10) and (3.6), the expectation values of the operators a(J M) +
a*(J (1)30,) and d " (JM) can both be bounded by the expectation of the number of
particles operator in the state £, = Uy (¢; 0)€n i.e. by the number of fluctuations.
The next proposition is taken from [5, Proposition 3.1] but similar estimates have
already been proven in [1, 4]. 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 inequality
(3.18) and let ¢ € H'(R3). Then there exist constants D, K > 0 such that

(Un (5 000, NU (13 0)1p) < DeXI'! (3), [N + %Nﬂ V)

for any 1 € F. Here Uy is defined as in (3.24).

While Proposition 3.2 immediately implies the desired bound for the second term
on the r.h.s. of (3.25), some more work is required to get rid of the additional ~/N
factor in the first term on the r.h.s. of (3.25). We will omitthe details which can be
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found in [1, 4], and just write the final estimate

1
g0 (4, = Mg (i) | = DIV X1,

Since the space of trace class operators £' (L?(R3)), equipped with the trace norm,
is the dual of the space of compact operators, equipped with the operator norm, the
last bound implies (3.20).

Sketch of the proof of Proposition 3.2. 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(OUN(E; 5)
with the time-dependent generator
L) = [i0W* (N | W (/N + W N oo Hy W (VNigy).

The time derivative is

[i0W* N | W/Ng) = Cun0) = VN (a* (0,00 +a(i0,20)).
Using (3.17) we find

W*(/NenHyW(/Ner) =
Con (@) + VN (@ (= Agr + (V5 oo +a(=Agr + (V x erP)en))

+/dexa§§anx +/dx(V * |90t|2)(x)a:ax

+/dxdyV(x — (g (Vatay

+/dxdyV(x -y (cp,(x)ap,(y)a;ka;f + @, ()P, (y)“xa)’)
1

+ Wi / dxdyV (x — y)ak (soz naj +¢t(y)ay) ax

1
+ N dxdyV (x — y)a;a’ykayax

2Systematically, time derivatives of the form (8¢ ~4®))eA® (with A(r) a sufficiently regular family
of operators) can be calculated as follows. Start by writing

1 d 1 .
(B AN eAD = lim — [ arx— (e’A(’”’)’\eA(’M) = —/ dhe AONA(p)er O,
h—0 h 0 d\ 0

Now one uses the Baker-Campbell-Hausdorff formula e =4 Be4 = B — fol dpe PA[A, BleP4 for
operators A, B and iterates. In the application here, the iteration breaks off immediately because
the commutator is just a complex number.
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for appropriate constants’ C1,n(t) and Cy (1) Since ¢, satisfies the Hartree equa-
tion, the contributions of order ~/N (which are linear in a} and ay) cancel exactly,
and therefore (up to a constant contribution, which can be absorbed in the phase) we
obtain

Ly(t) = /dexa;‘anx +/dx(V * |2 (x)atay
+ / dxdyV (x — y)p: ()@, (y)ayay
+ / dxdyV (x = ) (¢ e 0)aial + 5, (@07 0)asay)  (326)
+ ﬁ / dxdyV (x — y)ay (@z(y)a§f +¢,(y)ay) ax

1
+ IN dxdyV (x — y)ayayayay.

We notice that £y (¢) 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 (1), in contrast with the original dynamics e ="V’ does not preserve
the number of particles. Nevertheless we can control the growth of the expectation
of N/. We compute

10, (UN(t; 0)En, NUN(t; 0)En)
= (Un(t; 0)én, [N, Ly O)UN(t; 0)EN)

—2iTm / dxdyV (x — y)i ()0 (3) Un (1 00n. [N, aa Uy (13 0)én)
+ j_iﬁlm / dxdyV (x = y)p, (1) Un (13 00, IV, afabas Uy (13 0)6n).

Using the canonical commutation relations (3.2) we find

O {Un (5 0)En, NUN (2 0)EN)

= 4Im/dxdyV(x — Ve () (W) UN (5 0)En, azayUn (t; 0)EN)
2 (3.27)
+ ﬁlm /dxdyV(x = Mo UN 5 0)EN, ayagaUy (t; 0)En)

=141

3We 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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The first term can be bounded using (3.7):

1 =4 '/dxwz(X)(axUN(t; 0, a™(V(x — )o)Un (15 0)EN)
< 4/dXI90z(X)|IIaxUN(t; 0w llla™(V (x — )p)Un (t; 0)EN |

< 4/dx|so,<x)|||axuN<t; OENIIV (x — Vel N + DY Uy (2; 0)én |

<4sup [V(x = )@l OV + DV 2Uy (15 0)én 1.
X
From the assumption (4.4), we obtain

IV (x — )l = /dyv2<x =Ml MI* = Cligell3

Furthermore, the Hartree energy

1
Enlp) = / Vo) |Pdx + 3 / dxdyV (x — y)ox) P le()I? (3.28)

is conserved along the Hartree evolution, i.e. for a solution of the Hartree equation
wt, En(py) is independent of ¢. Together with the assumption (3.18), this implies
that there exists a universal constant C > 0 such that

leell gt < Clieoll g1

Hence
sup [V(x =)ol = K
X

foraconstant K > 0 depending only on the constant Cg in (3.18) and on the H !-norm
of the initial wave function ¢g. We conclude that

I < KUy (:; 0)En, NV + DUN(t; 0)E). (3.29)

To control the second term on the r.h.s. of (3.27), we proceed as follows:

2
1} < ﬁ/dxlla(V(x — eDaxUUn (13 0)En [ laxln (&5 0)En |l

IA

2
s llV (= )erllz / dx|lax NV2Uy (25 0)En || laxUn (23 0)En |
X

IA

K
~ {Un (5 0, N2Uy (5 0)EN) + K (Un (15 0)n, NUy (£5 0)EN).
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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 U}, (t; ONUN(t; 0)
measures the number of fluctuations, it is heuristically clear that it can be bounded by
the total number of particles N ; more precisely, one can prove the operator inequality
(see [5], proof of Proposition 3.1)

%u;’;(t; ON Uy (15 0) < U (1 ONUN (L5 0) + %2

Applying this bound for {, we conclude that

1
N

1
(Un (15 0)En, N2Un (15 0)En) S Uy (85 0)n, NUn (1 0)EN) + 5 & N2¢ey)

and therefore that (with K depending also on C from (3.19))

| < K Un(t; 0)En, N + DUN (5 0)En) -

Inserting the last bound and (3.29) into (3.27), we find

d
E(Z/{N(t; 0)én, NUn (15 0)En) | < KUN(: 00N, (N + DUN(E; 0)EN).

Gronwall’s Lemma implies therefore

Uy (t; 0)en, NUy (15 0)En) < CeKIT,

This concludes the sketch of the proof of Proposition 3.2; more details can be found

in

[1, 4].

References

1.

2.

3.

1. Rodnianski, B. Schlein, Quantum fluctuations and rate of convergence towards mean-field
dynamics. Commun. Math. Phys. 291(1), 31-61 (2009)

K. Hepp, The classical limit for quantum mechanical correlation functions. Commun. Math.
Phys. 35, 265-277 (1974)

J. Ginibre, G. Velo. The classical field limit of scattering theory for nonrelativistic many-boson
systems. I and II. Commun. Math. Phys. 66(1), 37-76, 68(1), 45-68 (1979)

L. Chen, J. Oon Lee, B. Schlein, Rate of convergence towards Hartree dynamics. J. Stat. Phys.
144(4), 872-903 (2011)

S. Buchholz, C. Saffirio, B. Schlein, Multivariate central limit theorem in quantum dynamics.
J. Stat. Phys. 154, 113-152 (2014)



Chapter 4
Fluctuations Around Hartree Dynamics

The coherent state approach presented in the last chapter 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 ¥y = W(\/ﬁ ©)$2 € F. (As in the last chapter, we
could also consider approximate coherent states ¥y = W(\/N @)én, with &y now
satisfying (£, (W32 N12N32 L N=IN3)Ey) < C.) According to the definition
of the fluctuation dynamics (3.24), we can write

e N W (VN@)R2 = WV N Uy (; 0)£2.
Recall the generator Ly (1) of the fluctuation dynamics Uy (¢; s) as given by (3.26).
The last two terms on the r.h.s. of (3.26), the cubic and the quartic contribution to

Ly (), seem to vanish, in the limit of large N. Therefore we define a new time-
dependent generator

Loolt) = / dxVea*Vyay + / dx(V * o P (x)ata,
+ [ dxdyve = vy oz ata, @1
+/dxdyV(x =) (wz(x)svz (Mazay +¢,(x)¢z(y)axay)

keeping only the quadratic part of Ly (). We denote by Ux(¢; s) the evolution
generated by L(1), i.e.

10Uoo (15 8) = Loo (U0 (13 5), Usols:s) = 1. (4.2)
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For interaction potentials satisfying the condition (3.18) one can prove that

1
VN

for some constant C > 0. The proof of (4.3) is based on the identity

Cle|
< —

|y (15 0) = Uoo (1 0DV | = —= [HNWM + ||N21/f||} (4.3)

t
Un (t;0) — Unso (25 0)=/ Un(E;8) (LN (s) — Loo(5)) Uno (55 0) ds
0

and on the control of the growth of moments of the number of particles operator with
respect to the limiting fluctuation dynamics Ux (s; 0). The bound (4.3) leads to the
following theorem.

Theorem 4.1 Let V be a measurable function satisfying the operator inequality
Vi) = - 4) 4.4)

for some C > 0, and let ¢ € H'(R?). Then there exists a constant D > 0 such that
—iHyt Dit|
e MW N2 = W N oo (1302 | < TN

In other words, Theorem4.1 states that, if we approximate the many-body evo-
lution of the initial coherent state taking into account also the limiting fluctuation
dynamics Us(¢; 0) rather than only the Hartree dynamics of the coherent state,
we get convergence in norm as N — oo (with a rate proportional 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.

Bogoliubov transformations. In contrast with Uy (¢; s) the limit fluctuation
dynamics U (2; 5) is a simple evolution, because its generator is quadratic. In fact,
it acts as a Bogoliubov transformation, a general concept that we introduce now,
following [1]. For f, g € L*(R?), we define

A(f,8) =a(f) +a*(g).
Then we have
A*(f,8) = a*(f) +a®@ =A@, /) = AT (. 2)) (4.5)
where 7 : L>(R?) @ L?>(R?) — L*(R?) @ L*(R?) is the anti-linear map defined by

J(f.8) = (. )
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The canonical commutation relations take the form

[A(f1. 1), A*(f2. 82)] = ((f1. 81). S(f2. £2)) (4.6)
with the linear operator S : LZ(R3) @ L2(R3) — L*(R3) @ L*(R?) defined by

S(f.8) =(f. -8

and where (-, -) denotes the inner product in L2R) @ L2(R3). A Bogoliubov trans-
formation is a linear map @ : L2(R3) @ L?(R?) — L?(R?) @ L*(R?) that preserves
(4.5) and (4.6). In other words, it is a linear map satisfying the two conditions

O =J6 and O*SO =S.

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

written in the block form _
uv

P = - 4.7

€ (V U) 4.7

with two linear operators U, V : L>(R%) — L?*(R?) satisfying U*U — V*V = 1
and U*V = V*U (the operators U, V are obtained taking the complex conjugate of
the kernels of U, V).

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

FTA(f,8)8 = AO(f, &)

for every f, g € L>(R?). The Shale-Stinespring condition states that a Bogoliubov
transformation ® is implementable if and only if the off-diagonal operator V :
L*(R3) — L2(R3) is Hilbert-Schmidt (i.e. if TrtV*V < 00).

The limit fluctuation dynamics Uy, (¢; ), defined in (4.2), acts for any ¢, s € R as
a Bogoliubov transformation: It is simple to check that there exists a two-parameter
group of Bogoliubov transformations @ (z; s) : L*(R3) @ L*(R?) — L*(R%) @
L%(R3) such that

U (t: )AL, @)U (85 5) = A(O (15 5)(f, 8)). (4.8)

The time-dependent Bogoliubov transformations ® (¢; s) are easily seen to satisfy
the equation
i0;0(t;5) = D()O(t;5)
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with the generator

by = (A Vel + A A
Ay —A+ (V@) + A

Here we denoted by A and A; the operators with integral kernels Aj(x;y) =
Vx = y)@ ()@ (y) and Az(x; y) = V(x — y)er (X))@ (y). Identifying Uoo(1; 5)
with a Bogoliubov transformation means that the limit fluctuation dynamics can be
determined by solving a partial differential equation on L>(R?) @ L>(R?); in this
sense we can think of Ux(¢; s) as a simple effective dynamics (in contrast with
Uy (t; s) which a true many-body evolution).

Probabilistic interpretation. The convergence of the reduced densities can be
interpreted, in the language of probability theory, as a law of large numbers. Let J V)
be a one-particle observable, i.e. a self-adjoint operator over L?(R3). We denote by

Jl.(l) the operator on L*(R3V) acting as /1) 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®N , the
observables Jl.(l) define independent and identically distributed random variables,
and therefore, for every § > 0,

N

1
> — (9. I W)

]p(p@N( N
i=1

W.r.t. the evolved wave function vy ;, solution of the mean-field Schrodinger
equation

36)—>0 (N — o0).

N N
ins =[5+ = D Ve -y

j=1 i<j

with initial data Yy 0 = ¢®N, the N observables Jl(l), e, JI(\,I) are no longer inde-
pendent. Nevertheless, itis easy to check that the convergence of the reduced densities
implies that

PlﬁN,z (

At time t = 0 we also have a central limit theorem stating that the fluctuations
of Z,N= | ]l.(l), appropriately normalized, are Gaussian in the limit. Does the same
hold true for t # 0? The answer, obtained in [2, 3], is positive; with respect to the
measure induced by ¥n ;, we have

1
ZJ( ', JVgp)| =

)—)0 (N — 00).

N
Z (1) £ J(l)%) — Gauss(0, Utz) (4.9)
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as N — o0, in distribution. The variance of the limiting Gaussian variable is given
by

o2 = U007V + V(t;00J Dy |1 — [, U(t; 00 Vg + V(25000 D) |2,

where U (¢; 0) and V (¢; 0) are defined through the decomposition (4.7) of the Bogoli-
ubov transformation © (z; 0) from (4.8). Equation (4.9) shows that in the mean-field
limit the correlations among the particles are weak enough for the central limit the-
orem to hold true, but they are strong enough to change the variance of the limiting
Gaussian variable. (For a completely factorized wave function go?N , the variance
would clearly be (¢r, (/"))21) — (g1, J D))

Fluctuations for data with fixed number of particles. For N -particle initial data, a
better approach to study fluctuations around the Hartree dynamics has been proposed
in [4], based on ideas developed in [5] to analyze the excitation spectrum of mean-
field Hamiltonians. Fix ¢ € L?(R?). Then we can write any N-particle wave function
Yy € L2(R3V) as!

where the n-particle bosonic wave function 1 is assumed to be orthogonal to ¢ in
all its n entries. This defines a map

Uy : Ly RNy — 7,
Yy = Q@™ 0,0, )

which is linear and isometric. Here F, denotes the bosonic Fock space over the
orthogonal complement of span{¢}. We can think of U,y € F4 as describing the
fluctuations around the condensate. We assume that the initial data ¥y € L?(R3N )
exhibits complete condensation in ¢ € L*(R?) in the sense that the fluctuations
¢(0) := Up¥y € Fy can be bounded uniformly in N in the sense that for some
C > 0 we have

(90),dI'(1 — A)¢(0) =C

independent of N. We let ¢/x evolve with the Hamiltonian
N &
Hy = Z—ij + N Z V(xi —xj).
j=1 i<j
We know that Yy ; = e~ HN? ¥ exhibits condensation in the one-particle state ¢,

evolved according to the Hartree dynamics. To study the evolution of the fluctuations
around the Hartree evolution we apply the map Uy, : L%(RM’ ) = Fi., defined

IThe symbol ®; denotes the symmetrized tensor product, i.e. ¢ ®; -+ Qs ¢y =
(NDT Y sy o) @ -+ ® Qo).
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analogously to Uy, on ¥y ;. (Notice that the image space of Uy, depends on time
because of the requirement of orthogonality to ¢;.) We find that

|Uge N0y — ¢ ()] — 0 (N — 00). (4.10)
Here ¢(¢) € F is the solution of the evolution equation
10;(1) = Loo (1) (1) (4.11)

with initial data ¢ (0) and a quadratic time-dependent generator L, (f) very similar
to (4.1) (although not exactly the same because of the requirement of orthogonality).
Equation (4.10) 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 ¢ (1) = {¢ V1), ..., oM (1),0,0, ...}, we find

YN d’(O)(t)(P;X)N + (/J)(l)(l‘) s (ﬂt®(N71) + . 4 ¢(N)(I)

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)
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Chapter 5
The Gross-Pitaevskii Regime

Another limit in which it is possible to approximate the many-body dynamics 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 typi-
cal experiments with dilute alkali gases. At the microscopic level, a trapped Bose-
Einstein condensate can be described as a gas of N bosons with Hamilton operator
of the form

N

N
H]t\;ap = Z (_Ax]' + Vext(xj)) + ZNZV(N(XI' —Xj)). G.D
j=1 i<j

Here Ve 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 (5.1) the interaction potential scales with the number 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 (5.2)

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

fo=1-2

|x|

for an appropriate constant ap > 0, which is called the scattering length of V. Itis a
simple exercise to show that equivalently the scattering length a( can also be defined
through the integral
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8mag = / V(x)f(x)dx (5.3)

where again f denotes the solution of (5.2). From the point of view of physics, the
scattering length ap measures the effective range of the interaction 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 ag (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 N>V (N-) is given by a = ag/N. This follows because by simple
scaling, from (5.2) we find

N2
(—A n 7v<N~>) FN) =0

and
a . (ao/N)

Nix| x|

J(Nx) =1

Ground state properties of trapped condensates. It was proven in [1] that the
ground state energy per particle for the Hamiltonian (5.1) converges, as N — oo,
towards the minimum of the Gross-Pitaevskii energy functional

Ear(e) = [ [190P + Veull? + 4manfl*] dx (54)

over all one-particle wave functions ¢ € L?(R?) with |¢| = 1. From (5.4) we
conclude that in first approximation the ground state energy of the Bose gas depends
only on the scattering length of the interaction potential, not on its precise profile.

It was then shown in [2] that the ground state of H;;ap exhibits complete condensa-
tion in the minimizer of the Gross-Pitaevskii energy functional (5.4). More precisely,
the one-particle reduced density 71(\}) associated with the ground state of H,t;ap was
proven to satisfy

€]

1
AL A oY@l (N — 00).

The interpretation of this result is straightforward: in the ground state of H;\gap 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 (5.1), can it also be used to predict the time-evolution of initially trapped
condensates? As in Chap.2 we want to study the reaction of the system to a change
of the external fields. At time ¢+ = 0, we assume the boson gas to be prepared in the
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ground state ¢ of the trapping Hamiltonian (5.1). Then, the traps are switched off
and the condensate starts to evolve by the translation invariant Hamiltonian

N N
Hy = Z_Ax.i + ZNZV(N(x,- —Xj)). (5.5)
Jj=1 i<j

The next theorem, taken from [3-5], describes the resulting dynamics. (More
recently, a similar statement has been shown in [6].)

Theorem 5.1 LetV > 0 be a spherically symmetric, short range, bounded potential
with scattering length ag. Consider a sequence Yy € Lf(R3N ) satisfying

e Finite energy per particle: there exists C > 0 such that (v)n, Hyyn) < CN;

e Condensation: the one-particle reduced density 7](\,1)

that

associated with 1y is such

I a
S = 19l (N = 00)

fora p € L>(R).

Let Yy, = e~ iNU and let 'yl(\})t be the one-particle reduced density associated
with 1 ;. Then, for every fixed t € R,

L
N’YN,Z = |pr) (o] (5.6)

as N — oo, where oy is the solution of the time-dependent Gross-Pitaevskii equation
i0rpr = — Ay + 8maolor Pior (5.7)

with the initial condition o = .

Remark Convergence in (5.6) holds for example in the trace norm. Moreover (5.6)
also implies convergence of higher order reduced densities. If ’y](\% denotes the k-

particle reduced density associated with ¢y ;, it is shown in [4, 5] that

I«
—=TN = o) (e |

N
(&)

as N — oo, for any fixed k € Nand ¢t € R.
Comparison with the mean-field regime. Let us discuss the relation between the
Gross-Pitaevskii limit, characterized by an interaction potential with scattering length

of the order N ™!, and the mean-field regime discussed in Chap. 2. Writing the inter-
action potential in (5.5) as
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) 1
N“V(Nx) = NUN(X)

with vy (x) = N3V (Nx), one could think of the Gross-Pitaevskii limit as a mean-
field limit with a potential v that converges towards a delta distribution in the limit
of large N. However, this interpretation of (5.5) is quite misleading. Formally we
have

o (x) = N3V (Nx) = bod(x)

with by = f V(x)dx. Hence, based on the mean-field interpretation of (5.5), we
should expect the many-body evolution to be approximated, in the limit of large N,
by the nonlinear Schrodinger equation

iOrpr = —Apr + bo(8 % e or = —Apr + boler*r

This equation has the same form as the Gross-Pitaevskii equation (5.7) but a
different constant in front of the nonlinearity. The reason why the mean-field inter-
pretation 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 rarely’
but when they do interact, the collisions are very strong. Because of these rare and
strong collisions, the solution of the Schrodinger equation v ; generated by the
Hamiltonian (5.5) 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 (5.7). 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 structure
affects the dynamics of the condensate. (Recently the correlation structure devel-
oped by the solution of the Schrodinger equation in the Gross-Pitaevskii limit has

been studied in [7].) Let us normalize the one- and two-particle reduced densities

~ ~ -1 .
associated with ¥y ; to 72?, =N _171(\}2 and ”y[(@ =) 7](3’)[. They satisfy the

differential equation

07, = [-A, 33,1+ (N = DTry [NZV(N(xl — X)), ﬁ}@] (5.8)

which is the first of the N coupled equations forming the BBGKY hierarchy (similar
to (2.9) in the mean-field setting). By assumption, at time r = 0, ¥ o exhibits

IParticles interact only when they are at distances of the order N !, 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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condensation, meaning that 75\%:0 — |¢)(¢| for a p € L?(R?). If condensation is
approximately preserved by the time-evolution, we should expect that also for ¢ # 0

T = e @il. (5.9)

As for the two-particle reduced density, again we expect approximate factorization.
Here, however, we should also take into account correlations. Assuming that cor-
relations can be described by means of the solution of the zero-energy scattering

equation (5.2), we expect that the integral kernel of ?y'l(\??t can be approximated by

%(@(m, X231, 2) = f(N (1 — x2)) f(N(y1 — y2))r (x1) s (x2)@, (y1) P (y2).-

(5.10)

Using this ansatz for %(3)[, we find that the integral kernel of the second term on
the r.h.s. of (5.8) can be approximated by

(N = DTy [NV (NG = 02, 3 5 )
=(N-1) / dxs (NZV(N<x —x2)) = N*V(N(y — X2))) AN (. %21 v, x2)

= [ (MG = ) = WYV = 32)) 0B e
X f(N G = 22)) f(N(y = 22))

= 8rao (1001 = e D) 1 (0, ()
(5.11)

where we used (5.3) and the fact that f (Nx) — 1 weakly as N — oo. Inserting also
(5.9) in the term on the 1. h. s. as well as in the first term on the r.h.s. of (5.8), we see
that the Gross-Pitaevskii equation (5.7) 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 (5.10) for the two particle reduced density does not contradict

the fact that, as N — oo, ?ﬁ?t — o) (<p,|®2; the correlation structure in (5.10) is

non-trivial only for |x; — x2| < N~ 'or [y; — y2| < N~!, and it disappears in the
limit N — oo. Nevertheless it plays a crucial role in (5.11) 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 energy
scattering equation in (5.10) plays such an important role, a rigorous derivation of
the Gross-Pitaevskii equation (5.7) requires a proof that the solution ¢y ; of the
many-body Schrédinger equation really develops a correlation 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 ¥ ; 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':

oo
p=supriV(r) +/ drrV(r)
0

r>0

where we introduced the short hand notation V(r) = V(x)if |x| = r. Smallness of p
also implies that the solution f of the zero-energy scattering equation (5.2) remains
close to 1 (recall the boundary condition f(x) — 1 as |x| — o0). In fact, one can
show [4, Lemma D.1] that there exists a constant ¢ > 0 with

l—cp< flx) <1, |Vf(x)|5c|7”|, |V2f(x>|5cﬁ (5.12)

for all x € R3. Using (5.12), we can prove the following proposition, which is taken
from [4].

Proposition 5.2 Let V > 0be a spherically symmetric, short range, bounded poten-
tial with p > 0 small enough. Let | denote the solution of the zero-energy scattering
equation (5.2). Then

N? v
( ,H? )Z—/deV— (5.13)
wN N’L/}N ) x1 Vxa f(N(X] _xz))
for every Yy € Lg(R3N). Here we used the convention x = (x1, ..., xy) € R3V,

Remark Let ¢y, = e "N’y be the solution of the Schrodinger equation with
initial data vy . Assume additionally (with respect to the assumptions of Theorem 5.1)
that (yy, Hl%wN) < CN?; this can be achieved with an approximation argument
that we skip. Then (5.13) implies that

Nz/dx

and therefore that

2

N B

Vx, Vo ————=————
P f(N(x1 — x2))

=2(¢y, Hythy) < 2CN?

2

v, v, YN <C (5.14)

dx -
/ RPN = x2)
uniformly in N and in ¢. Note that in (5.14) it is very important that we divide
Yn,: by f(N(x; — x2)) before we take the two derivatives. Keeping in mind that
f(x) =1—ap/|x| for |x| large enough, it is easy to check that

/ dx [V2(f(Nx)|* =~ N
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and therefore we can expect that

/dx Ve Ve ton (0] > N.

Only if we first divide 1y ; by f(N(x1 — x2)), removing in this way the singular
correlation structure in the x| — x, variable, we obtain in (5.14) a bound of order one.
In other words, (5.14) implies that, when |x; —x3| < N ~1 the evolved wave function
1N can be approximated by f (N (x1 —x2)) times a function ¢ (X)/f (N (x1 —x2))
which varies on a larger length-scale. In this sense, we can say that the estimate
(5.14) proves that 1y ; has a short scale correlation structure, which can in good
approximation be described by the function f(N(x; — x7)). For this reason the
bound (5.14) plays a crucial role in the proof of Theorem5.1 (for the case of weak
potential treated in [4]; for large potentials, a different energy estimate has been
proved and applied in [5]).

Proof of Proposition5.2 We write
Hy = ih with &)= —Ay, + iNQV(N(x» —x))
j=1 : ' Vo2 i#]j l "
Then, using the permutation symmetry of ¥, we find

Wn, Hyyn) = N(N = D@y, hihaon) + Ny, hipy)
> N(N — D)(¢bw, hihatby).

The positivity of the potential and the fact that for all j > 3
N2V (N(x1 = x))(=Ay,) = Vi, N V(N (x1 = x)) Vi

imply that

N2
Wy, Hyn) = N(N — D) (ihy, (_Axl + TV(N(xl —Xz)))

) (5.15)
N
X (—sz + TV(N(xl - X2))) UN)-
Next we define ¢y (x) = ¥n(X)/f (N (x; — x2)) and write
— Ay PN 2N(V)(N(x1 — x2))
— = A, N — Vo,
F(N(x1 = x2)) N T NG — ) o 516

N2 (—Af)(N(x1 — x2))
F(N(x1 —x2)) ’
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Hence
N2
(_Axl + TV(N(XI - xz))) Yy = f(N(x1 —x2)) L1y (5.17)

where we defined the operator

IN(VHNG —x2))

b= = Ao = N e — )

Vi,

The important observation is that the last term on the r.h.s. of (5.16) cancels exactly
with the potential, because f satisfies the zero-energy scattering equation. Analo-
gously, we find that

N2
(—Ax2 + TV(N(XI - xz))) Yy = f(N(x1 —x2))Ladn

with
IN(VHN —x2))

Ly=—A,
2 2N T N G =)

X2+

It is important to observe that Lj, L are the Laplace operator w.r.t. the weight
f*(N-). In other words

/ dx f7(x1 — x2) (L1xn) )N (X) = / dx f7(x1 — x2)XN ) (L1EN) (%)
= / dx fAH(N (x1 — x2)) Ve XN (X) Vi, €8 (X)

and analogously for L.
From (5.15) we conclude that

(s Ha ) = NN = 1) / dx f2N (61 = x2)L1om (0 Loy ()
—NN=1) / dx f2(N (1 — 32V 3 (0 Vs, Lo (%)
— NN-1) / dx 2N G — x2) |Viy Vi by )

+N(N — 1)/de2(N(X1 —x2)) Vi, oN X) [V, L2]on (%)
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— NN-1) / dx 2N G — x2) |[Viy Vi b )

NN -1 / dx 2 (N (x1 — x2)) Ve Gn ()

NV N (x1 —x2)
J(N(x1 —x2))

Vi on (X).
(5.18)

In the first term on the r.h.s. we bound f2(N(x; — x2)) > (1 — Cp)? from below
(see (5.12)). As for the second term on the r.h.s. of (5.18), we notice that

NVHNGE —x2) _ NAV2HNGL —x2) | NV (N1 = x2))
J(N (1 —x2)) J(N(x1 —x2)) 2N (x1 = x2))

The bounds (5.12) therefore imply that

N(V (N1 — x2) 1
\vJ C
‘ TG —m) |~ Pl

for small p > 0. Hence

NV N (x1 —x2)

FNG —x2)
1
< CoON(N — 1)/dx—zwxm(x)nvxzm(xn
[x1 — x2]

‘N(N - 1)/de2(N(x1 —x2)) Vi on(X)V Vi, ¢n (X)

< CONN = 1) [ dxI¥, 9w 0P
and thus
Wn, Hyon) = (1= CON = 1) [ dx |9, Ton ol
For p > 0 sufficiently small, we obtain the desired bound. O

Strategy of the proof of Theorem 5.1. As mentioned above the energy estimate
(5.13) and its corollary (5.14) play a crucial role in the proof of Theorem 5.1 because
they can be used to identify the short-scale correlation structure characterizing the

solution 1y ; of the many-body Schrodinger equation. Let {”?}(\f)t},]y:] be the family

of normalized reduced densities associated with 9y ;, satisfying Tr “7'1(5)[ = 1 for all

N,k € Nandt € R. Denote by {75,];)’,}/(2 1 a limit point of the sequence {71(\],(3}2\':1
for N — oo. The estimate (5.14) implies that, for large but fixed N € N (along the
appropriate subsequence), we can approximate
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k
G xe vy 2 [ ANV G = xp)F% Gen i v ).

i<j

(5.19)

This allows us to derive, starting from the BBGKY hierarchy for the reduced densities
~(k)
{"n } i~ the infinite hierarchy

k

078, => [_Ax,, & t] ¥ 87raOZTrk+1 [5(x, — i, 7% t] (5.20)
Jj=1 j=1

for the limit point {ﬁgé)’,}kz 1. The presence of the correlation structure in (5.19) is
the reason why the scattering length ag arises in the infinite hierarchy (5.20). What is
still missing to show Theorem 5.1 is a proof of the uniqueness of the solution of the
infinite hierarchy (5.20). Before proving uniqueness, it is important to understand in
which space of families of densities {igé) ; }k>1 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 {ny W z—1 1s contained in that small space. It turns
out that a possible choice of the space of densities is the Sobolev-type space

Hi={(vFh=1: IC>0Vk e NTr(1 — Ay) -+ (1 — Ay )y ® < CFy.

Hence, to conclude the proof of Theorem 5.1, one has to prove that every limit point
of {”Y[(\f,),}kzl is in the space H1, and further one has to show that, for any initial
condition 5&%0 = |p)(p|®* € H,, there is at most one solution ﬁggt}kz 1 of the
infinite hierarchy (5.20) which is in H; for all r € R.
The proof that every limit point {275,’;) / }k>1 of the sequence {%(\],(’)t} ,’:’:1 satisfies the
a-priori bounds
Tr(l— Ag) - (1= Ay )7, < CF (5.21)

for all k > 1 is based on energy estimates similar to Proposition 5.2, but involving
also higher moments of Hy. A challenge is the fact that for finite N, the reduced
densities 'yNt cannot satisfy (5.21), at least not uniformly in N, because of the
presence of the correlation structure (taking derivatives of the correlation functions
f(N(x; — x;)) produces factors of N). Only after taking the limit N — oo, the
correlation structure disappears and one can expect (5.21) to hold true. To obtain
(5.21), one needs therefore to show estimates of the form

/dx OeX) |V, ... Vi tow 0| < C* (5.22)

where the cutoff @, satisfies ®,(x) ~ 0 if there exists i < k and j < N with
|x; — xj| < £, while @¢(x) >~ 1if [x; —xj| > £foralli <kand j e ({1,..., N}
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with j # i.If € is sufficiently large (it turns out that one needs N £ >> 1), the cutoff
removes all singularities of Vy, - - - V,, ¥y ; 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 N; hence (5.21) follows from (5.22), choosing N2 « v« N1,

The proof of the uniqueness of the infinite hierarchy (5.20) in the class Hj,
given in [3], is based on an diagrammatic expansion in Feynman graphs. Since the
singularity of the interaction (the J-function in (5.20)) 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 (5.20). To perform the
analysis it is convenient to switch to Fourier space. Thanks to the decay in momentum
characterizing every family of densities in H 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 [3].

A different and shorter approach to prove the uniqueness of the infinite hierarchy
(2.10) was later proposed in [8] based on certain space-time estimates for the densities
?g;) ;- Recently [9], this approach was applied to deduce uniqueness in the space H1;
an important ingredient was the quantum de Finetti theorem.

Coherent states approach in the Gross-Pitaevskii regime [10]. Theorem 5.1 proves
the convergence towards the Gross-Pitaevskii dynamics without control 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 Chap. 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 = @, L? (R3") on which
we define the Hamilton operator -

1
Hy = /dexa;‘anx + z/dxdyNZV(N(x — y))a;ka;ayax. (5.23)

We consider a coherent state initial data ¥y = W (+/N )2 witha ¢ € L2(R3)
with ||| = 1. The expected number of particles in the state ¥y is N. We let ¥y
evolve and try to approximate it with a new coherent state. To this end we define the
fluctuation vector £y ; € F by

e—i'HNfW(\/ng).Q = W(\/N@Z)gN,t’

which can be rewritten as
Eny =UN(1;0)82
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with the fluctuation dynamics
Un (15 5) = W/ N e TN W (VN gy). (5.24)

Instead of choosing ¢, to solve the Gross-Pitaevskii equation (5.7), it is convenient
to consider the solution of the modified Gross-Pitaevskii equation”

i0ipr = —Ag; + (N*V(N) F(N) ||y (5.25)
with the same initial data g = p. As N — 00,
N3V(Nx) f(Nx) — 8magd(x)
and the solution of the modified equation (5.25) can be easily shown to converge
towards the solution of the Gross-Pitaevskii equation (5.7), with the rate N —1 (at
least for sufficiently regular initial data). '

Similarly as in the mean-field case, to show that e Nt (N, ()£2 can be ap-
proximated by the evolved coherent state it is enough to prove that the fluctuation
vector £y s stays close to the vacuum. More precisely, it is enough to control the
growth of the expectation of the number of particles operator

Un (150082, NUn(1; 0)$2) (5.26)

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

iOUN(t;s) = LNOUN(E s), Un(sys) =1
and thus given by
L) = [i@W*(«/N@,)] W(/Ngy) + W*(NoyHyW(VNg,).
On the one hand we have
[ic?[ w*(ﬁ<p,)] W(/Ngi) = Ci(N, 1) — VN [a*(idrg1) + alidron)] (5.27)

for an unimportant constant C1(N, ¢). On the other hand, using (3.17), we find

20f 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 N-dependent solutions
to solutions of the Gross-Pitaevskii equation. Despite solutions being N-dependent we do not put
an extra N-index to keep the notation light.
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W* (VN )HyW (N,
= Co(N, 1) + VN[a*(=Avpr + (NP V(N |9 r)
+a(=Avpr + (NPVN) * oo

+/dexa:VXax +/dx(N3V(N-)>k |<p,|2)(x)a:ax
+/dxdyN3V(N(x — M) (0)@; (y)aya,

1
+ E/dxdy N3V(N(x —y)) [Lpt(x)cpt(y)a;a; +¢t(x)¢r()’)axay]
+ #/dxdyN3V(N(x — May (pr()ay + B, (y)ay)ax

1
+ oy / dxdyN>V (N (x — y))ata}ayay (5.28)

where C2 (N, t) denotes another unimportant constant. Recall that in the mean-field
regime the linear terms (linear in creation and annihilation operators) arising from
the two contributions to the generator (3.26) 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 creation and annihilation operators on the
r.h.s. of (5.27) have the argument

i0rpr = —Ap + (N> V(N f(N) % i P)pr
while the argument of the creation and annihilation operators appearing in the linear

terms on the r.h.s. of (5.28) does not contain the solution f(N-) of the zero-energy
scattering equation (5.2). It follows that

Ly (@)
=C(N,1)

+ VN [@(V3V NN # [P + al(V3 VNN * [P |
+/dexa;‘anx +/dx(N3V(N~) * |2 (x)ata,

+ [ dxayVP YN G = oz aia,

45 [ @y YOG =) [awp0ale; + 505 0aa]

+ %N / dxdyN*V (N (x = y)al (@ (ay + ¢ (0)a))as

1
+ ﬁ/dxdyN3V(N(X - y))a}ka;ayax
(5.29)
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where we set w = 1 — f (and where C(N,t) = C{(N,t) + C2(N, t) is another
unimportant constant). Hence, in the Gross-Pitaevskii regime, the generator of the
fluctuation dynamics (5.24) 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 N (at least formally), and for this reason,
it is impossible to bound the growth of the expectation of the number of particles
operator (5.26) uniformly in N (furthermore, without introducing f'in (5.25), there
would be uncontrollable cubic and quartic terms, see (5.42) and (5.46)).

Modified fluctuation dynamics. The reason why this naive approach does not work
is the fact that we are trying to approximate the many-body evolution 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 corre-
lations to be very important in the Gross-Pitaevskii regime, it should not surprise us
that fluctuations with respect 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(x; y) = —=Nw(N (x — »)gr (1)1 () (5.30)

where, as before, ¢, denotes the solution of the modified Gross-Pitaevskii equation
(5.25)and w = 1 — f (where f is the solution of the zero-energy scattering equation
(5.2)). Recall that w(x) >~ ap/|x| for |x| > 1, while in accordance with (5.12) it is
regular for |x| < 1; it is useful to think of the function Nw(N (x — y)) as ap/|x — y|
but regularized for |x — y| < 1/N. Using the kernel k; we define the unitary operator
T;, acting on the Fock space F, by

1 _
T, = exp (E/dxdy (k,(x; nata -k (x; y)axay)) . (5.31)

Since the exponent is quadratic in creation and annihilation operators, 7; imple-
ments a Bogoliubov transformation. It is also possible to explicitly compute its action
on the creation and annihilation operators, yielding

TFa(f)T, = a(coshy, f) + a*(sinhy, f)

- (5.32)
TFa*(f)T; = a*(coshy, f) + a(sinhy, f)
for any f € L?>(R?). Here we use the notation coshy, and sinhy, for the linear
operators on L?(RR3) given by

1 — . 1 _
coshy, = D Gk, sinhy, = > G ko) ke,
n>0 n>0
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where products of k; and k, have to be understood as products of operators (we
identify the function k, € L?(R> x R?) with the operator having k; as its integral
kernel). We use the unitary operator 7; to approximate the correlation structure
developed by the many-body evolution. We consider the evolution of initial data
having the form

Wy = W/ Ne)Tobw (5.33)

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 A, (5.33) is a natural class of initial data, approximating the ground state
of the Bose-Einstein condensate trapped in a volume of order one (the point here
is that the Bogoliubov transformation 7p 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 (5.33) 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 (5.33), we define the new fluctuation vector £y
requiring that _

TTNIW (N Toeny = W (VN o) Tién i

Equivalently {y ; = ﬁN (t; 0)¢ with the modified fluctuation dynamics
Uy(t:s) = TEW*(VNp)e TN W (/N T, (5.34)

Let us compute the kernel of the one-particle reduced density 'y](\}?[ associated with
YUy, = e_iHNtlI/NZ
M ey — *
'YN),(xa ) = (YN, ayax‘I’N,t>
= (W(/Ne)Tién . diaxW(V'No)Tié 1)

= (v T (a5 + VNZ D) (@ + VN@i () Tiéwo)
Hence, for any one-particle observable J on LZ(R3), we find

TrJ (34 = Nt
= VNEn,, T [a*(Jo) +a(To)| Teén ) + Ene, TAT (D Tién )

and therefore

< VNEN L TINYPTiEN ) + (Ena, TENTEN ).

1
Tr |y = Mo (il
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Using (5.32), we conclude that 3
T*NT, < C(N + 1) (5.35)
and therefore that

Tr [y, — Nl (@rl| < CVN(En. IV + Dén). (5.36)

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 ~/N), 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

(Un (1; 0)¢, NUy (1; 0)€) (5.37)

uniformly in N

Generator of modified fluctuation dynamics. To estimate the expectation (5.37)
we compute the generator of Uy (; s), defined by the equation

iOUN(t;5) = LyOUN (15 5)  with Uy (s;s) = 1
and therefore given by
Ly@) = (i0T) T, + T} Ly (0T, (5.38)

where Ly (1) is the generator computed in (5.29). The first term on the r.h.s. of (5.38)
is an expression quadratic in creation and annihilation operators and can be bounded
as

(0T T, N] < CNV +1).

Hence, its contribution to the growth of the number of particles operator can be
controlled similarly as we bounded (3.29) in the mean-field case. Let us now focus on
the second term on the r.h.s. of (5.38). As discussed between Eqs. (5.28) and (5.29),
the generator Ly (#) contains a large term (proportional to V/N) linear in creation
and annihilation operators. After conjugation with T3, this term is given by

VN / dxdyN>V (N (x — y)w(Nx — )02 ()T al T, +he.  (5.39)

At the same time, the generator Ly () (5.29) contains a term which is
cubic in creation and annihilation operators. After conjugating with 7; we find this

31t is interesting to note that, while the introduction of 7; changes the energy by a contribution of
order N (see Appendix A), Eq. (6.31) shows that the change in the number of particles is only of
order one.
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contribution to be, introducing the notation chy(z) = coshg, (z; x) and shy(z) =
sinh(z; x),

1 5 _
ﬁ/dxdyN‘ V(N(x —y)e, ()T ajaya,T; + h.c.

= «/Lﬁ / dxdyN3V (N (x — Wi (0T a;Ti(a(chy) + a*(shy))
x (a(chy) + a*(shy)) + h.c.

B JLN/ dxdyN*V (N (x = )i ()T @ Tya" (shy)(a(ehy) +a” (shy))
+ %/ddeN?’V(N(X — y))wt(y)Tt*a;tha(Chy)a(Chx)

" ﬁ / dxdyN>V (N (x = y) o ()T a; Tra(chy)a* (shy)

+ h.c.
(5.40)

In the last summand, the operators a(chy) 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 coshy, = 1 + O (k;)? and sinhg, = k; + O(kf), we find

(chy, shy) = /dz coshy, (z; x) sinhg, (z; y) =~ /dzé(x — k(2 y) = ki(x; )

(5.41)
up to terms which are regular in the variable x — y (more precisely, higher powers
of ko have kernels that are regular on the diagonal and therefore their contribution to
(5.40) can be shown to be negligible; in contrast, k; (x; y) behaves like ag|x — y|_1
for |x — y| > 1/N). With this approximation, we find from (5.40)

1 _
ﬁ / dxdyN3*V (N (x — e, T ataya, T; + h.c.
1 _
~ i / dxdyN3V (N (x — y)k,(x; B, () T*a’T; + € + hec.

~ —ﬁ/dxdyN3V(N(x — WNx — Do )P0 ()T a*T, + € + hc.
(5.42)

where £ includes all terms proportional to T;*a}T; multiplied with a normal
ordered quadratic expression in @ and a*. It is easy to check that all terms in &£ after
expanding 7,*a}T; can be written in normal order up to negligible errors, and the
normal ordered expression can be bounded using the number operator V. In contrast,
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the main term on the r.h.s. of (5.42) can not be bounded; however it cancels exactly
the large linear contribution in (5.39).

There is another important cancellation produced by the conjugation with

the Bogoliubov transformation 7;. On the one hand, we have the two quadratic
contributions

/ dxV,(a*(chy) + a(shy)V, (a(chy) + a*(shy))
:/dxdnyaj(ka,)(x; yay + & (5:43)
=N [y VG = Mg ata; + &
and
/dxdyN3V(N(x — M) (x)r (¥)(@*(chy) + a(shy))(@*(chy) + a(shy))
= / dxdyN>V(N(x — y)g:i ()i (y)ara; + &
(5.44)

where &1, & and &; denote error terms, which can be controlled by the expectation
of the number of particles operator A/ and of the kinetic energy operator

IC:/deXa:VXax.

On the other hand, from the quartic term in (5.29) we find after conjugation with
T; and normal ordering

%/dxdy NPV (N (x — y))(@*(chy) + a(sh,))(@*(chy) + a(sh,))
x (a(chy) +a*(shy))(a(chy) +a*(shy))

1
= m/dxdyN3V(N(x — y))a*(chy)a*(chy)a(chy)a*(shy) + &
= / dxdyN>V (N (x — y)k (x; y)aia} + s

=- / dxdyN>V (N (x — y)w(N(x — )i () (Malal + E
(5.45)

where the error term £ can be bounded by the expectation of A, of N2/N and of
the quartic potential term

/dxdyN2V(N(x - y))a;ka;ayax .



5 The Gross-Pitaevskii Regime 55

Combining the first terms of the r.h.s. of (5.43), (5.44) and (5.45), we find

1
N3/dxdy |:(—A + EV) 1 - w)i| (N(x — y))(p,(x)go,(y)a*a* =0 (5.46)

because we chose f = 1 — w as the solution of the zero-energy scattering equation
(5.2).

Taking into account these two important cancellations, the generator of the modi-
fied fluctuation dynamics (5.34) can be controlled by the number of particles operator
N, by N2/N and by the Hamiltonian (5.23), i.e.

_ A2
+ Ly (1) < CecMl (N+ ~ HN) (5.47)

for some C, ¢ > 0 (independent of N and ¢). 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 (5.25).

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
(5.47), we also obtain the two bounds

2
+[Ln (), N] < Cel! (/\/+ % + EN(t)) ,
A2 (5.48)
+0, Ly (1) < Cecl <N+ ~ EN(I)) .

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

N2 - N2
(U (t; 0)En, WUN(t 0)én) < Uy (t: 0)en, NUN (5 0)E) <§N (f+N+l) §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 £y € F,
with

(En. Nén) + rfN,N En) + (v, Hnvén) <

for some C > 0 (independent of N ). Then there exists constants K , ¢ > 0 (indepen-
dent of N and t) such that

(Ut; 0, NU(t; 0)En) < K explexp(c]t])) (5.49)

forallt € R.



56 5 The Gross-Pitaevskii Regime

The fast deterioration in time of the bound (5.49) is a consequence of the time-
dependence in (5.47) and (5.48), arising from bounds for high Sobolev norms of ;.
If one assumes that ||¢;||z+ < C uniformly in time, the bound (5.49) becomes a
simple exponential.

Quantitative convergence towards the Gross-Pitaevskii equation. From (5.36) and
Proposition 5.3 we obtain the following theorem, which has been proved in [10].

Theorem 5.4 Let V > 0, spherically symmetric and short range. Let o € H*(R?)
and £y € F such that

1
(v, NEw) + - (En, N2En) + (En, Hvén) < C
for some constant C > 0 (independent of N ). Consider the family of initial data
Wy = W/ N Tolw

and denote by ’y](\})[ the one-particle reduced density associated with the evolution
Uy, = e ENIYy of Wy Then

Tr |4, = Nl (]| < CN'2 explexp(elt))

forallt € R, where ¢; is a soluion of the Gross-Pitaevskii equation (5.25) with
initial data @y = ¢.
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Chapter 6
Mean-Field Regime for Fermionic Systems

So far we have discussed the time evolution of systems of interacting bosons. In

this chapter, 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 + Vex(x)) + A D Vi = x)). (D
j=1 i<j

It acts on L?I(RW ), the subspace of L2(R3N) consisting of functions which are
antisymmetric w.r.t. permutation of the N particles. The interaction potential V
varies on the same length scale as the one characterizing the confining potential
Vext. 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 T3. The Hamiltonian of the system is

N
trap
Hy™ = Z — Ay,
Jj=1

acting on Lg (T3N). The eigenstates of Hgap can be computed explicitly; they are
given by Slater determinants
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1
Ystater (X1, -+, XN) = ﬁ det(fi(xj)1<i,j<n

LS o Ay v )
= On J1\Xx(1)) - IN(Xz(N)),
N' 7T€SN
where ‘

fi(x) = e, pi € 273,

For an arbitrary choice of N pairwise distinct momenta py, ..., py € 2773, the

energy of the corresponding Slater determinant is given by > lNz | piz. Thus, the ground

state of H}Gap is obtained by choosing N pairwise distinct vectors { p,-}lN: [ in 2173

minimizing Z,N: 1 1pi |2. 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 principle, stating that there cannot be
two fermions in the same one-particle state. It follows that the ground state energy
of Hy™ is approximated by filling the Fermi ball {p € 2nZ> : |p| < ¢N'/3}, where

c=2r/( ‘%)1/ 3. We have (up to errors of lower order)

infspec(H}Jap) ~ Z Ip|? ~ N5/3/ dp|pl> forN > 1.
Ipl<eN1/3 pl=e

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 ¢ € Lg (R3N)

N
5/3
W, D —Ag) = C / Py ()dx, 6:2)

i=1

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

pu(x) = N/dX2~-~dXN [, 2w (63)

We conclude that, for well-behaved densities py,

N
(N, D —Axon) = CNP. (6.4)

i=1
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Therefore, in order to have a nontrivial theory in the limit N — oo, we are led to
choose the coupling constant \ in Eq. (6.1) as A = N~!/3, In the same spirit, the
external potential should also be scaled with N: taking Ve (x) = N 2/3 Vext (X) We
make sure that all components of the Hamiltonian scale as N°/3. This completes the
definition of the fermionic mean-field regime.

Hartree-Fock theory. In this regime, the ground state of the system is expected to be
well approximated by a Slater determinant ¢sjater (X1, . . ., x5) = N17V/2 det(fi (x;))
with a suitable choice of the orthonormal system { f; } ?]:1 in L2 (RS). The one-particle
reduced density associated with igjaer iS given by

N
wy = NTr, NI ¥stater) (Usiaerl = D | £i)(f1. (6.5)

j=1

Notice that wy is the orthogonal projection onto the subspace of L?(R?) spanned
by the orbitals {f j}szl' Slater determinants are quasi-free states; that is, they are
completely characterized by their one-particle reduced density wy in the sense that
all higher order densities can be computed through wy using Wick’s rule (6.43). In
particular, the energy of a Slater determinant can be expressed in terms of only wy,
through the Hartree-Fock energy functional

Eur(wn)

tra
= (Yslater> HN prIater)

1
=Tr(—A 4+ Vexdwn + W/dxdyV(x — W)[wn G Dwn (v ¥) —lwn (5 9]
(6.6)

Hence, we expect the one-particle reduced density of the ground state of (6.1) to be
well approximated, for A\ = N~!/3 and N large, by the minimizer of (6.6) among all
orthogonal projections wy on L?(R3) with Trwy = N.

Thomas-Fermi theory. The Hartree-Fock energy functional (6.6) still depends
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 energy is expected to be close
to the minimum of the Thomas-Fermi energy functional

3 1
Err(p) = Setr / dx p(x)> + / dx vexi ()p(x) + 5 / dxdy V(x — y)p(x)p(y)

(6.7)
over all densities p € L33(R?) with p > 0 and |pll; = 1. The minimizer prg
satisfies the Thomas-Fermi equation

ctrpTE(X) = (1 — dr(x)))? (6.8)
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with the Thomas-Fermi potential ¢t = vex + V * pF generated by the trap and by
the self-consistent interaction produced by prg. In (6.8), 1 is a Lagrange multiplier
known as the chemical potential; it has be chosen so that ||ptg||; = 1.

Notice that ptr 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 (6.6) by the Weyl quantization

~ N .
wn(x;y) = W/dv M (%, U) ew'(xiy)Nl/S (6.9)

of the characteristic function M (x, v) = x(Jv] < cp%g (x)) (the constant ¢ > 0 is
chosen so that Troy = N and is independent of N).! Physically (6.9) corresponds to
the idea that in analogy to the case of free fermions, the ground state of (6.6) (and of
the corresponding many-body Hamiltonian (6.1)) 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 (6.1) 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 Schrodinger equation

i0:YN: = HvYn7,2  Yno =N

with
N

N
1
Hy=> -4, —i—WZV(x,- —x;). (6.10)

i=1 i<j

We now identify the relevant time scale on which the system undergoes macroscopic
changes. From the discussion above, we expect the kinetic energy per particle to be
of order N?/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~!/3. After rescaling
time by introducing the variable t = N'!/37, the Schrodinger equation takes the form

N N
. 1
iNV3oby, = (Z—Axi + i OV —x,-))wN,,. 6.11)
i=1 i<j
Setting € = N~'/3 and multiplying the 1. h.s. and the r.h.s. of (6.11) by €2, we find

N N
iedn, = (2—52Axl. +%ZV(;@ —x,»))w,v,t. (6.12)

i=1 i<j

'However @y is only approximately an projection.
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In (6.12) we recover the N~! coupling constant characterizing the mean-field limit
of bosonic systems. Here, however, the mean-field limit is naturally linked with a
semi-classical limit where e = N~'/3 plays the role of Planck’s constant. (Notice
that for systems of electrons and nuclei interacting 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 [1-3].)

We are interested in the evolution (6.12) for initial data approximating Slater
determinants with reduced density wy minimizing (6.6). We expect that 1y ; stays
close to a Slater determinant whose one-particle reduced density evolves according
to the time-dependent Hartree-Fock equation

ieQwy . = [hup(t), wy ] with hyp(t) = —e* A+ V % p, — X, (6.13)

and with initial data wy ¢ = wy. Here, [A, B] = AB — B A denotes the commutator
of the operators A and B. Moreover, p;(x) = N _1wN,l(x; x) is the configuration
space density associated with wy ;; the convolution V x p;, called the direct term,
acts as a multiplication operator on L2(R?) and X, is the exchange term, an operator
with integral kernel given by X, (x; y) = N~V (x — VWN. (X5 ).

Like the Hartree-Fock energy functional, also the time-dependent Hartree-Fock
equation (6.13) still depends on N. As N — o0, it is expected to converge towards
the classical Vlasov equation. More precisely, let us define the Wigner transform
(which is the inverse of the Weyl quantization introduced in (6.9))

/dan,,(x — ?; x+ %)ei”‘” (6.14)

3

WN,t(xv U) = (277_)3

of the reduced density wy ;. Wy ; is a normalized density on the classical phase space
R3 x R3, but in general not positive. As N — oo, Wy, is expected to converge
(in an appropriate sense) to a probability density W ; on the classical phase space
which satisfies the Vlasov equation

(O 420 - Vi) Woo 1 (x, 0) = (Vi V % p)(x) - Vy Wio 1 (x, V),

where p¥!(x) = f dv W 1 (x, v) is the configuration space density associated to
Wso.r- On a heuristic level, this can be seen as follows: the Wigner transform of a
solution of the Hartree-Fock equation (or rather the Hartree equation, i.e. without
exchange term?) satisfies

ied, Wy +(x,v) 2m)°

= /dﬁ etV (—52A1 + €2A2) WN,T (x + sg; X — sg)

+/d77 et ((V * pr) (x + sg) — (V% p7) (x - eg))

X WN, 7 (x+€g;x —sg),

2See [4] for the proof that for bounded potentials the exchange term X; can be neglected with a
very small error, see (6.46).
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wherein A1 and A, denote the Laplacian acting on the first and the second argument,
respectively, of the integral kernel wy - (x1, x2). We approximate the difference in
the last integral by expanding in ¢:

(Vo pp) (x+ sg) ~Vp) (v - ag) = e V(V % pr) () + O(ED).

Using integration by parts to convert the factor of 77 into a gradient with respect to v,
we obtain for the last integral

eiV(V % pr)(x) - Vy Wy 7 (x, v) + O(D).
Furthermore it is easy to see that

n ny _ 2 U 1
(A1 — A)wn 7 (x + 65; X — 55) = gVanwN,T (x + 55; X — 55) .
Again using integration by parts with respect to 1 and dividing the whole equation

by ie, we finally arrive at

Dr W - (1, 0) +20-V Wiy £ (x, v) = Vi (Vipr) (0)- Yy Wiy, (1, ) +O(). (6.15)

Noticing that the configuration space density pg/ of the Wigner function is pE’ x) =
f W +(x,v)dv = wy +(x; x) = pr(x), we have indeed obtained the Vlasov equa-
tion, up to negligible errors.

Rigorously, the convergence of the Hartree-Fock 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
[5]. 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 [6]. In [7], these bounds have been improved and extended to a larger
class of initial data. In particular, in contrast with previous works, some of the es-
timates in [7] also apply to Wy o(x, v) = x(Jv| < cp'/3(x)), which is the natural
approximation for equilibrium states in the case of zero temperature.

Semi-classical structure. To establish the convergence of the many-body evolution
to the time-dependent Hartree-Fock equation (6.13), 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 (6.6). In this situation we expect the integral kernel wy (x; y)
to decay to zero for |x — y| > . 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 — 00)
given by
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on@i = D PO 2N [ aper eI = Np(F=2). (6.16)
Ipl<eN1/3 Ipl=c c

for some function ¢ which can be explicitly calculated. As expected, wy varies on
the short scale € in the x — y variable. In this elementary case the (x + y)-dependence
is trivial because the system is translation invariant.

The formula (6.9) suggests that the approximation Wy of the minimizer of the
Hartree-Fock energy functional (6.6) 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 (x + y)—dependence.

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

[y, x] and [Wy,eV]. (6.17)

Recalling the Weyl quantization, the integral kernel of [y, x] is given by
~ ~ i X+y oox—y
[on, x](x;y) = —(x — Y)wn(x;y) = (2 )3 /dv (VuM) ( 7 v) oV
(6.18)

while

[On, eVI(x; y) = —¢ (Vi + Vy) Oy (x5 y)
Xty iv- =L
= (2 )3/dv(VxM)( 5 ,v)e € . (6.19)

Hence, taking M (x, v) = x(Jv| < cp%f (x)), semi-classical analysis suggests that

Tr [y, x]] < CNs/dxdvl(VvM)(x, V)| < CNs/dxp (x) < CNe

(6.20)
and

Tr |Gy, eV]| < CNe/dx|VpTF(x)| < CNe 6.21)

under reasonable assumptions on V and Vi (to guarantee that prp € L33 (]R3)
and Vprr € L'(R?) with N-independent norms). Note however that making these
claims rigorous is far from trivial because there is no rigorous 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 determi-
nants with one-particle reduced density satisfying the commutator estimates (6.20)
and (6.21). This assumption is motivated by the arguments given above, since we are
interested in the evolution of initial data approximating the ground state of (6.1) in
the mean-field regime. These commutator estimates are crucial for our result.
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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 derivation of the
Vlasov equation from quantum many-body dynamics has been given in [8] for ana-
Iytic interaction potentials. Shortly after, this result has been extended in [9] to twice
differentiable potentials. The first derivation of the Hartree-Fock equation has been
given much later in [10], for analytic interaction potentials and short times.

In the rest of this chapter we will present the results of [4], 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 [4] were also extended to the case of pseudo-relativistic particles in [11]).

Concerning other scaling limits, the Hartree-Fock equation has been derived in
[12] and (for a Coulomb potential) [13] starting from a many-body Hamilton operator
of the form (6.1), but with A\ = N~ (in this case, there is no link to a semi-classical
limit). Recently, convergence in presence of a regularized Coulomb interaction with
a A = N~%/3 coupling constant has been given in [14].

Fock space. In order to discuss the results of [4] we introduce the fermionic Fock
space over L2(R3), which is defined as the direct sum

F=CeoPLi®R™

n>1

where L2(R¥) ~ L%(R?)"" denotes the subspace of L?(R") 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 (VW)™ = nyp®™ for all ¥ = (1)}, € F.
Moreover, for all f € L?(R?), we introduce the creation and annihilation operators
a*(f) and a(f) by setting

n

(=1

@ (O (xy. ) = 7f(xj)lz)(”—”(xl, XL XL s X)),
j=1 v
@ HY) M (xq, ... x0) = + 1/dxmw(”+‘>(x,xl, e Xn), (6.22)

for ¥ = {1)M},en € F. Itis 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* (@} ={a(f).al@} =0, {a*(f).a(@}= (g, f)

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



6 Mean-Field Regime for Fermionic Systems 65

la(HW | = (W, a*(Ha()H¥) = —(F a(Ha*(HP) + IfII5 < IfI5 V& e F.
(6.23)
It is simple to check that ||[a*(f)|| = la(/HHIl = | fll2.
As in the bosonic case, it is useful to introduce operator-valued distributions a}
and a,, which allow us to write

a(f) :/dxmax, a*(f) =/dx far. (6.24)

The second quantization of operators on the Fock space is defined exactly as for the
bosonic case; see Chap. 3.

Fermionic Bogoliubov transformations. It turns out that N-particle Slater deter-
minants 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 Chap.4 for the
bosonic case.

For f, g € L*>(R?), we define

A(f.9) = a(f) +a*(g).

Observe that
A*(f,9) = AT (f. 9) (6.25)

where the operator 7 is defined by 7 (f, 9) = (g, £) (as in (4.5)). In terms of these
operators, the canonical anticommutation relations assume the form

{A(f1. 9D, A*(f2. g2) } = {a(fD). a* (f)} + {a*(G1). a(g2)}
= (f1, 2) + {92, 91) = (f1, f2) + {91, 92)  (6.26)
={(f1, 91, (f2, 92)) 2012

A fermionic Bogoliubov transformation is a linear map v : L*R3 @ L2(R3) —
L2(R3) @ L*(R?) preserving (6.25) and (6.26) 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 : L2(RY)H @ L2(R3) — L2(R3) @ LA(R?)
is a fermionic Bogoliubov transformation if and only if it has the form

uv
V= (v ﬁ) (6.27)

where u, v : L>(R?) — L?(R?) are linear maps with

wu+vtv =1, wv+v*'u =0. (6.28)


http://dx.doi.org/10.1007/978-3-319-24898-1_3
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http://dx.doi.org/10.1007/978-3-319-24898-1_4

66 6 Mean-Field Regime for Fermionic Systems

As in the bosonic case, a fermionic Bogoliubov transformation v is said to be imple-
mentable on F if there exists a unitary operator R, : 7 — F such that

RYA(f. 9)R, = A((f. 9)) (6.29)

forall f, g € L?(R?). By the Shale-Stinespring condition, the fermionic Bogoliubov
transformation v is implementable if and only if v is a Hilbert-Schmidt operator (see
e.g. [15, Theorem 9.5] or [16]).

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(S, R, = a(uf) +a*(f) (6.30)
forall f € L2(R3). Setting a(f) = fdx ay f (x), Eq. (6.30) is equivalent to
RlaxR, = a(uy) +a*(vy), (6.31)

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

Quasi-free states. For any implementable Bogoliubov transformation v : L2(R3)
S5} L2(R3) — LZ(R3) &) L2(R3), the Fock space vector R, §2 describes 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 'yl(vl), with the kernel
M vy — *
Ty (3 y) = (¥, ajax¥)
and by its pairing density 045\1,), defined by
(1) —
aN (-x9 )’) - (w3 ayaxlp>'

Let wy denote an orthogonal projection on L?(R3) with Trwy = N. Then we

find an orthonormal system { f; ;V=1 in L?(R?) such that wy = Z?’zl [fi)(fil. We

define uy = 1 — wy and vy = Z;-V:] |fj)(fj|. Observe that uyuy + vyvy = 1
and u3 vy = vyuy = 0. Hence (6.28) is satisfied and

UN VN
UN = _
N UN UN

defines an implementable (since Tr vy vy = Trwy = N < 00) Bogoliubov transfor-
mation. This implies that R, §2 is a quasi-free state. Its one-particle reduced density
has the integral kernel
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W @1 y) = (Ryy 82, alax Ry, £2)

= (2, [a*(un,y) +a(Oy,)a(un <) +a* Uy )182)
= (22, {a(Un,y), a* (Uy 1) }82) = (Vyun) (X3 y)
= wy(x;y).

The pairing density of R, £2 is given by

o) (x, y) = (Ryy 2, aya Ry 2)
— (2, [alun,y) + a* @y D llaluy.) + a* Oy .)12)
= (2, {aluy,y), a* Ty )} 2)
= (Uyupy)(x;y) =0.

Having the same one-particle reduced density and pairing density as the N -particle
Slater determinant ¥sjater (X1, ..., Xy) = N 1-1/2 det(f;(x;)), we conclude that up to
a trivial phase R, §2 = {0,0, ..., Ysiater, 0,0...} (since Slater determinants are
quasi-free, t00).

Alternatively the unitary operator R,,, can be introduced as a particle-hole trans-
formation on F. As above, let wy = ZIIV 1 1.fi)(f;| for an orthonormal system

{f j} '_1- Moreover, let us complete {f;};en to an orthonormal basis of L2(R3).
Then Eq. (6.30) implies that

Rya(fOR?, = Ry alh) R, = RiyaiRs, = [40) E= N 62)

Being unitary, R,, defines new fermionic creation and annihilation operators
b*(f) = R,,Na*(f)Rj and b(f) = R,,Na(f)R,,N, 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 Vyia;Vyay + —/dxdy Vix — y)a;‘a;k,ayax. (6.33)

2N

Notice that on the N-particle sector of F, Hy coincides with the Hamilton operator
appearing on the r.h.s. of the Schrodinger equation (6.12). 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 (6.33) on approximate
Slater determinants.



68 6 Mean-Field Regime for Fermionic Systems

Theorem 6.1 Let V € LY(R3) such that
/dp V(P +|pl?) < cc. (6.34)

Let wy be a sequence of orthogonal projections on L*(R?) with Trwy = N and
Tr|[x,wn]| < KNe, Tr|[eV,wn]| < K Ne, (6.35)

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

Let £y be a sequence in F with (En, N&n) < C and denote by '71(\3 the one-
particle reduced density associated with the Fock space vector

lI/N,l‘ = e_iHNt/ERl/NgN-

Then there exist constants C, ¢ > 0 such that

vy — wnilifis < Cexpleexpelr]) (6.36)

forallt € R. Here wy ; is the solution of the time-dependent Hartree-Fock equation
iy, = [—2A+V xp; — Xy, wi] (6.37)

with initial data wy o = wn (recall that p;(x) = N~ oy (x; x) and X, (x: y) =
N-lvix — Y)wy (x; ¥)). Under the additional assumptions that ({y, /\/QﬁN) <C
and dI' (wy)én = 0 (i.e. the orbitals of wy are orthogonal to £y ), we also have the
trace-norm bound

Tr |7y, — wr.al < CNYCexp(cexpelt). (6.38)

Remark

e The r.h.s. of (6.36) and (6.38) should be compared with the size of ”71(\},)1 llas =~

N1/2 and of Tr 'yj(vl)[ = N. In this sense, (6.36) and (6.38) prove that the Hartree-
Fock equation gi\fes 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 determinant with reduced
density wy. As long as (y, N€y) < C uniformly in N, the initial data RuyéN
is still close to a Slater determinant, at least in the sense of reduced densities
(choosing 1 = 0 in (6.36) we observe that |7y — wylus < C).

e It is simple to extend (6.36) to {y € F with (Ey, Néy) < N® forany a < 1
(if @« = 1, the deviations from the Slater determinant are as big as the Slater
determinant). Under this assumption, (6.36) is replaced by the weaker bound
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\— < CN°/? 6.39
v —wn.illls < exp(cexp(ct])). (6.39)

e It is possible to extend (6.39) to arbitrary N-particle initial data 1x with reduced
density close to the one of a Slater determinant in the trace norm topology. Let wy
be a sequence of orthogonal projections on L?(R3?) with Trwy = N, satisfying
(6.35). Let ¢y be a sequence of normalized functions in Li (R3N)) with one-particle

reduced density 71(\}) satisfying

Trly\) — wn| < CN® (6.40)
for some a@ < 1. Set {y = RjN{O, 0,...,%nN,0,...} and observe that, using
(6.31),

(N NEN) = (YN, N =2dT (wy) + N)Yy). (6.41)

Here, we identified vy with the Fock space vector {0, 0, ..., ¥y, 0, ...} and we
used the identity

Ry NR}, =R} NRy, =N —2dI'(wy) + N (6.42)

which follows from (6.32), applied to N = Zj’oz] a*(fpa(f;). From (6.41) we
find

(€N NEN) = 2(N, dT (1 — wy)YN)
=2Try (1 —wy) = 2Tr () —ww) (1 —wn)

< 2Trlyy —wl

where we used that wy is an orthogonal projection. Hence (6.40) implies that
(€n, N€x) < CN® for some a < 1, and (6.39) holds.
e Theorem 6.1 can be extended to prove the convergence of the higher order corre-

lation functions 'y](\f)t to w](\];)t, defined by the integral kernel

k
k
WGy v = D o [ [ ena @i vei)- (6.43)

TeSk j=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 [4, Theorem 2.2].
e 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 6.1, dropping
the exchange term does not change the estimates (6.36), (6.38). In fact, recalling
that X; has the integral kernel X, (x; y) = N-'W(x — Y)wn (x5 y), we write
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1 —~ . .
X, = N/dp V(p)e'’ wy e P (6.44)
and we find
1 N . .
Tr|[X;, wn ]l < ﬁ/dpIV(p)ITrl[e""xwzv,fe*’p"‘,wN,z]I
c % ipx
< v dp |V (p)| Tr [P, wn 1] (6.45)

IA

C .\
N/dP|V(P)||P|Tr|[xaUJN,t]|

where in the last step we used that Tr |[ei”"‘ ,wi.ll < |p|Tr|lx, w (]1]. As we shall
see later, the bounds (6.35) can be propagated along the flow of the Hartree-Fock
equation; the result is Tr [[x, wy (]| < K Neexp(c|t]), and hence

TH[X,, w1l < Ce explelt]) / dp 1V (p)l1pl. (6.46)

Roughly speaking, (6.46) implies that the contribution of the exchange term to the
solution of the Hartree-Fock equation (6.37) is of order one (over times of order
one), and hence comparable with (or of smaller order than) the r.h.s. of (6.36) and
(6.38). The situation is expected 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 [2, 3] suggests that neglecting the exchange term will
deteriorate the error estimates.

Sketch of the proof of Theorem 6.1. The proof follows a strategy conceptually
similar to the coherent state technique discussed in the bosonic case in Chap. 3. For
simplicity, we shall only discuss the proof of convergence in Hilbert-Schmidt norm,
that is of the inequality (6.36). Let ¥ ; = e~ iHnt/e R, &n be the evolution in Fock

space of the initial state R,,,,{n. The kernel of the one-particle reduced density 'y,(\} ), is
1 —i IS5 —i £
Yh (s y) = (e TNER,, e ataeTINER ey, (6.47)

The idea is to compare the quantum evolution e¢~/7tn?/¢ R, $2 with the Hartree-
Fock evolution, described in Fock space by Ry, £y. This is done by introducing
the fluctuation dynamics Uy (t; s) := RjN,te”‘HN(”S)/E Ry, . Using the shorthand
notation u; x(y) = un (y; x) and v; »(y) = vn (y; x), we can rewrite the kernel

1
of 74 (x: y) as


http://dx.doi.org/10.1007/978-3-319-24898-1_3
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TNh @ Y) = Un (0. R), @Ry RS, xRy Un(t: 0)EN)
= (Un(1: 0)n. [a* (ur.y) + a(@r ) aue,e) + a* @)Uy (1 0)En)
= wn,(x;y)
+ Un (0w [a* (ury)alus ) + a*(up y)a* (T )

+a(; y)a(us ) — a* (U )a, ) UN (15 0)En)
(6.48)

Here we used the transformation property (6.31) and the fact that the anticommutator
is {a*(V;,x), a(¥;,y)} = wn,,(x; y). For any Hilbert-Schmidt operator O on L?(R?)

we find

Tr O (v, — wiv.o)
= (Un(1; 0)en, [dT (un, Oun.) — dI (VN OVN )| Un (t; 0)EN)

+ [/dxdy O (x; Y)UN (15 00N, a(r,y)aus, Ut 0)EN) +C-C-]- (6.49)

Consider the first two terms in (6.49). Since for any bounded self-adjoint operator A
on L?(RR?) we have the bound +d " (A) < ||A||N, where || A|| is the operator norm
of A, we find, using that |luy (|| < 1 and |lvy (|| <1,

Uy (15 06w, [T u Oy 1) — dT @y, 0T, ) | U (¢ 008N
< 2001l @Un (& O, N Un 1 ). (6.50)

Consider now the second line of (6.49). In order to estimate it, we shall use the follow-
ing bound. Let A be a Hilbert-Schmidt operator on L2(R3), with kernel A (x; v). Then

H/dxdy A(x; y)axay(N+1)*1/2lI/H

< /dyHa(Z('§Y))ay(N+ 1)‘”%”

< /dy IAG: Pll2flay WV + D72 (6.51)
) 1/2

< |l Allus [/ dy |ay(N + D712y }

= | Allus [N'2WN + D720 || < | Allus I,

where in the second line we used the boundedness of the fermionic creation/annihila-
tion operators, Eq. (6.23). Similarly we find



72 6 Mean-Field Regime for Fermionic Systems

fov+ 1)‘”2/dxdyW;y)a§fa:lPH = H/dxdyma;a;(/\/+3)—l/2wﬂ

< [Allnsl¥l. (6.52)

The estimates (6.51), (6.52) can be used to bound the second line of (6.49). We get

‘/dxdy O (x; y){Un (t; 0)En,a (v y)a(u; )UN(t; 0)EN) + C-C-‘

< Cllun,sOvn s llus | (N + DUy (1; 06w |-
(6.53)

Since |luy Ovn (llus < [|Ollus and | O < [|O|lus, (6.50) and (6.53) imply

TrO(, —ww.)| = CLO s Un (15 0)En, W + DUy (15 006n).  (6.54)
In particular, choosing O = 71(\/1,)z — wn,1, We obtain

7y, — wnilis < CUNE 0y, (N + DUy 0)Ey). (655

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 Uy (¢; 0).
This is the content of the next proposition.

Proposition 6.2 Under the same assumptions as in Theorem 6.1, there exist con-
stants C, ¢ > 0 such that

(Un(t:00&n. N + DUN(t; 0)En) < CexplcexpcltD(En, (N + DEn).  (6.56)

Controlling the growth of the fluctuations. Here we present the main steps in the
proof of the key bound Eq. (6.56). It is based on a Gronwall-type argument. Using
the identity (6.42) we write

(Un (5 0&N, NUn (t; 0)En)
= (e_iHNt/gRl/NgN» RVNJNR:;N_[e_iHNI/ERl/N€N>

= (e TNER, &N IN + N —2dT (wy.)]e TR, ). (6.57)

The expectation of (A + N) is independent of time; these terms disappear when we
take the derivative. Hence
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d
e UN (1 )¢, NUN(t; 0)EN)
= —2(e7TWIER, &, (AT (i20iwn ) — [Hy. dT (wy )])e  TNE R, £y
_ —2<Z/{N(t; O)fNa R* (dF(isath,,) —[Hy, dF(wN,t)])RuN_,UN(t; 0)§N)

= —Z(UN(I; 0)n, Ry, (AT (prxV — X;) — [Vn, dI (wn )D Ry Un (t; 0)51\/)
(6.58)

*
VUN.t

where 1
Vy = ﬁ/dxdy V(x — y)aiayayax

is the many-body interaction. In the last step we used that the contribution of the
kinetic energy cancels, as follows from the identity d I" ([A, B]) = [d"(A),d I (B)].
Applying the Bogoliubov transformation R, , and reorganizing all terms in normal
order we end up with

. d
i€ - (Un (12 00w NU (1 006w )
t
4iI /d dy V( )
= — 1Im X X —
N y y
x | (U 15 006w a* (e )a @ ) )atus U 13 006w
+ <MN (t; 0N, a(Vy x)a(r,y)a(u, y)a(u; U (t; 0)§N>
+ (U 15 00, @ e y)a” @1,)a" @) a @)U 1 0w )| (659)
where all quadratic summands were cancelled by imposing the Hartree-Fock equation
for wy ; in (6.58).

Now, let us consider for example the second term on the r.h.s. of (6.59). Expanding
the potential in Fourier space, we write

1
N/dXdy V(x — Y)<UN(I; 0w, a0 x)a(; y)a(ug, y)au, OUn (t; 0)EN)
1 N . .
= ﬁ/dp V(P)/dr1d72d73d74(vr€_lp"xut)(V1; r2) (e’ ug ) (r3; ra)
X <UN (t;: 0)éN, ar aryaryar, Uy (t; 0)£N>-

Inserting 1 = (N +5)!/2(N +5)~1/2 and applying the Cauchy-Schwarz inequality,
we get
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|~ / dxdy V(x = )ty (1 0)6n, @B ) yate )t oy (1 0)6)
< [P+ P 0|
x ” N +5)1/2 / dridry(oy P uy ) (r1: r2)ap, ar,
x / drsdra(on 1P uy ) (r3; ra)ararUn (1 0N ”
- %/dp VDIV + 52Uy (t: 0)én ||
x H / dridry(n, [e™ P uy ) (r: r2)ar ar,

x [ dradraCon 1€y D3 ranan O + D7y 1 00 |

where in the last step we used that Na(f) = a(f)(N — 1) and the orthogonality
vy,sun,: = 0. Applying the estimate (6.51) twice and using that |[vy ;|| < 1 we get:

1
‘N/dxdy Vix — y)<UN(t; 0N, a(v; x)a(vy,y)au,,y)a(u; U (t; 0)5N>‘

1 ~ .
< [ 4TI o Wit 05 0. My 0.
(6.60)

Using the naive bound ||[e”?™, wy (]ll3g < 2[[e”*, wn e < 4N would not
be enough here because of the factor € on the 1.h.s. of (6.59). Instead, we have
to propagate the semi-classical estimates (6.35) along the solution of the Hartree-
Fock equation. This is the content of Proposition 6.3 below, which tells us that
I[P, wy lle < CNe(14|p]) exp(ct]) forall times ¢ € R. Inserting this estimate

in (6.60), we conclude that

1
‘N/dxdy Vix — y)<UN(t; 0N, a(; x)a(vy,y)auy,y)a(u: )UN(t; 0)§N>}

< Ceexp(clt)) U (1 Oy, N (1 0)é ).

The other terms in (6.59) can be bounded in a similar way. The only difference is
that instead of (6.51) one has to use the estimate

| [ dndr: aGi rtanw| <ianaen veer 6o
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valid for any trace-class operator A on L2(R3) with kernel A(r;; ). The details can
be found in [4]. We conclude that

‘%<UNU§ 0)2, N + 1) Un(t; O).QH < Cec"'<uN(z; 0)2, N + 1) Un(t: ())‘Q>'

(6.62)
Gronwall’s lemma implies the desired estimate (6.56).

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 (6.34). Let wy be a sequence of orthogonal projections
with Trwy = N, such that

Tr|[x,wnyll < KNe and Tr|[eV,wy]| < KNe (6.63)

for some constant K > 0. Let wy ; be the solution of the Hartree-Fock equation
(6.37) with initial data wy o = wy. Then there exist constants C, ¢ > 0 such that

Tr|[x,wn ]| < CNeexp(clt]) and Trl|[eV,wn ]| < CNeexp(c|t])

forallt € R.

Sketch of the proof of Proposition 6.3. Let hyr(t) = —e>A + V % p; — X, be the
Hartree-Fock Hamiltonian. We compute

d
iéa[x, wn ] =[x, [har@), wy 1] = lwn i, [Aae@), 11 + [har(?), [x, wy 1.

The last term can be eliminated by conjugating [x, wy ;] with the two-parameter
group of unitary transformations W (¢; s) defined by

d
ieEW(t; s) = hyp()W(t;s)  with W(s;s) = 1forall s € R.
‘We have

ia%W*(t; 0)[x, wy . JW(z; 0)
= W*(t: 0)[wy.r. Ui (1), XIW (2 0)
= Wt 0)([ww.i, ~222V] = [ww,r, [Xr, €11 W5 0)



76 6 Mean-Field Regime for Fermionic Systems

where we used the identities [—£% A, x] = —2¢2V and [p; * V, x] = 0. Therefore
we get the Duhamel-type formula

W*(t; 0)[x, wy, IW(t; 0)

1 t
= tromol = = [ ds WHs50)([on.ss 22291+ fin [, 21 W52 ),
e Jo

This implies that

1 t
ool < Wikl + = [ ds (Iows. 222V + lw.es [Xeo X1 )-
0

(6.64)
To control the second term we use (6.44). Since [|wy || < 1 we find
e, Xgs xNlle < & [ dg V@] [Twn.s, [P wn e, x]]
< L [dg V@) llw,s, €P* (w5, xTe™ Pl 665)
< % JdaIV@I w5, X1l
< Slllwns Xl

Inserting (6.65) in (6.64) we get

t
I0x, wn. Tl < T, w0l + € /0 ds (1w .s, eV1lle + N2 s, ).
(6.66)

To control [wy ¢, €V] we start by writing
o d
I€E[EV, wn, ] = [eV, [hur(®), wy (]]

= [wN,lv [hHF(t)’ €V]] + [hHF(t)a [€v, O.)N’t]]
= [hur@), [V, w1 + [wn e, [pr % V. eVI] = [wn e, [Xr, eV

As before, the first term can be eliminated by conjugation with the unitary operator
W(t; 0). We find

eV, wn Il

1 t

< eV, wn ol + / ds (1w s [ps * V. eVl + won,s. [Xs, £V ).
0

(6.67)
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The first term in the integral can be controlled by

wn,s, [V * ps, eVIlIie = €lllwn,s, VV * ps]llc

<& [dgV@lIgl1ps@] Nwn.s, €% [l

R R (6.68)
<e [dqIV!lgl? 1ps(@] lwn,s, X1l
< Celllwn s, X1l

where we used the bound || ps|lco < |lps|l1 = 1 and the assumption on the interaction

potential. Finally, consider the second term in the integral on the r.h.s. of (6.67).
Again using (6.44), we write

lwn.s, [Xs, eVIIe < & [dg V@I llwn,s, [€9 wy se 70, eV
2 [dq V@)l Ile'7*wy ;e e V]|l (6.69)

2 [dg V(@I w5, V]Il

IA

IA

where we used the identity
[el9%wy e 1%, eV] = eI [wy s, e(V 4 ig)le 9% = !9 [wy 5, eV]e 197,
Inserting the estimates (6.68) and (6.69) into (6.67), we get

eV, wn lle = eV, wnollle

t
+C / ds (I s ¥l + N2 wn s, V).
0

Combining this inequality with (6.66), using the assumptions on the initial data and
applying Gronwall’s lemma, we obtain (6.63).
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Chapter 7
Dynamics of Fermionic Quasi-Free
Mixed States

In Chap. 6 we discussed the evolution of initial data approximating Slater determi-
nants. Slater determinants are relevant at zero temperature because they provide (or
at least they are expected to provide) a good approximation to the fermionic ground
state of Hamilton operators like (6.1) in the mean-field limit. At positive tempera-
ture, 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.

Mixed states. We introduce the short-hand notation h = L2(RR?). We shall denote
by F(b) the fermionic Fock space built over b, that is F(h) = €,,~, h"". 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(f) — F(h) with Trp = 1. Notice that the
state described by the density matrix pis pure if and only if p is a rank-one orthogonal
projection onto a i € F(h), i.e. p = |¥)(¢|. Otherwise the state is called a mixed
state. In general,

p=> Aaltn) (¥l (7.1)

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

TrAp =D Au(thn, Athy).

Purification. Given the density matrix (7.1) we define the operator % : F () —
F(b) by
F=>cnlthn)(¢nl
n
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where ¢, € C is a sequence satisfying |¢,,|> = A, and {¢,} is an orthonormal family
in F(h). Clearly,
rR" = 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 % € £>(F(h)), the set
of Hilbert-Schmidt operators on F(h).

Next, we observe that £2(F(h)) ~ F(h) @ F(h). This isomorphism is induced
by the map [¥) (]| - ¥ ® &, extended by linearity to the whole space L2(F(B)).
The mixed state with density matrix (7.1) can thus be described on F () ® F(h) by
the vector

R = Zanwn ®5n~

The expectation of the operator A on F(h) in the state Kk € F(h) ® F(h) is given by
TrAp =Tr ARR* = (K, (A® 1);‘{)_7.‘([])@]_‘“)). (7.2)

The doubled Fock space F () ® F(h) is isomorphic to F(h & h) (see [1] or any
book on mathematical quantum field theory). The unitary map U that implements
this isomorphism is known as the exponential law and is defined by the relations

U(2Fm) ® 27m) = L2rmey

and

Ula(f) @ 11U* =a(f ®0) = ai()
v[=Vean]ut =a0e = af) (7.3)

forall f € b, where a,(f), c =1, r, are called the left and right representations of
a(f), respectively. By hermitian conjugation, we also find

Ula*(H) @ 1]U* =a*(f ®0) = 4] (f)
U [(—1)N ® a*(f)] U* =a*(0® f) = a*(f) (7.4)

where a¥(f), o = I, r, are the left and right representations of a*( f). Notice that
the presence of the operator (—l)N on the second line of (7.3) and (7.4) guarantees
that creation operators on the space F (h @ h) satisfy the canonical anticommutation
relations (and in particular that aln( f) anticommutes with af (g), forall f, g € h).

It is convenient to introduce the left and right representations of the operator-
valued distributions ay, a} by the relations
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az(f)=/dxax,zm7 ar(f)=/dx ax f(x),
ap (f) = / dxa’ (). ai(f) = / dxa’, f(v), (1.5)

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

Uldr(0)® 11U =dr0 ®0) =:dI;(0),
Ull®dr(0)JU*=dr0® 0) =:dI,(0).

The left and right representations of d 1" (O) can be written in terms of the operator-
valued distributions as

dlj(0) = /dxdy O(x; y)ayay;,  dI,(0) = /dxdy O(x; y)ay ,ay.,.
(7.6)

According to (7.2), the expectation of the observable A in the mixed state described
by the vector ¢y = Uk € F(h @ §) is given by

(k. (A® DE) FyeF®y = (Uk, U(A @ DU*UK) Fhop)
= (¥, U(A ® DU*Y) Fpop)-

In particular, the expectation TrdI"(O)p of the second quantization d1(O) of a
one-particle operator O on | is given by

(¥, UdI(0)® HU ) = (b, dT1(0)Y)

_ / dxdy O(e: y) (. a® ay ) = Tr 04D,

where we defined the one-particle reduced density 77(;) associated with ) € F(h@h)
as the non-negative trace class operator on f having the integral kernel

7&”()6; y) = (1, ay ax ). (7.7)

We also define the pairing density o associated with ¢ € F (b ® b) as the Hilbert-
Schmidt operator on f with the kernel

ay(x; y) = (¥, ay1ax 1v). (7.8)

The above construction allows us to represent mixed states as vectors in the
“larger” Fock space F (h@b). This idea is well-known in quantum statistical mechan-
ics and takes the name of purification.
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Time evolution of mixed states. The time evolution of the density matrix p is

given by

e—iHNt/E eiHNl/E’

Pr = p
where Hyy is the second quantized Hamiltonian given by (6.33). Accordingly, we
define the time evolution of x € F(h) ® F(h) by k; = [e"H"”/E ® elHN’/g] k. Let
Yy = Uk, denote the vector in F(h @ ) describing the mixed state with density
matrix p;. Then

’(/}l — U:‘ﬂ?; — Ue*i(HN®17]®HN)t/SI€ — e*i[:Nl/Sw
where the Liouvillian Ly is defined by
Ly=UMHN®1—-1Q@HyN)U"

A more explicit expression follows from (7.3) and (7.5):

1
Ly = 52/dx Vyay Viay + IN /dxdy V(ix — y)a;la;lay,lax,l
2 * 1 * *
—¢ dx anx’,anx,, “IN dxdyV(x — y)ax’ray,,ay,rax,,. (7.9)

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

Tr Api = (. UA® DU) = (0, VU (A @ DU EN ),

Araki-Wyss representation. In Chap. 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 chapter, we are interested in the evolution of quasi-free mixed
states, which, after purification, can be described by vectors in the Hilbert space
Fheh).

Letv:(hph)d(hdh) — (hdh) @ (hDh) be an implementable Bogoliubov
transformation on the doubled one-particle space. Then there exists a unitary map
R, : F(h®bh) — F(hdh) implementing v. It is easy to see that vectors of the form
R, 2Frmen € F(hDbh) 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 7 (f @) 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

vv:behebeh — (hehebheb) by
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_(UnVy
VN = (VN ﬁN) ) (7.10)
where
_funy O . 0 vy
UN—(0 ﬂN)’ VN—(_UN O)’ (7.11)

anduy = /T —wy, vy = Jwy. The operators Uy, Vy : hdh — hdh satisfy the
relations (6.28); hence vy defines a Bogoliubov transformation. Since Tr Vi Vy =
2Trwy = 2N < oo, the Bogoliubov transformation vy is implementable. Hence
R,y 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

R ai(f)Ryy = aiun f) — al Oy f).
R} ar(f)Ryy = a,(iy f) + af (on f). (7.12)

Equivalently,

R} ax iRy = ai(un ) —a; (U x),
R:Nax,rRI/N = ar(ﬁN,x) + a[*(UN,x)’ (7.13)

with the usual notation uy (y) = un(y; x), vn x(¥) = vy (y; x). Using (7.13) and
the unitarity of R, we find, from (7.7),

Vo, 2 ¥) = (Ruy 2. a5 javi Ry 2)
< l/N leVNRI/NaXJRVN‘Q>
= (£, (al (uy) — ar(Wy)) (@ (ux) — a; (vx))$2) (7.14)
= (2, a; (vy)a; (V1) R2)

= (Vyun)(x; y) = wn(x; y)

where we used the canonical anticommutation relations and the fact that a; and a,
annihilate the vacuum. Also, from (7.8),

R, 2(x:y) = (Ryy 2, ay1ax 1Ry $2)

= (2. (@(uy) — a} (Uy) (@) — ) (T:))2) (7.15)
= (2, ai(uy)a; (v,)2) =0

where we used that {a; (1), a;(vy)} =
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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 representa-
tion [2].

Dynamics of quasi-free mixed states. We consider the time evolution of initial
quasi-free mixed states satisfying certain semi-classical estimates (motivated 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 density evolving according to the Hartree-Fock
equation (6.6). The next theorem is taken from [3].

Theorem 7.1 Let V € L'(R?) and assume that
/dp<1+|p|2)|V<p)| < o0, (7.16)

Let wy be a sequence of operators on ) = LZ(R3) with) <wy <1, Trwy = N
and such that Tr (1 — A)wy < 00 and
Ilvn. x1las < CN'?e, oy, eV]lus < CN'2e,

Iun, x1las < CNY2e, |lun, eVligs < CNY2e, (7.17)

withvy = Jwn, uy = /1 — wy, for a suitable constant C > 0. Let vy denote the

Bogoliubov transformations (7.10), such that Ry, 2 F ) IS the quasi-free state on

F(H @ b) with one-particle reduced density wy and with vanishing pairing density.
Let fy](\,l?l be the one-particle reduced density associated with the evolved state

Uy = e TENER, QFhen) (7.18)

where the Liouvillian Ly has been defined in (7.9). Let wy ; be the solution of the
time-dependent Hartree-Fock equation

ey, =[—2A+ Vs p — X, wn) (7.19)
with the initial data wy (o = wy. Then there exist constants C, ¢ > 0 such that

1
17y — wnellfs < Cexplcexp(elt]))  and

Tr vy — wiv.e| < CN'2 exp(cexp(elt])). (7.20)

Remark

e Similarly to Theorem 6.1, the convergence towards the Hartree-Fock dynamics
can be extended to more general initial data than those appearing in (7.18). Let
N = dI;(1) + dTI,(1) be the total number of particles operator in the doubled
Fock space and let £y be a sequence in F(h @ b) with (€y, N'10¢y) < C and such
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that £y = (V' < KN)&y (for a sufficiently large constant K > 0 independent
of N). In [3] it is shown that the one-particle reduced density of e~ Lyt/e RuyéN
can be approximated by the solution of the Hartree-Fock equation.

e The semi-classical commutator estimates (7.17) play the same role as (6.35) in
the analysis of the evolution of Slater determinants. There is however an impor-
tant difference. Equation (7.17) gives bounds for the Hilbert-Schmidt norm of the
commutators, while (6.35) was expressed in terms of their trace norm. In fact, for
Slater determinants we do not expect (7.17) to be correct. In this case the decay
of the kernel wy (x; y) for |[x — 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
(x — y)-direction) and does not suffice, in general, to prove (7.17). On the other
hand, in Theorem 7.1, 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 (7.17) is appropriate for the study of the dynamics at positive
temperature.

For instance, a reasonable approximation for the one-particle reduced density of a
thermal state of the Hamiltonian (6.1) describing trapped interacting fermions is
given, in the mean-field limit, by the Weyl quantization

- 1 X+ o G=y)
By = o )3/de(Ty,v)e“’ = (7.21)

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

M(x,v) = gr., (v — cp! (x)) (7.22)
corresponding to the Fermi-Dirac distribution

1

gru(E) = 15 e E—/T" (7.23)

depending on the temperature 7 > 0 and on the chemical potential 1 > 0.
In (7.22), prr is the minimizer of the Thomas-Fermi functional (6.7) and the
normalization constant ¢ > 0 has to be chosen so that

/M(x, v)dxdv=1.

For the reduced density wy, we find

[Gn X106 y) = )3/dv(VvM) (x;y,v) S22
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and

~ + R
Gy, eV](x: y) = —ﬁ/du (V. M) (x . y,v) oV

Hence,

A

&N, x]l3s < €N / dxdv|(Vy,M)(x,v)> < CNe?,

A

&, x1ks < €N / dxdv|(ViM)(x, v)|> < CNe?,

using the regularity of the Fermi-Dirac distribution (7.23) (and assuming some
regularity of the Thomas-Fermi density prr). This motivates the assumption (7.17)
for initial data describing thermal states at positive temperature (the condition
(7.17) is actually expressed in terms of vy = ,/wy and uy = /1 — wy but the
same argument is expected to hold also in this case).

e The proof of Theorem 7.1 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 = d I'7(1) +d I (1) with respect to the fluctuation
dynamics, which is now defined by

Un(t:s) = R}, e ENER,, (7.24)
It turns out, however, that new ideas are needed here to control the growth of
Un(t; 002, NUN(t; 0)2) Fpan)-

The main difference with respect to Chap. 6 is that now uy = /1 — wy and
vy = 4/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 Un (t; 5) 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 [3].

References

1. J. Derezinski, C. Gérard, Mathematics of Quantization and Quantum Fields (Cambridge
University Press, Cambridge, 2013)

2. H. Araki, W. Wyss, Representations of canonical anticommutation relations. Helv. Phys. Acta
37, 136 (1964)

3. N. Benedikter, V. Jaksic, M. Porta, C. Saffirio, B. Schlein, Mean-field Evolution of Fermionic
Mixed States. Preprint arXiv:1411.0843


http://dx.doi.org/10.1007/978-3-319-24898-1_6
http://dx.doi.org/10.1007/978-3-319-24898-1_6
http://arxiv.org/abs/1411.0843

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
Chap. 5. We show that the energy of Fock space states of the form W (+/N¢) To&y, for
&y € F with a finite number of particles and finite energy ({; describes excitations
of the condensate), is to leading order given by the Gross-Pitaevskii functional (5.4)
evaluated on the one-particle wave function ¢ € L*(R?). This is an instructive
calculation since it shows that the Bogoliubov transformation 7y converts part of
the many-body kinetic energy into a contribution to the quartic term in the Gross-
Pitaevskii functional. Without the Bogoliubov transformation 7 the approximate
coherent state W (v/N )&y would have a higher energy, given by a functional similar
to (5.4) but with coupling constant by = f V (x)dx, which is always larger than 4may.
Hence, introducing the Bogoliubov transformation 7p lowers the energy by a quantity
of order N (while the change of the number of particles is only of order one; see
(5.35)). This observation supports the claim that states of the form W (/N ©)Toén
provide a good approximation for the many-body ground state and that 7y 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 Ve,

1
H;}ap — /dx ai (—Ay 4+ Vext(x)) ax + E/dxdy N2V (N(x — y))a;a;k,ayax.
Let &y € F be such that
1 .
<§N, (N+ NN’ZJFHX;‘P) §N> <C (A.1)
uniformly in N. As in (5.31), we define the Bogoliubov transformation

1 _
To = exp (E/dxdy(ko(x; y)a:a;f —ko(x; y)axay))
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with the kernel ko (x; y) = —Nw(N (x —y))(x)@(y). We claim that for sufficiently
regular ¢ € L*>(R?) with [¢|> =1

(W NoToey 1y W (/N o Toéx)
=N / dx (|Vso<x)|2 + Vet () () > + 47Ta0|90(x)|4) +OWN) (A2
= N&ap(p) + ON).

Taking ¢ to be the normalized minimizer of Egp, we conclude from [1] that
W(v/Np)Toén has, in leading order, the same energy as the ground state of the
restriction of H;{,ap to the N-particle sector.

States of a similar form (using quadratic exponentials to describe correlated par-
ticle 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 [2]. That
upper bound was later refined to its supposedly optimal value [3] (as predicted by the
Lee-Huang-Yang formula), using a more complicated trial state where pairs receive
a correction of a third particle with small momentum.

Sketch of the proof of (A.2). Let us consider the case {y = §2. We compute

<W(JN¢)TOQ, HE@*“’W(\/N@)T()Q). (A3)

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 (5.32)). At the cost
of commutators appearing, all terms can be brought into normal order. At the end, all
terms with creation and annihilation operators written in normal order vanish when
we consider the vacuum expectation. Hence, we find the following contributions to
(A.3). From the kinetic energy we have

/dx <s2 TO*W(\/NQD)*an:anxW(«/ﬁap)To.Q>

(A4)
=N [ axVewP + [ dr Vsl
From the external potential we obtain
/dx Vet (x) <9 TO*W(\/N@)*a;kaxW(«/Nga)TOQ>
(A5)

=N / dx|@(x)]* Vet (x) + / dx Vexe(x) Ishy |13
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Finally, from the interaction, we get
/ dxdyN>V (N (x — y)) <9 T(;kW(x/ﬁgo)*a;ka;‘ayaxW(\/ﬁgo)To.Q>

- %/dxdyNZV(N(x — y)|(chy, shy)|?
1 (A.6)
+ E/dxdyN3V(N(x — ) ((shy, chy)(x)p(y) +c.c.)

N
+2 / dxdyN3V (N (x — )o@ Plo0).

To evaluate the terms on the r.h.s. of (A.4), (A.5) and (A.6) it is useful (like in
Chap.5) to think of sh,(y) =~ ko(y; x) and chy(y) ~ d(x — y); more precisely
recall that, in contrast to the regular kernels of higher powers of ko, ko(x; y) itself
is singular as (Jx — y| + 1/N)~! for N — oo. We then find (in the last step using
Hardy’s inequality)

lIshy I3 =~ /dy lko(y; x)|* = |so<x)|2/dy le(MIZ INW(N (x — y))I?

lp(»)[?
K p S o)1V ol13.

< C|so<x>|2/dy

This implies that
/ dx Ve (1) Ishy 12 < C, (A7)

i.e. the contribution is of order one (for sufficiently regular € L*(R?)). Hence, this
term can be neglected.
As for the second term on the r.h.s. of (A.4), we notice that

[ axivasn 2

- / dx{shy, (—Agshy)

~ / dxdyNw(N(x — y)p@p() A [Nw (N (x — y)) p@)p(»)]
= / dxdyN*w(N (x — y)|px)Ple0P(—=Aw) (N (x = ) + O(V/N)

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 (5.2), which implies that

1
(ZAW)(N(x = y)) = V(NG = y)(1 = w(Nx = y))
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and thus that

/ dx || Vyshy |2

1
=3 / dxdyN*V(N(x — y)w(Nx — y) (1 — w(Nx — ) lp@) P lp()*

+ ON).
(A.8)

Thus, from (A.4), (A.5) and (A.6), we conclude (using again the approximations
chy(z) >~ d(z — y) and shy(z) =~ ko(z; x)) that

(W/Np)To2, Hy® W(V/Np)Tys$2)

_N / dx Vo2 + N / dx Vexe(0) [ ()2

N
+3/dxdyN3V(N<x—y>>w<N<x — ) (1 —w (N (x—y))
X )l

5 [ drdy VOV = V= 0P el

=N [ dxdy WOV = NG = IR0

+ ; / dxdy NV (N (x = )@ Ple)? + O/N)).
Combining all terms proportional to the interaction potential, we find

(W(/Np)Tos2, Hy® W(VNp) To$2)

_N [ [ ax (190007 + Vel P)
1
+5 / dxdyN>V (N (x — y)) f(N(x — y))IsD(X)IZIsO(y)IZ} + OWN).

Since f dx V(x)f(x) = 8mag, we obtain in the limit N — oo (using again some
regularity of )

(W/Np)To2, Hy® W(/Np)Ty$2)

=N [ [ dx (190007 + Vess) + 47Taol<P(X)|4)} +OWN),

which proves (A.2). This computation can be easily extended (estimating all normally
ordered terms emerging from (A.3) by (A.1)) to arbitrary £y satisfying (A.1).
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