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Chapter 1

Introduction

The phenomenon of Bose-Einstein condensation was predicted theoretically
by Bose and Einstein in 1924. It is a state of matter in which, at low
enough temperatures, a macroscopic number of particles occupies the lowest
energy state. It is caused by the quantum statistics of bosons only and is
therefore purely quantum mechanical. However, for more than ten years,
Einstein’s prediction has been neglected as purely mathematical conclusion
for a fictitious system of non-interacting ideal gas and with little relevance
to real physics. The idea remained abstract for a long time, even for the
authors themselves. Einstein wrote: The theory is pretty but is there also
some truth to it?

In 1938, Kapitza [I], and independently Allen and Misener, discovered
the phenomenon of superfluidity - a frictionless flow of fluid in liquid *He.
This remarkable phenomenon can be observed by naked eye. However, it
cannot be understood in terms of classical physics. In the same year, London
[2] had the idea that superfluidity could be an experimental manifestation
of Bose—Einstein Condensation.

In 1941, L.D. Landau developed a phenomenological theory of super-
fluidity in terms of the excitation spectrum of *He. The first microscopic
theory of interacting Bose gases in the context of BEC was formulated in
1947 by Bogoliubov. In spite of the successful development in understanding
superfluidity in its early years, it was only after the realization of atomic
BEC in 1995 (by Cornell and Wiemann and by Ketterle, all got the Nobel
Prize) that the theoretical concepts of Einstein and Bogoliubov have been
experimentally confirmed.

The relation between superfluidity and BEC is not obvious until today.
In fact, to discuss the connection between these two one first needs to define
them. This is related to the concept of the off-diagonal long-range order
introduced by Penrose and Onsager.

The experimental realisation of BEC led to a renewed interest in the
theoretical and mathematical study of bosonic many-body systems. It would



not be an exaggeration to say that the basis of much of the subsequent work
has been laid in the seminal 2002 paper of Lieb and Seiringer [3] in which the
authors proved for the first time that the ground state of a dilute, trapped
gas exhibits Bose—Einstein condensation.

The goal of this lecture is to discuss some of the topics mentioned above
in a mathematically precise way. We will define objects and set up problems
in a rigorous way. Some proofs we will be done in details, others will only
be sketched. From a mathematical point of view, most of the results we
will discuss have been obtained very recently (up to 15 years). During the
course we will formulate open problems which could lead to research and/or
master/PhD theses.



Chapter 2

Quantum many-body
systems

2.1 The Hamiltonian

The central object that we will study throughout the course is the non-
relativistic many-body Hamiltonian given by

N
Hy =Y (=D, + V() + X > wnlz; — ). (2.1)
j=1 1<j<k<N
It acts on the the Hilbert space 7 = ®i\§,m L?(R?) which consists of func-
tions ¢ (1, x9,...,zy) that are square integrable, i.e.

/W(xl,xg, . ,a:N)\del .dzy < o0

and, since we consider bosons, are symmetric under the exchange of two
particles, i.e.

w(ml,...,xi,...,xj,...,xN):w(xl,...,a;j,...,x,-,...,xN)

for any i,7 = 1,...,N. Here x; € R? stands for the coordinate of the j-th
particle. We have set the spatial dimension of the problem to be three as
we will focus on that case for the majority of the course. But, in principle,
physically relevant systems could be also one or two dimensional.

The Hamiltonian describes the system of N particles that interact
through a two-body potential wy that in principle can depend on N. It
could be positive (repulsive) but it could also have an attractive part. A
purely repulsive potential is usually easier to handle. Most of the time we will
work with 'nice’ (smooth, quickly decaying), symmetric, repulsive potentials
which will make our live easier. The factor A in front of the interaction terms



is assumed to be positive, i.e. A > 0. It represents a coupling constant that
could also be N dependent. We will soon come back to this.

Finally, the one-body term consists of the kinetic energy operator —dy;
of the j-th particle and a external potential V' (z;) which acts on the j-th
particle too. On should think of the V' as being a trapping potential which
keeps the particles located in a certain region of space. One example would
be a trapping potential of the form V(x) = 22 which represents a harmonic
trap. Another example would be a potential that is of the form

0 ifzxeQ
V(x)—{oo if & Q

In this case the particles would be confined in  C R3.

2.2 Quantities of interest

Given the Hamiltonian Hy of a quantum system, there are many questions
one can try to address. The first one might concern its ground state energy
EQ(N) = inf (1/) HN )

veD(ON) [lgl=1"
If Eg(N) is an eigenvalue, the corresponding ground state wave function g
is determined by Schrodingers equation Hyo = Eo(N ).
One might be interested also in different observables. Recall, that the
expectation value of an observable A in the state 1 is given by

(A)y = (b, AP).

More generally, if the system is at some positive temperature T > 0, one
would like to compute the free energy of the system, given by

F=_TlnTre #8/T,

We choose units such that Boltzmanns constant equals 1, and shall often
write 7' = 1/5. The trace is over the physical Hilbert space, of course, re-
specting symmetry constraints arising from the indistinguishability of par-
ticles. The equilibrium state at temperature 7' is the Gibbs state

pg = e BHN—F)

It is normalized to have Tr pg = 1. The expectation value of an observable
A is then given by

B Tr (Ae*HN/T)

(Aos = —pymmeyr - = T(Aps).

For large particle number, it is usually hopeless to try to calculate pg
directly, but one can try to investigate properties of the reduced n-particle

density matrices, obtained by taking the partial trace of pg over N —n
variables. We will introduce some of these objects shortly.



2.3 Grand-canonical ensemble

It is often convenient not to fix the particle number N, but rather work in
the grand-canonical ensemble, where one takes a certain average over the
number of particles in the system. For simplicity, consider a system of just
one species of particles. The N-particle Hilbert space, £, is then the set of
square-integrable functions that are totally symmetric under permutations.
In the grand-canonical ensemble, one has as Hilbert space the Fock space

Here $° = C by definition and the corresponding vector is called the vacuum
vector. As the Hamiltonian on Fock space one simply takes

oo
H= @ Hy.
N=0

One typically sets Hy = 0 (vacuum has no energy).
For 1 € R, the grand canonical potential is defined as

J==-TInTrr e~ AUH—pN)

where N denotes the number operator, i.e.,

o
N = @ n.
n=0
Since H is particle number conserving, we can also write this as

J=-TIn Z 2NV Tren e PHN,
N>0

where z = e is called the fugacity.
The grand-canonical Gibbs state is
—B(H—uN —
P =€ BH—pN—=TJ)
The chemical potential p is adjusted to achieve a given average particle
number (N). The latter equals

0
N)=TrNpg, = —a—,uJ.



2.4 BEC in ideal gas

Let us now consider an non-interacting (ideal) Bose gas, that is confined in
a box of side length L, i.e. A = [0, L]3. The Hamiltonian is given by

N
Her—m _ § :_sz
i=1

and let us assume periodic boundary conditions. The spectrum of —A equals
27\ ? 2 2 2
T (ng +mny +nz) (2.2)

with (ng,ny,n) € 73. The corresponding eigenstates are plane waves e’P*
with p € (%”Z)g. Let us order (and denote) the eigenvalues in (2.2)) by

ep<ep <er <.

On Fock space we have

*
H = g €;a; a;

>0

and also

B(H — puN) = Zsza a;

i>0

where ¢; = (e; — ).
We would like to calculate

InTre™ 2i20 %0 @i
The spectrum of Zz‘zo gjala; is of the form Zz‘zo ging, withn; € {0,1,2,...}.

Summing over all possible occupation numbers is the same as summing over
all eigenstates, hence we have

Tre™ 2i>0Eiara _ H § :e—ai”i _ H 1 .
: Ll—ems
i on i

Here we have to assume that ¢; > 0 for all ¢ for the geometric series to
converge. Then

In Tr e~ 2iz0€i®0i — Z —1In(1 —e™%).

Thus the grand-canonical potential equals

J=T Z n(l—e” Bp* )

re(¥2)°



Note that ¢; > 0 can be achieved by taking g < 0. This is not really
a restriction, however, as any particle number can be achieved even for
negative y. In fact, the average particle number equals

0 1
Wi=-g.7= 2 w1
pE(ZT“Z)3\—<v>—’

apap

Here the summands are (aya,), the average occupation number of momen-

tum p.As p varies between (—o0,0), clearly (N') varies between (0, 00).
We now perform a thermodynamic limit L — co. The sum over p can
then be interpreted as a Riemann sum for the corresponding integral. In

fact,
1 1
— — d
L3 Z 5 - (2m)3 /]Rs b
re(F2)
as L — 0o. The thermodynamic pressure of the system is thus
J T 2
- — lim - —__* _ B —w)
P = /Rs (1 —e )dp

and the average density equals

W)l 1
SRV ZIN 7R /Rs B 1P (2.3)

Notice that the density stays bounded as u — 0! That is

1 1
c = 1i = .
pelB) = limp = o | i<

Hence it appears that the density of the gas can never exceed p.(3). What
is happening here? Recall that u has to be chosen as to fix the density and,
hence, has to depend on L, in general. If p < p.(8), then u(L) — u < 0 in
the thermodynamic limit. But when p > p.(5), then u(L) has to tend to
zero as L — oo. In this case, the limits L — oo and p — 0 must be taken
simultaneously and, in particular, do not commute!

In fact, if p > p.(B), then p is asymptotically equal to

p=—(BLp—p(B)" as L— o0

For this value of p we see that
. ({ajao) . 1 1
1 = ——— =p— . 24
M S mem o = W) 24)

Thus the zero momentum state is occupied by a macroscopic fraction of
all the particles. This phenomenon is called Bose-Einstein Condensation
(BEC). It occurs when p > p.(3) or, equivalently, when

T <Te(p) = Wﬂ

(2.5)
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since pe(B) = ¢(3/2)(4m)~3/2373/2, Here ¢ denotes the Riemann zeta func-

tion 1
((z) = Z =

k>1

In other words, BEC occurs below the critical temperature.
Problem 2.4.1. Derive (2.5)).

We note that only the zero momentum mode is macroscopically occu-
pied, and the other occupations are much smaller. The smallest positive
eigenvalue of the Laplacian equals (27/L)?, and

1

2 3
g 1~ <L for large L.

BEC represents a phase transition in the usual sense: the thermodynamic
functions exhibit a non-analytic behavior. Consider, for instance, the free
energy, which is given in a standard way as the Legendre transform of the
pressure. Specifically, the free energy per unit volume equals

T B2
o) /RS In(1—e Blp “))dp,

where p is determined by if p < pe(B), and p = 0if p > p.(B). In
the latter case, we see that f(5,p) does not actually depend on p, and is
constant for p > p.(f8). In particular, f is not analytic. Intuitively, what is
happening as one increases the density beyond p.(3) is that all additional
particles occupy the zero momentum mode and hence do not contribute to
the energy or the entropy, hence also not to the free energy.

Finally, let us just mention, that the arguments that we have mentioned
above do not work in dimensions d = 1,2. In fact, in that case the ideal
Bose gas exhibits BEC only in the ground state (7' = 0).

f(Bip) = pp+

2.5 BEC in interacting systems - definition

2.5.1 Reduced densities

The one-particle reduced density associated with the N-body wave function
1y is defined by

A = N Trag v [9w) (o, (2.6)

where |1n)(¢n| denotes the orthogonal projection onto ¢y and Tras N
is the partial trace over the last (N — 1) particles. In other words, the
one-particle reduced density ﬁw is defined as the non-negative trace-class
operator on L?(R?) with integral kernel

'yz(;]\)r(x;y) :N/dxg...dew/JN(x,xQ,...,xN)¢N(y,x2,...,xN). (2.7)

8



Notice that we chose the normalization Tr 72(/)1]3 = N.
Analogously, for k = 2,3,..., N, we can define the k-particle reduced
density associated with ¢ by

N
Ty 1= <k> Triet1,...,N [YN) (N |- (2.8)

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

k
715;1\),(x17"'7$k;y17"'ayk) =

N
(kz) /dazk+1 codeNUN (T, e Ty Tt - EN)UN (YL - o Yk Tt 1y« TN)-

The normalization is such that Tr ’71(;\), = (]IZ)

Clearly, for k < N, the k-particle reduced density 'ngz does not contain

the full information about the system. Still, 71(;2 is enough to compute the

expectation of any k-particle observable. For example, if k = 1 and JM) is
a one body operator JO = Efil Ji(l), then

N
(W, JDen) =3 Wn, I Vw) = N, Jww) = Tr gD
i=1

The reduced densities can be lifted to the Fock space setting. Note that
using (B.3]) we see that the integral kernel (2.7) can be written as

D (@ry) = (o, aganin)-

This leads to the general definition that the one-body reduced density matrix
is the one-body operator (acting on the one-body Hilbert space) ~1) defined
through

(9.7Vf) = (a*(falg)),  Vf, g€ L*(R?).

Here (-) denotes the expectation value in any state. In particular this defini-
tion applies to any state on Fock space, not only thermal equilibrium states.
One can also consider states of definite particle number, and hence recover
the definition for the canonical ensemble.

2.5.2 Definition of BEC

Let v(Y) be the reduced one-body matrix of a bosonic system. It is a positive,
trace class operator. Thus, it admits a spectral decomposition with respect

to an orthonormal basis {u;} (cf. (A.2)) of the form

AW =7 Al il

9



with A; > 0. According to the (generally accepted) definition of Penrose and
Onsager, Bose—Einstein Condensation occurs when v(!) has an eigenvalue of
order N (or (N)). Note that this definition is independent of the fact,
whether the system under consideration is interacting or not.

Let us now check, how this definition relates to the concept of BEC
derived for the ideal Bose gas. In we have shown that above the
critical density

0<p=pe(B) = lim <“§§0> < lim Sup||f=1<a;§f)a(f)>a,ﬂ'

In particular, sup) s =1(a*(f)a(f))s, . is the largest eigenvalue of 7 so in-
deed it has to be of order N (as when taking the thermodynamic limit we
assume p = N/L3).

2.5.3 Off-diagonal long-range order

Consider the momentum distribution in a given state defined through

np = (a,ap).

As, by definition, a, = fdazaxe*ipl’/L?’/Q, we have

(a5a,) = 75 / dedylaga,)e e = 1 / dadyy D (2, y)e PEY).

Let us assume that the system under consideration is translation invariant.
Then we have v (z,y) = y(U(z — y) and thus

* 1 —ip(x—
(@y0) = 5 [ dady Dz = e e, (2.9)
Inverting this relation (inverse Fourier transform), we obtain
1 ip(z—
Wa—y) =2 D (e
pe(2r/L)7)3

Now, recall our analysis of BEC in the ideal case. It shows that when there
is BEC we have (in the thermodynamic limit)

<np> = 50N0 + flp

where the singular term arises from the macroscopic occupation of the zero
momentum state. Thus, taking the thermodynamics limit in (2.9)), we obtain

AW (z —y) = Ny + /dp ey,
By the expected regularity of n, and the Riemann-Lebesgue lemma we ob-
tain
v (z —y) — No, as T —y — 00. (2.10)

This behaviour is called off-diagonal (because x # y) long-range (because
x —y — 00) order of the one-body density.

10



2.6 The curse of dimensionality

We shall now argue that, due to its high dimensionality, the many-body
Schrodinger equation is impossible to solve numerically at a high precision
for most physical systems of interest.

To this end let us consider a much simpler, discrete model - a quantum
spin system. We place a quantum (say, 1/2) spin on each of the N sites of a
square lattice. Since each spin is described the Hilbert space C?, the Hilbert
space of the system is given by the tensor product ®,C? where x enumerates
all the N sites. Thus, the dimension of the Hilbert space is 2V. In other
words, to encode a general quantum state we need 2V coordinates. Assume
we want consider a square lattice with length 20 and thus with 400 sites
altogether. Now, let us assume very optimistically, that one number can be
encoded using one bit which is carried on one elementary particle. Thus,
we would need 2490 elementary particles just to encode on the computer
one state of our quantum spin system. How much is 240°? According to
recent estimates of astrophysicists, there are 1086 elementary particles in
the universe. Since 2% > 1086 in principle we are not able to encode a
quantum state on the computer without even doing any operations on it.

That was a crude estimate for a spin system. The models we want to
consider are continuous and consist of thousands of particles (like in modern
experiments involving Bose-Einstein Condensates). To put the problem on
a computer one needs to discretize it and the example discussed above shows
that the complexity of this problem will be exponential.

All this forces us to consider effective theories. An effective theory is
a proposal to describe a system using less degrees of freedom. Of course,
there is price to pay - one looses information about the system. Let us
illustrate this idea using an example from classical physics. In classical
mechanics, the microscopic theory is given by Newton’s equations of motion.
Solving these equations would in principle give us information about all
positions and momenta, of all particles involved. If one wants to understand
the behaviour of air in a room, then solving Newton’s equations is not a good
idea to say the least. But do we really need to know all the positions and
velocities of all particles? Maybe it would be enough to know the position
and momentum of a typical particle - that is, the probability that the particle
occupies a given very small region of the phase space (mathematically the
volume element dzdp) at an instant of time. We would thus be looking
for a probability distribution f(¢,x,p) which now depends on only three
variables. Ludwig Boltzmann derived an equation for f which is now called
the Boltzmann equation. A rigorous justification of this equation starting
from Newton’s microscopic theory is still an active area of research and this
field of mathematical physics is called kinetic theory.

In this course we will try to understand to most important properties of
quantum many-boson systems by rigorously justifying effective theories. We

11



will be interested in effective descriptions of the the ground state properties,
excitation spectrum, effective dynamics. An effective theory usually is some
kind of limiting theory in a certain regime. In the next section we will
discuss the scaling regimes we will be studying.

2.7 Scaling regimes

Recall the Hamiltonian in (2.1)) given by

N

Z —Ag; +V(xj) + A Z wn (z; — ),

j=1 1<j<k<N
defined on HY = ®é\;m L?(R3). We want to find an effective description
of the model. Keeping in mind that we are interested in thermodynamic
quantities, we have to remember that we we will be taking the N — oo
limit. We observe that the kinetic energy (or, more generally, the one-body
operator) is of order N as it consists of N terms which are independent of N.
If we assume that the two-body interaction is N independent, i.e. wy = w,
then the interaction term is of order N2 (for large particle numbers) as there
are N(N — 1)/2 terms in the double sum. In the limit when N — oo the
interaction term would thus become dominant. But we want to keep the
kinetic term as, in some sense, it is more quantum than the pure interaction
(recall, BEC has been computed for the ideal gas). Thus, the idea is to
balance these two terms (at least, as far as the naive asymptotics in N
would suggest). This motivates setting A = O(N~!) and this scaling is
called mean-field scaling. The simplest mean-field Hamiltonian is of the
form

N
Z A%—FV $])) ]if Z w(xj — xp).

1<j<k<N

Note, that in this setup there are two length scales. The first one is given by
the trapping potential V' and basically tells us where the particles can move.
It is important for the kinetic term, as it has implications in the spectral
gap of the one-body operator.

But for now let us focus on the length scale set by the interaction. When
wy = w, then it is independent of N and therefore is of order O(1) (with
respect to N). In fact, the length scale of the interaction is characterized
by a parameter called the scattering length. To define the scattering length,
we consider the two-body scattering problem. We assume the two-body
interaction is radial, positive and has a finite range. Consider the zero-
energy scattering equation

—Af+%wf:0 (2.11)

12



with the boundary condition f(z) — 1 as |z] — oco. Under the assumption
of compact support of w one can show that for |z| sufficiently large, the
scattering solution satisfies

fz)=1-— (2.12)

for a constant ag > 0. This constant is called the scattering length. Equiv-
alently, the scattering length ag can also be defined through the integral

8mag = /w(a:)f(a:)dx (2.13)

where f(x) is the solution of . From the point of view of physics, the
scattering length ag measures the effective range of the interaction potential;
two quantum mechanical particles interacting through the potential w, when
they are far apart, feel the other particle as a hard sphere with radius a¢ (in
particular, the scattering length of a hard sphere potential coincides with
the radius of the sphere).

Problem 2.7.1. Show that (2.13|) holds true.

Problem 2.7.2. Consider the hard sphere potential. Show that the scatter-
ing length is in this case equal to the radius of the hard sphere.

Problem 2.7.3. Let f be the solution of the scattering equation for a posi-
tive interaction potential. Show that 0 < f < 1. Deduce that

<dw
- 87

Having defined the scattering length, let us come back to the mean-
field model. Assuming the trapping potential restricts the particles to a
volume of order O(1), we see that the density is of order N and the average
distance between the particles is N~/3. Thus it is much smaller that the
effective range of the interaction. In other words, each particle feels and
interacts with many other particles, but the strength of interactions is weak
(of order O(1)). This situation corresponds to a high density regime where
the particles meet very often but interact only a little bit each time.

To model a different situation, which will call the dilute regime (a typical
situation in experiments with ultracold gases), we can scale the interaction
and make it N dependent. Assume wy(z) = N2w(Nzx). By rescaling x =

NZ we see from (2.11)) that

(—]\;Ag; + ;w(N:%)> F(NE) = 0

ao

Thus f(N-) solves the scattering equation
1
<—A + 2N2w(N-)) f(N-)=0.

13



It follows that as |x| — oo we have

agp 1 ap/N

NS =1 N =1 T

and thus a = ag/N is the scattering length of the rescaled potential wy (z) =
N2w(Nz). This scaling corresponds to the dilute limit because the effective
range of the interaction is O(N~!) <« N~/3 is much smaller than the av-
erage inter-particle distance. Thus, this scaling models a very short range
interaction that is very strong. Indeed, for a nice function w, the scaled wy
converges in a vague sense to a Dirac delta. Each particle encounters rare
but strong collisions. This scaling is called the Gross—Pitaevskii limit.

Finally, one can interpolate between these two extreme cases. This is
done by introducing 8 € [0, 1] (do not confuse with inverse temperature).
For a general § we define

wy(x) = N3Bw(NP).

Now, heuristically, the effective range of the interaction is of order N %
(heuristically, because the scattering length does not scale nicely for inter-
mediate §’s). A special case corresponds to = 1/3 (or, more generally
B =1/d in d dimensions) because for 8 < 1/3 the average distance between
the particles is much bigger than the effective range of interaction (mean-
field limit), while for 5 > 1/3 the average distance between the particles
is much smaller than the effective range of interaction (GP/dilute limit).
These two regimes are very different but they lead to somewhat similar ef-
fects. This similarity is both very useful and confusing. Generally speaking,
the larger ( is, the more difficult the problem is.

Finally, let us mention a slightly different scaling. While the setup de-
scribed above fits well when one wants to describe a trapped gas o bosons, a
different approach is usually considered when one wants to describe the ther-
modynamic in its classical formulation, that is when the system is restricted
to a box of length L and in the end one that the limit N — oo, L — oo with
fixed p = N/L3. In this case, the dilute limit is characterized by the relation

ap'/? < 1, (2.14)

which means that the effective range of the interaction a is much smaller
than the average distance between the particles p~1/3.

14



Chapter 3

Ground state properties

We shall now discuss the properties of the ground state energy (i.e. T' = 0)
of a system of interacting bosons, i.e.

Eo(N) = weLgynl(]il%ggL"w”:l(qﬁ,HN?JJ)
where
N 1
HN - Z (—Ax] + V($J)) +m Z wN(ﬁj — J}k)
j=1 1<j<k<N

with wy(z) = N3w(Nx).

3.1 Mean-field scaling

3.1.1 Ground state energy

Let us first consider the mean-field scaling, i.e. when § = 0. The mean-field
Hamiltonian is of the form

N
Hy =3 (“Ay, + Vi) + ﬁ S wle; — ). (3.1)

j=1 1<j<k<N

Recall, that the mean-field scaling correspond to a situation when the in-
teraction between the particles is frequent, but weak. We know that the
ground state of a non-interacting system (i.e. when w = 0) is given by a
product state a®V(x1,...,zy) = @(x1) - @(ry) where @ is the (normal-
ized) ground state of the one-body operator. In the mean-field scaling the
interactions are supposed to be weak, so a simple minded argument suggests
that maybe the ground-state will not be changed dramatically and will be
close, in some sense, also to a product state.
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Let us make this ansatz, i.e. ¥(z1,...,2x5) = u®V(21,...,zy) for some
normalized function u € L?(R3). Computing the energy leads to the follow-
ing formula

(W, Hyu®N) = NE(u)

where

g =h)+3 [ wl—ne)uw)lad. (32

The functional (3.2)) is called the Hartree functional.
Problem 3.1.1. Derive the Hartree functional.

Thus we obtain the following upper bound on the ground-state energy

Ey(N) = inf ,H <N inf E(u). 3.3
o) wGLSym(RSN),Ill/JII:lw NY) < u€L2(R3),||lul|=1 (w) (3.3)
Problem 3.1.2. Let us assume that the Hartree functional has a minimizer
and let us denote it by ug. It satisfies the so-called Hartree equation

hug + (\u()]? * w) Uy = E0UQ (3.4)

where (f * g)(x) = [ps f(x —y)g(y)dy denotes the convolution and eq is a
Lagrange multiplier due to the normalization constraint.

Note that in general there is no reason to expect that minimizers will be
unique. Uniqueness can be broken because of the one-body Hamiltonian h
or due to the interaction if it has an attractive part.

Let us denote by ep the infimum of the Hartree functional, i.e.

erg := E(up).

From (3.3)) we obtain
EO(N) <enu
N Sen

A natural question whether a matching lower bound holds. This is indeed
true.

Theorem 3.1.3 (Convergence of ground-state energy). Under appropriate
assumptions on h and w one has

. Ep(N)
|
Ngnoo N

= ey.

We will not state the most general assumptions on h and w that were
used to prove the most general version of Theorem given by Lewin—
Nam—Serfaty—Solovej in 2014. Let us just mention that the one-body oper-
ator h can be much more general than in .

We will give a proof in a simpler case. We follow the proof of Lewin
(2015). Let us start with the simplest case when the following two conditions
are satisfied:
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e h is symmetric and positive preserving: (u, hu) > (|u|, hlul);
e w is positive-definite, i.e. w > 0 and w > 0.
These two properties can be used through the following two lemmas.

Lemma 3.1.4 (Hoffmann-Ostenhof inequality). Let h be symmetric and
positive preserving. Then, for any bosonic N-body wave-function ¥y we
have

N
(¢N7 Z h:csz) > N(\/ PN h\/ pTZJN)
=1

where py, 1s the one-body density defined by

Py (T /WN T, To,...,xN)|?dzy ... dry.

Proof. We know from the definition of the reduced one-body matrix that

N
(N, Y haton) = h’wa an g, hug) > an |, hlukl)

i=1

(1)

where we used the decomposition v, & = > ng|uk)(uk| and the assumption
on h. For real functions uy,us we have

(u1, huy) + (ug, hug) = (ug + iug, h(uy + fug)) > (\/u% + u%, h u% + u%) )

Using this inductively we obtain

w,zh ) 2 S e ) > \/Znuuu? h\/znmuz

Using the fact that >, nglug|® = *yfﬁ )( x) = Npy, (z) we get the desired
result. O

Lemma 3.1.5 (Estimating the two-body interaction by a one-body term).
If 0 < € LY(R3), the for all n € L*(R3) we have

N
> wleima) 2 Ywewled =5 [f | wle = ymlamisdy - Fu)

1<i<j<N

Proof. We use

[ wle—ns@ ety = @02 [ ) im0
R3xR3

RS

with f = Zf\il 0z, —n and expanding all terms. O
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We are ready to give the proof of Theorem [3.1.3

Proof. Take n = Npy, . Then the two lemmas above imply

Nw(0) Nw(0)

(v, HNn) 2 NE(/pyy) — AN—1) > Nen — AN 1)

Minimizing over ¥5 and recalling the upper bound gives the theorem. [

3.1.2 Ground state

Let us now give a sketch of the proof that the ground state in the mean-field
scaling exhibits Bose—Einstein Condensation. In fact, the proof below will
also give the statement about the ground state-energy as a by-product.

Before we start let us introduce a rescaled definition of the reduced
density matrices. Let us assume for the rest of this subsection that the
reduced density matrices are normalized differently than in , ie. we
shall assume for now that

k
7;13(5017--‘,3%;91,---,?;@ =

/dl‘k+1 . 'd$N¢N($17 oy Ly Thot1 - - .,I‘N)wN(yl, ooy Yy 41y - - - ,$N).

The normalization is then such that Trfygj\)j =1

Theorem 3.1.6 (Convergence of ground states). Assume that h and w
satisfy the inequality

—Cl(Tl + Tg) —-C< w(xl — Ig) < CQ(Tl + TQ) +C

for some constants 0 < C1,Cy < 1. Assume V(z) — oo as |z| — oo and
that w is symmetric and smooth enough. Let 1y be the ground state for H
and 71(/2 1ts n-th reduced density matriz with the normalization that

Then there exists a subsequence and a probability measure y on the set

of minimizers of the Hartree functional M such that

= [ () (35)

strongly in the trace-class as Nj — oo, for all k > 1.

The probability measure u describes the fragmented Bose—Einstein con-
densation. For instance, if there are only two Hartree minimizers, then p
will give their relative occupations. The simplest case is when M = {ug},
where there will always be complete Bose—Einstein condensation on wy.

The main tool for proving the theorems is the quantum de Finetti theo-
rem. The latter is an abstract result which says that, at the level of reduced
density matrices, only product states remain in the limit N — oo, for any
sequence of bosonic states.
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Theorem 3.1.7 (quantum de Finetti). Let H be a separable Hilbert space
and let T be a sequence of positive, trace-class operators satisfying

PO =1, Trgy [[0] =1, T, [TV = T

where Tr,y1 is the partial trace with respect to the last variable in $H"T'.
Then there exists a unique Borel probability measure p on the sphere S$ =
{ue$H:|ul| =1} of 9, invariant with respect to multiplication by a phase,
such that

DO = [ ) )
59
We will not give a proof of this statement now.

Proof of Theorem[3.1.6]. We start by writing

Eo(N)
N

1
2

(2) ]

1 1
= NW’N; Hyyn)gy,, = Trg [T’yfmg] + 5 Trge, [wy,y

1 2
= 5 Trﬁgym [(Tl + 15 + w)’yé}]\)]]

Notice that after this rewriting the the N-dependence now appears only in
7z(p21\); To describe the limit of this object we will use the quantum de Finetti
theorem.

To this end notice that, by definition, the sequences 71(;2 are bounded
uniformly (by 1) in trace class. This allows us to use the Banach—Alaoglu
theorem, to find a converging subsequence. Indeed, the Banach—Alaoglu
theorem states that, if X is a separable Banach space, then to any sequence
() in X* (the dual of X) which is bounded, i.e. ||z} | < M, there exists a
weak-* convergent subsequence (z;, ). Weak-* convergent means that there
exists a * € X* such that z;, (z) — 2*(v) as k — oo for all z € X.
Moreover, ||z*|| < M.

In our case X™* is the space of trace class operators. X is then the space
of compact operators. Thus for any compact operator K, on £ we have

Trgn[y)") K] = Trsgn [y K,

along a subsequence. We will show that this convergence is actually strong.
To this end it is enough (this is easy to prove in Hilbert space setting, for
trace class it is not so obvious, but still true) to show that Tr[y(™] =1, i.e.
no mass is lost in the limit.

Using the assumptions of the theorem, we compute

1
en > 5 Trez (T + T2+ w)'yffli]
1 2 2
> (1= Ch)g Trsg, [(Th + )] = C ey, ]
= (1-Cy) Tig[TH)] - .
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It follows that Trg [T'yl(blj\)f] is uniformly bounded and thus so is Trg[(T +

Co)%(;;] which by the cyclicity if the trace yields (possibly, up to a further
subsequence) that

(T + Co) /2 (T + Co) V% —* (T + Co) /2y (T + Co) /2
for some Cy. Consequently,
1 — 1
1= Trg[y)] = Trs[(T + Co)™H(T + Co) />4 (T + Co) 2]
— Trg[(T + Co) ™ (T + Co)" 24T + Co)'/?] = Trg[y V)]

since (T + Cp)~! is by the assumptions on V(z) a compact operator. The
fact that Trens[y(™] = 1 follows from a similar argument using the fact that

e [T)] = = Tl"ﬁ" Z Ty

is also uniformly bounded in N and that Z;L:1 T} also has compact resolvent
which allows for similar argument.
Thus we have proven for any n € N that

)+

strongly in trace class. Testing this convergence against a bounded operator
Bpt+1 = B, ® 1 we obtain

Trgni [y (B @ 1)) = Trguin [y (B, @ 1)] = Trge [(Try1 7" Y) By

but also
n+1 n+1 n n
Trgni [y (Ba@1)] = Trgn [(Trat1 70 ) Bal = Trgn 1) Bu] — Trga [y B,].
This implies
Trpyq 7™t =40

and thus we can use Theorem Before that, using the fact that (by
assumptions) T + T + w is bounded below by, say, Cr, we write

1 1
liminf J Trge (71 + T2+ w)yg] = 5 Trg (T3 + T + w = 207)75) ] + Cr
1
> 5 Tl”ﬁz [(Tl +T5+w— 2CT) (2)} +Cr
1
= 5 Tre2 (Ty + T + ’w)’}/(Z)]
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where we used Fatou’s lemma, for positive operators. Using the quantum de
Finetti theorem we obtain

Eo(N 1
ey > liminf OZ(V) > / = Trﬁgym[(Tl + Ty 4 w)[u®?) (u®?||dp(u)
u€ESH )

N—o0
> [ eutwdu(w) = en
ueSH

The second part of the theorem follows from the fact that all inequalities
become equalities. O

Thus we have the following Corollary:

Corollary 3.1.8 (Bose—Einstein condensation in the mean-field limit). As-
sume there exists a unique minimizer ug for the Hartree functional. Then

for a sequence of Y of (3.1) satisfying
(YN, HnYn) = New + o(N)

we have

*yé)lj\)r — |up) (up|-

Thus the ground state exhibits Bose—FEinstein condensation.

Proof. Tt follows from taking the partial trace in (3.5]). O

3.2 Gross—Pitaevskii scaling

One would like to know, whether statements similar to Theorems and
[3:1.6 hold true also in the case when the interaction becomes short range,
i.e. when

N
Z A, V() + Nl S ww(m—a). (36)

T Ij<k<N

with wy(z) = N3w(Nzx) and 8 € (0, 1]. For strictly positive 3, the function
wy provides an approximation to the identity (up to normalization), i.e.

wy(x) = N3Bw(Nz) =N ( / w) 8o

ol < wn(a) > ( [ 0) o)

in the sense that
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Consequently, in the scaling regime when 8 > 0 the Hartree equation (3.4))
has to be modified and the new effective equation reads

hug + (/ w) |u0|2u0 = EqUyQ- (37)

This equation is sometimes called the nonlinear Schrédinger (NLS) equation.
It turns out that the NLS equation provides a good effective description only
when 8 < 1. When 8 = 1, then a subtle phenomenon takes place which
results in the appearance of the scattering length in the effective equation,
the so-called Gross—Pitaevskii equation

hug + 8mao|uo|*ug = gouo.

The corresponding functional is the Gross—Pitaevski functional
ECP (u) = (u, hu) + 47Ta0/ u(z) | dx. (3.8)
R3

If one assumes the two-body interaction is positive, then Lieb and Seiringer
proved that statements analogous to Theorems [3.1.3] and [3.1.6] hold true
when 8 = 1 with the effective theory now being given by the Gross—
Pitaevskii functional. The presence of the scattering length is, from a physics
perspective, crucial as it is a parameter which experimentalists can manip-
ulate.

One can interpret these results as a universality result. The effective
theory does not depend on the details of the underlying microscopic system,
but rather on an quasi-macroscopic quantity that is accessible in the lab.

Finally, let us mention that the Gross—Pitaevski functional cannot be
derived using a product wave-function as an ansatz. This would to the NLS
functional. It follows that the trial wave-function must include correlations
between the particles. Those correlations appear on very short length scales
and are therefore difficult to capture. We will not discuss the related details
in this course and refer to the original papers.
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Chapter 4

Bogoliubov theory

4.1 Landau criterion for superfluidity

It is observed experimentally that a moving superfluid doesn’t dissipate
its kinetic energy. Landaus theory of superfluids is based on the Galilean
transformation of energy and momentum.

Let E and P be the energy and momentum of the fluid in a reference
frame K. If we try to express the energy and momentum of the same fluid
but in a moving frame K’, which has a relative velocity V with respect to a
reference frame K, we have the following relations:

P'=pP—MV,
1 1 4.1
E' =P?/(2M) = W\P—MV]Q:E—PVJriMVz *1)

where M is the total mass of the fluid.

We first consider a fluid at zero temperature, in which all particles are in
the ground state and flowing along a capillary at constant velocity v. If the
fluid is viscous, the motion will produce dissipation of energy via friction
with the capillary wall and decrease of the kinetic energy. We assume that
such dissipative processes take place through the creation of elementary
excitation. Let us first describe this process in the reference frame K which,
rather confusingly, moves with the same velocity v of the fluid. In this
reference frame, the fluid is at rest and its energy is the ground state energy
that we denote by Fy . If a single elementary excitation with a momentum
p appears in the fluid, the total energy of the fluid in the reference frame
K is Ey + €(p), where €(p) is the energy of the excitation with momentum
p. Let us move to the moving frame K’ in which the fluid moves with a
velocity v but the capillary is at rest. In this moving frame K’ which moves
with the velocity v with respect to the fluid, the energy and momentum of
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the fluid are given by setting V' = —v in (4.1)). We obtain
P =p+ Mo,
1
E' = Ey+¢e(p) +pv+ iM’UQ.

The above results indicate that the changes in energy and momentum caused
by the appearance of one elementary excitation are €(p) 4+ pv and p, respec-
tively.

Spontaneous creation of elementary excitations, i.e. energy dissipation,
can occur if and only if such a process is energetically favorable. This re-
quires

e(p) + pv < 0.
This is satisfied when |v| > % and pv < 0, i.e. when the elementary
excitation has the momentum p opposite to the fluid velocity v and the fluid
velocity |v| exceeds the critical value

Ver = Mmin @ (4.2)
P

Thus, superfluidity will occur only if the critical velocity is strictly positive.
In particular, the ideal Bose gas has ¢(p) = p? and thus v, = 0 so it is
not superfluid. In particular, the particle-particle interaction is a crucial
requirement for the appearance of superfluidity in a bosonic system.

4.2 Bogoliubov approximation

Our starting point is the Bose gas enclosed in a cubic box of length L with
periodic boundary conditions. The second quantized Hamiltonian is given
by (we do not introduce any scaling of the interaction at this point)

1
2 % -, ES
H = E Prayap + 5g E W(k)ay, @y _1apaq-
P p:k,q

We are interested in the excitation spectrum of the system, that is the
structure of the energies above the ground state energy.

If there were no interaction then we know that the ground state would
be given by all particles in the zero momentum mode. The interaction w has
the property that it converts a pair of particles with momenta p and ¢ into
a pair with momenta p + k and ¢ — k. Starting with all N particles having
momentum zero, we would first get (N — 2) with momentum zero, together
with one pair having momenta k£ and k. When the potential is applied again
we could get two possibilities: one would be two pairs k,k and ¢, q; the
other would be a genuine triplet k,q,r, such that £k + ¢+ r = 0. But the
probability of the former relative to the latter would be (N — 2)(N — 3)/4
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because there are (N — 1) particles with zero momentum and only 2 with
nonzero momentum. Applying w over and over again we will ultimately get
a finite fraction of triplets, quartets, etc. as well as pairs, but hopefully if
the interaction is weak enough we need consider explicitly only pairs in the
ground state wave function. This suggests that only terms with pairs should
be relevant in the ”effective” Hamiltonian.

These were the arguments that led N. N. Bogoliubov to drop all terms
in the Hamiltonian involving more than two creation/annihilation operators
of a non-zero mode. Doing this we obtain

w(0) , . agao , . . N
H~ 2(Lg)a0a0a0a0 +) (kz? + 230 (w(k) + w(0)> arak
k0

w(k
+ Z ( )(aaa(’gaka_k + apa’ Lapao)

2L3
k40
p(0
= w(2)p(N_1)+HBog+R
where
p=N/L%
N * 1 A * %
Hpog 1= Z(k2 + pw(k))apar + 3 Z pw(k)(apa™, + aga_);
k#£0 k+#0
—(0) Wk) (ow s .
R:= 513 (N —No)(N —Nog—1)+ kzﬂ) 573 ((aoao — N)aga_g) + apa” . (apao — N)) .
We used

aéaéaoag = Ng(N() — 1) = N(N - 1) - 2N0(N—N0) — (N — N())(N—NO — 1)
We argue that R is small, because
apay =~ apag ~ No =~ N.

The last step is called the c-number substitution. Thus the effective Hamil-
tonian is given by a quadratic operator (quadratic in creation and annihi-
lation operators) that does not conserve the number of particles. It can
however be diagonalized. To this end we use a Bogoliubov transformation
By introducing

_ * * *
bp = cpay + spa’,, b, = cpa, + spa—p

with appropriate ¢, s, (see exercises) such that 0120 — 3}2, = 1. Then

Hpog = Epog + Y _ €(p)biby (4.3)
p#0

e(p) = [plV/p? + 2pw(p).
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Problem 4.2.1. Derive (4.3

Note that it follows that

€(p) -
——= = \/p? + 2p0(p)

Pl

and thus the critical velocity ve, > 0. Thus Bogoliubov’s computations
shows that the interacting Bose gas satisfies Landau’s criterion for superflu-

idity.

4.3 Validity of the Bogoliubov approximation

4.3.1 Exciting the Hartree state

We have shown already, that a mean-field Bose gas exhibits Bose—Einstein
condensation at zero temperature with the condensate wave-function given
by the minimizer of the Hartree functional. Thus the Hartree state plays the
role of the macroscopically occupied state that in Bogoliubov’s computation
was represented by the zero momentum mode. The excited states should
therefore correspond to the situation when a particle is outside the Hartree
state. To implement this idea rigorously, we will introduce the so-called
excited Fock space.

Consider now any (real-valued) orthonormal basis wug,u1, ... of L*(Q)
containing the Hartree minimizer ug. Then, it is known that {u;, ®s u;, ®s
... Uy } is an orthogonal basis of the symmetric space $HN, where

1
Uy Qs g ... Qg Uy = I D oy (@1) Uy (N).

T oeSN

Let us define
9 := Span(up @ ... X ug)
—_——

N times

and for £ >0

k
HY = Span(up ® ... X ug) ®s ®.6+ = u?(ka) ®s ﬁﬁ_
—_———
N—Fk times sym

where 9, = {uo}* = Span{uy,uz,...} € L3(Q). It follows that the many-
body Hilbert space HN can be written as a direct sum of the form

SN =pon) o - oY

Thus, any N-body wave function ¥ € $” can be written as

(N

U = pou + 0¥V @ hy + ud VTV @y + -+
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with ¢y € YJ’L It is easy to check that

R L N R

from which it follows that
N
1912 = ol + S gl
k=1
Therefore we see that the linear map
Un: 9N — FeN = @m

given by
Un(¥) =1%o @1 @2 ® ... B YN

is a unitary operator from $% onto the truncated, excited Fock space f_fN
The latter can always be seen as being embedded in the the full excited Fock

space given by
o
]:Jr = @f)i
n=0

The full Fock space of excited particles appears as the limit of the truncated
excited Fock space when N — oo.

The operator Uy has some important properties. In particular we have
that Uy can be written as

T ®j aév ’
_ j
Un(¥) —]GBOQ ( (N—j)!‘lj)

for all U € HV. Here Q = 1 — |ug)(up| is the projection onto the excited
space. Similarly
N J

N
N (af
Un je:%%‘ Z \/(Ni
for all ¢; € ﬁi_. These operators satisfy the following indentities on ]-"EN
UnajaoUy = N — N4,
Una*(faoUx = a*(f)v/N = Ny,
Unaga(f)Ux = /N — Nia(f),
Una*(f)a(g)Ux = a”(f)a(g)-

Here Ny = 37 - ay,am is the operator counting the number of excited
particles.

(4.4)
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4.3.2 The Bogoliubov Hamiltonian

We define the Bogoliubov Hamiltonian in the following way:

1 1
H = Z (U, (h+ K1)up)ay,andrdy + i(um ® Uy, Ko)ar ay + 5([(2, U, @ Up ) A Gy,
m,n>1

(4.5)
where Ky : Hy — Hy and Ky : Hy — Hy are operators defined by

(u, Kyo) = / /Q HE ) () — y)dzdy, »
(u, Ky) = / /Q o (a)uo () — p)dedy

for all u,v € H4. Finally, h is the one-body operator given by
h=-A4+V 2 4w — eq — 2 2w(x —
= A+ Vful xw—en—5 [ [ |uo(@)] uo(y)["w(z —y)

which comes from the Hartree equation.

While we shall treat K7 as a one-body operator, we should really think
of Ky as its integral kernel Ks(z,y) = (Q ® Q)(uo ® uow(. —.))(z,y) which
is the two-body function obtained by projecting the symmetric function
uo(z)uo(y)w(z — y) onto H72.

4.3.3 Rigorous statement about the Bogoliubov approxima-
tion

We shall now make several assumptions that will be used to prove the validity
of the Bogoliubov approximation.

A1l - interaction. Assumptions on the interaction potential are the same
as in Theorem [3.1.6l

A2 - Hartree theory. We assume that the Hartree minimizer is unique
and nondegenerate.

A3 - Bose—Einstein Condensation. We assume that there is BEC on ug
in the sense that for any constant R > 0, there exists a function eg : N —
[0,00) with limy_y00 €g = O such that, for any wave function Uy € H
satisfying (¥ n, HyUy) < E(N) + R we have

<U0, ’Y\(I}]?]uo>

N Zl—GR.

Note that during the course we have already showed that these assumptions
are satisfied in many situations.
Using assumptions (A1) and (A2) one can prove that

cdl(h+1)—C <H<dAT(h+C) +C (4.7)
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for some constants ¢,C' > 0. We will now state the main result about
Bogoliubov approximation, which heuristically can be written as

UN(HN — NeH)U;f — HL.
Here it is.

Theorem 4.3.1 (Validity of Bogoliubov approximation). Under the as-
sumptions (A1)-(A3) the following holds true:

1 - weak convergence to H. For any ® and ®' in the (quadratic form)
domain of H we have

lim <‘I’l, UN(HN - N€H>U]ﬂ<]q)> = <(I)/,H<I)>]:+.
N—o00

2 - convergence of eigenvalues. Let \j(A) denote the i-th eigenvalue of
the operator A. Then

z\}iinoo()\L(HN) — NeH) = )\L(H)

3 - convergence of eigenvectors. Let \II% and ® denote the eigenvectors
corresponding to the L-th eigenvalue of Hy and H respectively. Then

lim Uyv% = ok
N—o00
and the convergence is strong in Fi.

Let us now sketch the main ideas behind the proof of this theorem.
Roughly, it contains two main steps. First, one has to compute Uy (Hy —
Nen)Ujy and rewrite it as

UN<HN—N€H)UX7 =H+ R (4.8)

where R will be treated as a rest term.

In the second step one has to show that the rest term is in some sense
small. This will then lead to the desired conclusion by the min-max principle,
which roughly states states that if self-adjoint operators A and B satisfy
A < B, then the n-th eigenvalue of A is smaller than the n-th eigenvalue of
B.

Let us now discuss how to get . First we write

* 1 * *
Hy = Z Tonay,an + m Z Winnpq Qo Gn Gplqg
m,n>0 m,n,p,q>0
where Tryp = (Um, (—A + V)uy) and Winpg = (Um & up, w(z — y)up @ ug).
A tedious but straightforward computation using the relations (|4.4])
shows that

4
Un(Hy — Nem)Ux = > _ A;
=0
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1 Ni(N4 +1)

Ap = = Wogoo N+ T 1)

0=5Woooo———7
N-N; -1

A= Z <T0m + WooomN_Jr1> VN = Niay, +he,
m2>1

Ay =" Tonnaian — (Too + Woooo )N
m,n>1

., N-N
+ Z (Um, (|U0|2 * W+ Kl)un>amanN7_1+
m,n>1

VIN NN =Ny - 1)

1 .
+ 5 Z (U, @ U, Ko)ayar, N1 + he. |,
m,n>1
1

A3 = > Wimpoaiahapy/N = Ni + hee.,

m,n,p>1
Ay = Z Wonmnpq Qo G GpQig.

m,n,p,q>1

Now we have to identify the Bogoiubov Hamiltonian. This we do by
looking at As. We see that

A2_H:dF(Q(’u0|2*w)Q+K1)1N_iV’;r+
RS G K ( . :%<\/(N_N}_\;(ivl_N+_1) _1>>>.
m,n>1

We will show that when evaluated on a state ® € F_EM, then A; —H can be
made small. To this end we will use to following lemma whose proof follows
basically from (4.7)).

Lemma 4.3.2. Under the assumptions on the interaction we have the fol-
lowing estimates

dr(QTQ) < L w4 CN; +C,
— o (4.9)

d0(Q(|uof * w)Q < T=—H + ON +C
- a1

where 1 > a1 > 0 and oy > 0.
Let ® ¢ ffM. Then

(A2)e — (H)o = _<dF(Q(\U0’2 *w)Q + Kl)/\]@—_11>

R (um @ un, o) {ahah, X)o

m,n>1

(4.10)
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where X = V- N}(A{ —Ne 1) —1.

Let us rewrite w = wy — w— where wy > 0. By linearity, using the
triangle inequality, we have

| (ar@uol? )@ =LY | < [(ar@uol? = w@ =LY |
+|(ar@Quo s w )@ 3 |

Since the convolution of two non-negative functions is a non-negative func-
tion and as the multiplication operator by a non-negative function is non-
negative operator, we have that

AT (Q(uo* * wi)Q) == Ay >0

is a positive operator that commutes with AVy. Tt follows that AL =
(A% AL)'? and we can write

Ny—1 SN -1
Ax—— =\ AL VA

Using the fact that A4 (and therefore /A1) does not change the number
of particles of a given state we have

< Az<f+ ‘/E>q> = NA{ pAsie

for ® € ]-'_EM. Thus

| (ar@Quo « w@ =) [ < Mol (ar@Quol « (wy + v Q)|
_NA{1<1_Q1H+CN++C>

where in the last step we used (4.9)).
Furthermore, since for any v with |[¢)| = 1 we have by the Cauchy-
Schwarz inequality

[(, 2K )| < [[Kagp|| < [| K|

it follows that
KL+ K > 0.

Thus, similarly as above we get

(e =) = (ar@qEn g s ine L |
>0
< M {ar@uisin + K0@), |+ L (ar@ign), |
L AN
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It follows that for the first term on the RHS of (4.3.3)) we get the bound

J\f+—1> ‘S CM
—1/9 N

N —{H+ N Do

| = (ar(@Q(uo? x w)Q + K1)

where the constant C' > 0 is independent of N.

It remains to look at the second term in (4.3.3]). Recall X = VIN-NOW-N4—1)

N—1
1. By the Cauchy-Schwarz inequality we have

| (@, Kol X)o| < (2 [fum @ wn, K2))2CY [agas, X))/

m,n>1 m,n>1 m,n>1

< ([ st Paady) (Y (@hasuamane) 2060 %

m,n>1

Here we used that K is a Hilbert-Schmidt operator. Now, one can check
that N )
1
X2 < C&_
= =y
Furthermore, since a)ay,ama, = a)anay, am — Onmar Gm, We get

> anahaman)e < (N7)e.

m,n>1

Altogether this gives

N, + 1)2>1/2 CM

‘ > <um®un,K2><a;a;X>¢] < C|[Kall2(N?)? <(N_1)2

m,n>1

Thus we see that

M (H+MNi1o

[{A2)e — (H)o| <<

and thus is relatively small as compared with H if M < N. Similar estimates
can be obtained for other terms that are left from Un(Hy — Nen)Uy =
Z?:o Aj after removing As. Then one can indeed show that the contribu-
tions coming from sectors of the Fock space with large particle numbers are
indeed small. The details require some more subtle arguments and can be
found in the 2015 CPAM paper of Lewin, Nam, Serfaty and Solovej (see also
the paper of Grech and Seiringer CMP 2013).
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Appendix A

Hilbert spaces and operators

A.1 Operators

Recall that a Hilbert space H is a vector space endowed with a sesquilinear
map (-,-) : H x H — C (i.e., a map which is conjugate linear in the first
variable and linear in the second) such that ||¢|| = 1/ (¢, ¢) defines a norm
on ‘H which makes H into a complete metric space.

One basic property of Hilbert spaces that we will use is the fact that for
any closed subspace V C H there corresponds the orthogonal complement
VL such that Ve V4L =4A.

Another one goes under the name of the Riesz representation theorem:
to any continuous linear functional f : H — C there is a unique ) € H such
that f(¢) = (¢, ¢) for all ¢ € H.

We shall always assume that our Hilbert spaces are separable and there-
fore that they have countable orthonormal bases.

Definition A.1.1. By an operator (or more precisely densely defined oper-
ator) A on a Hilbert space H we mean a linear map A : D(A) — H defined
on a dense subspace D(A) C H. Dense refers to the fact that the norm
closure D(A) = H.

Definition A.1.2. If A and B are two operators such that D(A) C D(B)
and A = B for all p € D(A) then we write A C B and say that B is an
extension of A.

Note that the domain is part of the definition of the operator. In defining
operators one often starts with a domain which turns out to be too small
and which one then later extends.

Definition A.1.3. We say that A is a symmetric operator if
(¢, AY) = (A9, ¥) (A.1)
for all ¢, ¢ € D(A).
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It is a fact that (A.1)) holds if and only if (¢, Ay) € R for all » € D(A).
This property is of great importance in quantum mechanics as expectations
values of observables need to be real.

Definition A.1.4. An operator A is said to be bounded on the Hilbert space
H if D(A) =H and A is continuous, which by linearity is equivalent to

|Al = sup [[Ag]| < oc.
b.llpll=1

The number || Al is called the norm of the operator A. An operator is said
to be unbounded if it is not bounded.

Definition A.1.5. If A is an operator we define the adjoint A* of A to be
the linear map A* : D(A*) — H defined on the space

D(A") ={peH| sup  [(¢, AP)| < oo}
veD(A),lvl|=1

and with A*¢ defined such that

(A%, 9) = (¢, AY)

for all ¢ € D(A). The existence of A*¢ for ¢ € D(A*) is ensured by the
Riesz representation theorem. If D(A*) is dense in H then A* is an operator
on H.

Definition A.1.6. A bounded operator K : H — H is called compact if
and only if for every bounded sequence {¢,} C H, {K¢n} has a subsequence
convergent in H.

An equivalent definition says, that compact operators are the closure of
the set of finite rank operators.

Theorem A.1.1. Let K be a compact operator on H. Then there exist
orthonormal bases {un} and {v,} of H and a sequence of real numbers {\,}
with Ay, —n—oco 0 such that

K¢ = A(un, ¢)vn

for all ¢ € H.

Definition A.1.7. An operator A defined on a subspace D(A) of H is said
to be positive (or positive definite) if (1, Ap) > 0 for all non-zero ¢ € D(A).
It is said to be positive semi-definite if (¢, Ap) > 0 for all v € D(A). In
particular, such operators are symmetric.

Definition A.1.8. If A and B are two operators with D(A) = D(B) then
we say that A is (strictly) less than B and write A < B if the operator
B — A (which is defined on D(B — A) = D(A) = D(B) is a positive definite
operator. We write A < B if B — A is positive semi-definite.
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We conclude that if K is a positive, compact operator then
K= Xilug) {(ui] (A.2)
i

where now \;’s can be chosen positive.
Among compact operators two special classes are of particular impor-
tance: trace class operators and Hilbert-Schmidt operators.

Definition A.1.9. Let H be a separable Hilbert space and {¢,} its orthonor-
mal basis. Then for any positive operator A we define its trace to be

Tr A=) (¢n, Adp).

It is easy to see that if 0 < A < B then Tr A < Tr B. Also, Te(UAU ) =
Tr A for any unitary operator U. Finally, if A is trace class and B is bounded,
then Tr(AB) = Tr(BA).
Definition A.1.10. Any (bounded) operator A on H is called trace class if
and only if Tr|A| < co. Here |A| = VA*A.

A trace class operator is compact. It follows from the representation in
Theorem that a compact operator is trace class if and only if ), |\ <
oo. In particular, a positive, trace class operator has a representation of the

form (A.2).

Theorem A.1.2. Let || - ||1 be defined for trace class operators by ||Al1 =
Tr|A|. Then the space of trace class operators equipped with the norm || - |1
is a Banach space. Furthermore ||A| < || A]1.

Let us now mention the other important class of compact operators.

Definition A.1.11. An operator A on H is called Hilbert—Schmidt if and
only if Tr A*A < oo.

As in the case of trace class operators, a Hilbert—Schmidt operator is
compact. As before this leads the condition that a compact operator is
Hilbert—Schmidt if and only if Y, A7 < occ.

Among Hilbert—-Schmidt operators one can introduce the norm ||A|2 =

VTr(A*A) = /(A, A)a. With this scalar product the space of Hilbert—
Schmidt becomes a Hilbert space. We also have ||A] < [|A2 < ||A]:-

Another important fact is the following

Theorem A.1.3. Let (M, ) be a measure space and H = L*(M,dp). Then
A is Hilbert-Schmidt if and only if there is a function K € L*>(M x M,dp®
du) with

(Af)(z) = / K(2,9)f ()dp(y).

Moreover,
418 = [ 1) (et
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A.2 Tensor product of Hilbert spaces

Let H and K be two Hilbert spaces. Consider Z = H x K. We form a vector
space which has Z as a basis. To this end we consider the vector space
of functions from Z — C and identify (v,w) with the function that takes
the value 1 on (v,w) and 0 otherwise. Let Zj be the subspace spanned by
elements of the form

(u,v1 + v2) — (u,v1) — (u,ve),
(ug + ug,v) — (ug,v) — (u2,v)
(Au,v) — Au,v),
(u, Av) — Au,v)

where A € C.
Definition A.2.1. The algebraic tensor product is defined by
HRUK =2/2,
and the image of (v,w) in this quotient is denoted v @ w and is called the
tensor multiplication.

We introduce the inner product that satisfies

(u1 R V1, U & UQ)H®a1]C = (ul, 'U/Q)’H(Ul, UQ)]C.
We set
H@K = (1o K)P.

Thus, Span{u ® vlu € H,v € K} is dense in H ® K. We call the vectors of
the form v ® v pure tensor products.

If we have an operator A on the Hilbert space H and an operator B on
the Hilbert space K, then we may form the tensor product operator A ® B
on ‘H ® K with domain

D(A® B) = Span{¢ ® ¢|¢ € D(A),s» € D(B)}
and acting on pure tensor products as
A® B(¢@y) = (A9) @ (BY).

The tensor product may in a natural way be extended to more than two
Hilbert spaces. In particular, we may for N = 1,2, ... consider the N-fold
tensor product ®NH of a Hilbert space H with itself. On this space we
have a natural action of the symmetric group Sy. lLe., if ¢ € Sy, then we
have a unitary map U, : @~ % — ®" H defined uniquely by the following
action on the pure tensor products

Usu1 @ ... uny = Ug—1(1) R...xQ Ug—1(N)-
We shall denote by Ex : ®N H — ®N7-[ the unitary corresponding to a

simple interchange of the two tensor factors.
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Definition A.2.2. Let P, be the orthogonal projection given by
Py=(N)T DY U
geSN

We define the symmetric tensor of Hilbert spaces as

QRH =P (RH).

sym

Recall that in (2.1)) we defined the Hamiltonian that in a more general
notation can be written as

N
Hy = Z hj + Z Wik-
=1 1<j<k<N

The one-body operators h; should be identified with

hi=1®..91® h @l®..eL
~~~
jth slot

The operator .
HN" =hi+...+hy

may then be defined on the domain
D(H3™) = Span{¢1 @ ... @ ¢n|¢1 € D(h1),...,én € D(hn)}

which is dense in @™ # if D(h;) is dense in # for each i.

Similarly, the two-body operator wy; is acting on the Hilbert space
Hj ® Hy and in the context of the many-body Hamiltonian w;; has to
be understood as being tensored with identities on the remaining variables.
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Appendix B

Fock spaces and second
quantization

B.1 Fock space

Recall that we introduced the Fock space

oo
Do
N=0
For ¥, ® € F we define the inner product to be
(T, @) =Y (™, )5,
n>0
For ¥ € F we denote by ||¥|| the corresponding norm given by
(1% = ™3
n>0

The Fock space allows to describe states of the system where the number
of particles is not fixed. A normalized vector ¥ = {1)(™},5¢ € F describes
a state that with probability ||:)(™)||3 has n particles. In particular, states
with exactly N particles are embedded in the Fock space; they are described
by vectors of the form {0,...,0,%x,0,...} € F having only one non-zero
component. These vectors are eigenvectors of the particles number operator
N defined by
(NT)™) = pep™

for any W = {4(™},5¢ such that
Y P [pE < oc.
n>0

The vacuum vector 2 = {1,0,0,...} plays a special role; it is an eigenvector
of N with eigenvalue zero and describes a state with no particles.
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B.2 Creation and annihilation operators

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

(a*(H)O) ™ (zy,... an) = \}ﬁ S F@)" D @, i g, ),
j=1

(a(f)\ll)(n) (1"17 s 7xn) = \/77, + 1/f(xn+1)¢(n+1) (:Ul) -y Tn, xn-i—l)dxn-i-l

In the case of the creation operator we have to assume n > 1. To get
a physically consistent interpretation, in the definition we need to assume
that the vacuum (n = 0) component of the Fock space vector is zero after
the action of the creation operator. Also,

a(f)Q=0.

Creation and annihilation operators satisfy canonical commutation relations

(CCR)

[a(f),a(g)) = [a*(f),a*(9)) =0, [a(f),a*(9)] = (f,9), Vf.g€ L*R).
(B.1)

Problem B.2.1. Check (B.1).

It is also convenient to introduce operator-valued distributions a}, and
az so that

a*(f) = f(z)ardz, a(f) —/ f(@)agzdz, Yfe L*(R3). (B.2)
R3 R3

Expressed through these operator-valued distributions, the CCR, take the
form

lay, ay] = [az,ay] =0, [az,ay] =6(z —y), Va,y¢€ R3.
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 densily defined operators on F; moreover, a*(f) is the
formal adjoint of a(f) (as the notation suggests). Notice also that a*(f) is

linear while a(f) is antilinear.

Problem B.2.2. Check that a*(f) and a(f) are formal adjoints, i.e.
(\Ija a*(f)q))]: = (a(f)\I/, (1)).7:

for ®, W € F and f € L*(R3).
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Despite the bosonic creation and annihilation operators being unbounded,
usually domain questions are unproblematic since one can take the domain
of a sufficiently large power of the number operator to easily make sense
of most expressions - see . One has to be more careful in this respect
when working with the operator-valued distributions as formally a, is ob-
tained form a(f) by taking f to be the Dirac d-function which is not an
element of the one-body Hilbert space.

Notice that if & = {1)(™},,50, then

(a0 (x1, .. 2n) = Vo + 1M D (2 2y, 2. (B.3)

Hence

(U,N®) = Zn/d:rl...dxnw(n)(xl,...,xn)¢(")(x1,...,:rn)

n>0

= Z / dzxdzy . .. dxn_l(ax\lf)(n_l)(:cl, 1) (ag®) Y (2,

n>1
= /d:ﬂ(aw\ll, a; D).

It follows that as a quadratic form we can write
N = /dwa;ax. (B.4)

This expression for N 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.

Indeed, in norm we have the bounds

la() ¥z < 1IN0 7,

B.5
la*(£)¥llr < IFIIN + 1)z (B-5)

for any f € L%*(R3). To prove the first bound, we observe that by the
Cauchy—Schwarz inequality

1/2
o)l < [ dols@llactllz < 171 ( [ asllonwl3) " = 171N

The second estimate follows from the first one and the canonical commuta-
tion relations.

B.3 Second quntization of operators

Similarly to the expression (B.4)), we can express the second quantization
of any one-particle operator in terms of the operator-valued distributions
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a’ and a,. Let J( be an operator on the one-particle space L?*(R?). The
second quantization of JW) is the operator dr(J (1)) on F defined by the
requirement that

(ar(J Z Ty

where Ji(l) denotes the operator acting on L?(R3") as J() on the i-th particle

and as the identity on the other (n—1) particles. If the one-particle operator
JM has the integral kernel JM) (z;y), we can write

(@,d0(J M w ZZ (o™, TV )

n>1j=1
= Z /dmdydxg dwn¢ (x Zo,...,T )J(l) ($7 Z/)w(n) (ya Zg, ... 7x7’b)
n>1
- Z/dwdyde dan( )([L‘ y)(ax )(n 1)($2) "axn)(aylll)(n_l)(x%
n>1

—/dxdyJ(l)(x;y)(ach),ay\Il).

Thus, as a quadratic form, we have
ar(JWy = /da:dyJ(l)(a:;y)a;ay.

Problem B.3.1. Let J?) be an operator on the two particle Hilbert space
L2 (RY). We define the second quantization dT'(J®)) of JC

sym
(@O = 37 Iy
{102}
where the sum runs over all sets {i1,i2} of two different indices in {1,...,n}
and where Jél)z } denotes the operator on L2, (R3") acting as J? on the
variables 11,12 and as identity on the other (n — 2) variables. Show that if

J@) has the integral kernel J@ (z1, x2;11,y2) then

sym(

dF(J(Q)) = /dwldazgdyldng( )($1,1‘2,y1,y2)ax1 Ay Qygy Gy -

Problem B.3.2. Consider the Hamiltonian

HN_Z A+ w(a

1<j

Show that its second quantization equals

1
H = /dw VaeaiVzay + 2/11}(30 — y)aza,aza, drdy.
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Problem B.3.3. Consider the many-body Hamiltonian of the form
N
Hy =Y "Ti+) Wy
i=1 i<j

Let {u,} be an orthonormal basis of the one-body Hilbert space. Show that
the second quantization of Hy equals

* 1 * ok
H = Z(Um’ Tuy)a;,an + 5 Z (ug @ up, Wity ® Up,)aga; aman,

m,n k,l,m,mn
* *
where af, = a*(up,).

Problem B.3.4. Consider the operator on the Fock space of the form
A= Z €ia; a;.
i
Show that the spectrum of A is of the form

Zemi, n; € {0,1,2,...}.

1
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