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Abstract: We investigate the low-energy excitation spectrum of a Bose gas confined in
a trap, with weak long-range repulsive interactions. In particular, we prove that the spec-
trum can be described in terms of the eigenvalues of an effective one-particle operator,
as predicted by the Bogoliubov approximation.

1. Introduction and Main Results

1.1. Introduction. Bose-Einstein condensates of dilute atomic gases have been studied
extensively in recent years, both from an experimental and a theoretical perspective [1,2].
Many fundamental aspects of quantum mechanics were investigated with the aid of these
systems. One of the manifestations of their quantum behavior is superfluidity, leading to
the appearance of quantized vortices in rotating systems [3,4]. This property is related
to the structure of the low-energy excitation spectrum, via the Landau criterion [5].
Excitation spectra of atomic Bose-Einstein condensates have actually been measured
[6], and agreement was found with theoretical predictions based on the Bogoliubov
approximation [7].

From the point of view of mathematical physics, starting with the basic underlying
many-body Schrodinger equation, it remains a big challenge to understand many fea-
tures of cold quantum gases [8,9]. While the validity of the Bogoliubov approximation
for evaluating the ground state energy has been studied in several cases [10-15], no
rigorous results on the excitation spectrum of many-body systems with genuine inter-
actions among the particles are available, with the exception of certain exactly solvable
models in one dimension [16-22]. In particular, it remains an open problem to verify
Landau’s criterion for superfluidity in interacting gases.

In this paper, we shall prove the accuracy of the Bogoliubov approximation for the
excitation spectrum of a trapped Bose gas, in the mean-field or Hartree limit [23,24],
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where the interaction is weak and long-range. While the interactions among atoms in
the experiments on cold gases are more accurately modeled as strong and short-range,
effective long-range interactions can be achieved via application of suitable electro-
magnetic fields [25]. Our work generalizes the recent results in [26], where the validity
of Bogoliubov’s approximation was verified for a homogeneous, translation invariant
model of interacting bosons. The inhomogeneity caused by the trap complicates the anal-
ysis and leads to new features, due to the non-commutativity of the various operators
appearing in the effective Bogoliubov Hamiltonian.

1.2. Model and main results. We consider a system of N > 2 bosons in RY, for general
d > 1. The particles are confined by an external potential Ve (x), and interact via a
weak two-body potential, which we write as (N — 1)~ !v(x — y). The Hamiltonian of
the system reads, in suitable units,

N

1
Hy = 3 (=2 + Vet () + - D v(xi = %), ()

i=1 i<j

with A denoting the standard Laplacian on R?. It acts on the Hilbert space of permu-
tation-symmetric square integrable functions on R4V, as appropriate for bosons. We
assume that v is a bounded symmetric function, which is non-negative and of positive
type, i.e., has non-negative Fourier transform. The external potential Vex; is assumed to
be locally bounded and to satisfy Vexi(x) — 00 as |x| — oo.

Under these assumptions on Ve and v, the non-linear Hartree equation

(—A + Vexgo + (v % |90l = 00 2)

admits a unique strictly positive solution ¢, normalized as | (p% = 1, which is equal to
the ground state of the corresponding Hartree energy functional. In addition, there is a
complete set of normalized eigenfunctions {¢; };<n for the Hartree operator

HH=—A+Vext+v>x<(p(2). 3)

The corresponding eigenvalues will be denoted by ¢g < €1 < &> .... We note that ¢ is
necessarily the ground state of Hyy, since it is an eigenfunction that is positive. Moreover,
we emphasize that the inequality &1 > gy is strict, since operators of the form (3) have
a unique ground state [27]. This will be essential for our analysis.

Let V denote the operator defined by the integral kernel

V(x,y) =po(x)v(x — y)eo(y) .

As shown below, our assumptions on v imply that this defines a positive trace-class
operator, whose trace is equal to tr V = v(0) = ||v||co. Define also

D= Hy — gy = Z(&' —¢0) |gi) {9l 4)

i=0

and let

E = (D1/2(D + 2V)D1/2)1/2 . (5)
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Since V is positive and bounded, E is well-defined on the domain of D. We note that
both D and E are, by construction, positive operators, with Dgg = E¢o = 0. The
Hartree minimizer ¢y is the only function in their kernel, all other eigenvalues of D and
E are strictly positive.

It turns out that E — D — V is a trace class operator. (We will prove this in Sub-
sect. 5.2 below.) Let 0 = ep < €1 < e < ... denote the eigenvalues of E. Our main
result concerns the spectrum of the Hamiltonian Hy, and reads as follows:

Theorem 1. The ground state energy Eo(N) = inf spec Hy equals

5 2 N+1
EO(N):N/Rd (IVo (xX) "+ Vext ()90 (x)7) dox + 5

/Rw P0(x)*v(x —y)go(y)*dx dy

—%tr(D+V—E)+O(N_1/2). (6)

Moreover, the spectrum of Hy — Eo(N) below an energy & is equal to all finite sums of
the form

D eini+ OEPNT), (7)

i>1
where nj € Nwith >, n; < N.

The error term O(N~1/2) in (6) stands for an expression which is bounded by a
constant times N ~!/2 for large N, where the constant only depends on the interaction
potential v and the gap ¢; — &g in the spectrum of Hy; likewise for the error term
O (&3/2N~1/2) in (7). The dependence on v is relatively complicated but could in prin-
ciple be computed explicitly by following our proof; all our bounds are quantitative.

Our result is a manifestation of the fact that the Bogoliubov approximation becomes
exact in the Hartree limit N — oo. In particular, as long as & <« N, each individual
excitation energy & is of the form > ., e;n;(1 + o(1)). This result is expected to be
optimal in the following sense: if & < N fails to hold then there is a non-negligible
number of particles outside the condensate, violating a key assumption of Bogoliubov’s
approximation [7,8,26]. Hence there is no reason why the Bogoliubov approximation
should predict the correct spectrum for excitation energies of order N or larger.

Remark 1. The emergence of the effective operator E in (5) can also be understood as fol-
lows. One considers the time-dependent Hartree equation id;p = (—A+ Vexi + ¢ |2 * V)@
and looks for solutions of the form ¢ = e 710’ (g + u e 7" + 7 ¢1®") for some w > 0.
Expanding to first order in # and y leads to the Bogoliubov-de-Gennes equations (see,
e.g., [28], Eq. (5.68))

D+V \% u u
3 d)()()

The positive values which can be assumed by w are then interpreted as excitation ener-
gies. This is in agreement with our result: We will see below that the values for w obtained
this way are precisely the eigenvalues of E. (Compare with Remark 4 in Sect. 4.)

Theorem 1 states that the low-energy spectrum of Hy — E¢(N) is, up to small errors,
equal to the one of the effective operator

N
DEi E=2 ejlope;l, ©)
i=1 j

Jj=1
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where the subscripti in E; stands for the action of the operator E on the i variable. Note
that E is unitarily equivalent to the operator E defined in (5). The proof of Theorem 1
actually consists of constructing an explicit unitary operator that relates Hy — Eo(N)
and (9). In other words, we shall bound Hy — Eo(N) from above and below by a suit-
able unitary transform (cf. Eq. (31) below) of (9), with error terms that are small in the
subspace of low energy. As a byproduct of the proof we obtain the following corollary.

Corollary 1. Let PIQ be the projection onto the subspace spanned by the eigenfunctions
corresponding to the j lowest eigenvalues of Hy (counted with multiplicity). Similarly,

let PIJ( = Z}i:l [Yk) (k| be the projection onto the subspace spanned by the eigen-
functions corresponding to the j lowest eigenvalues of

N 00
K:=u' (Z Ei)zu 1= Zki [} (Wi

i=1 i=1

(k1 < ko < ...), wherelU is the unitary operator defined in (31). Then there is a constant
C, depending only on v and &1 — &o, such that ifkj.1 > k; then

1/2 21]:1 ki

1P} — PLI3 < Ck;/N) ,
kj+1 —kj

with || - |2 denoting the Hilbert-Schmidt norm.

The corollary implies, in particular, that the ground state wave function Wy of Hy
satisfies

2
H Wy — U @Y, 9o H <CcNI2 (10)

(for a suitable choice of the phase factor). The presence of the unitary operator ¢/ in (10)
is important; we do not expect that W is close to ®lN: 10 in an L?-sense for large N.
(Compare with Remark 6 in Sect. 7.)

In addition, the corollary states that the eigenfunctions of Hy near the bottom of
the spectrum are approximately given by " applied to the eigenfunctions of (9), which
are symmetrized products of the eigenfunctions ¢; of Hy in (3). These functions can
be obtained by applying a number, 1, of raising operators a ' (¢;) to the N — n particle
ground state, which is simply the product HfV: " @o(x;). (Here we use the convenient
Fock space notation of creation operators, which will be recalled in the next section.)
In Subsect. 5.1, we shall also calculate U/ a’ (¢i)U (up to small error terms), and hence
arrive at a convenient alternative characterization of the excited eigenstates of Hy . (See
Remark 5 in Sect. 7.)

1.3. The translation-invariant case. It is instructive to compare Theorem 1 with the
translation invariant case studied in [26], where the Bose gas is confined to the flat
unit torus T¢. Up to an additive constant, the Hartree operator equals the Laplacian in
this case, whose eigenfunctions are conveniently labeled by the quantized momentum
p € (2nZ)?, and are given explicitly by the plane waves ¢ p(x) = €' In this basis,
the operators D and V can be written as

D= > p’ley) (el

penZ)yd
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V=D p)lep) (el
penZ)yd

with (p) = de v(x)e iP*dx = §(—p). Since D and V commute in this case, we
further have

E= > \/p*+2p*0(p)lg,) (ppl.

penZyd
Hence
w(D+V-E)= > (p2 +0(p) =/ p*+ 2p26(p)) :
penZ)d

and the eigenvalues of E are given by

ep =4/ p*+2p*0(p).

yielding the well-known Bogoliubov spectrum of elementary excitations, which is linear
in | p| for small momentum.

1.4. Short-range interactions. In Theorem 1, we assumed that v(x) is a bounded func-
tion. If we replace v(x) by gé(x), then D + V — E will, in general, fail to be trace class
(in fact, it is not for the above model of bosons on T¢ for d > 2). However, Formula (7)
for the excitation spectrum still makes sense. Since all our bounds are quantitative, our
proof thus shows that if v is allowed to depend on N in such a way that it converges to a
8-function, and v(0) increases with N slow enough, then the excitation spectrum is still
of the form ), e;n;, where ¢; are the non-zero eigenvalues of E in (5), and V is now
the multiplication operator g¢g (x)2. If v(0) increases too fast with N, though, our error
bounds cease to be good enough to allow this conclusion.

Consider now the case d = 3. If we write the interaction potential as (N —
1)’1A§VUO(ANX) for some fixed, N-independent vy, with Ay — 0o as N — 0o, we
expect that the Bogoliubov approximation yields the correct excitation spectrum as long
as Ay increases slower than N, i.e., Ay < N.If Ay ~ N, the scattering length of
the interaction potential is of the same order as the range of the interactions. This corre-
sponds to the Gross-Pitaevskii scaling [8] of a dilute gas. In this latter case, the scattering
length becomes the physically relevant parameter quantifying the interacting strength,
instead of ng v(x)dx. Hence we expect the following to be true.

Conjecture 1. Consider the Hamiltonian

N
HY® = D7 (= A+ Ve (00)) + N7 D (N (xi = x)).

i=1 i<j

on LZ(IR3 )®SN , with v non-negative, bounded and integrable at infinity, and denote its
ground state energy by Eo(N). The spectrum of HSP — Eo(N) below an energy é K N
is equal to finite sums of the form

> eini (1+o(1))

i>1
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for large N. Here, ¢; is defined as in the Hartree case with the replacements
Hy ~» Hgp := —A + Vexi + 87‘[610(03,
V o~ Snaowg,

where @ is now the minimizer of the Gross-Pitaevskii energy functional, and ay is the
zero energy scattering length of the interaction potential v(x).

We expect the proof of Conjecture 1 to be more complicated than that of Theorem 1.
In particular, the Bogoliubov approximation would have to be modified in such a way to
account for the detailed structure of the wave function when particles are close, which
gives rise to the scattering length a (instead of merely its first-order Born approximation

8m) 7! [z v(x)dx).

1.5. Outline. The remainder of the paper is organized as follows. In Sect. 2 we establish
bounds on the number of particles outside the condensate, the N-body Hartree operator
Z;N: 1 Di, and their product for a low-energy state. Section 3 shows how Hy can be
bounded from above and below by what we call the Bogoliubov Hamiltonian, which is
formally close to Bogoliubov’s approximate quadratic Hamiltonian on Fock space, yet
is particle number conserving. The diagonalization of the quadratic Hamiltonian can be
achieved by a Bogoliubov transformation, which is carried out in Sect. 4. To diagonal-
ize the actual Bogoliubov Hamiltonian we use a modification thereof, which involves
the estimation of various error terms (Sect. 5). Finally, we shall complete the proof of
Theorem 1 (Sect. 6) and Corollary 1 (Sect. 7).

Throughout this work a multiplicative constant C in an estimate is understood to
be generic: it can have different values on each appearance. By || - || we denote the
operator or vector norm, depending on context; || - ||; and || - ||> denote the trace class
and Hilbert-Schmidt norms of operators, respectively.

2. Bounds on the Condensate Depletion

It is convenient to regard the N-particle Hilbert space ) := L2(R?)®V the sym-
metric tensor product of N one-particle Hilbert spaces L>(R?), as a subspace of the
bosonic Fock space F = ©F_,F (M) The Hamiltonian Hy can then be written in
second quantized form as

! T
Hy =Zhija;aj+m z vijklaja;akalv (11)
ij i,j.kl

where

hij == (@il — A+ Vexlpj) and vjju = (@i, ¢jlviek, ¢1) -

Recall that the set {¢; };en denotes the orthonormal basis of eigenfunctions of Hyy in (3),
which we can all assume to be chosen real without loss of generality. The operators alT
and @; in (11) are the usual creation and annihilation operators corresponding to these
functions, i.e., a; := a(g;).

To be precise, Hy in (1) agrees with the right side of (11) on the subspace FV). We
shall always work on this subspace, and use Fock space notation only for convenience.
In particular, unless stated otherwise, all subsequent identities and inequalities involving
operators on Fock space are understood as holding on F®) only.
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We introduce the rank-one projection P = |¢q) (¢o| and the complementary projec-
tion Q = 1 — P. The operator that counts the number of particles outside the Hartree
ground state is the second quantization dI"(Q) of Q and will be denoted by N7, i.e.

N
=3 0= da
i=1 i

Here and in the following, Z/ denotes a sum over all nonzero indices. Another important
quantity is the following N-body Hartree operator,

N

Ty = Z (—Ai + Vext () + (v 05) (x;) — 80) =dr (D), (12)
i=1

with D defined in (4).
The following lemma gives simple bounds on the ground state energy of Hy, as well
as on the expectation values of N~ and Ty in low-energy states.

Lemma 1. The ground state energy Eo(N) of Hy satisfies the bounds

0> Eo(N) — Nh N > 1 N )
— - —v —v — ———v(0).
—Z £ 00 B 0000 = ) 0000 2(N — 1)

Moreover, for any N-particle state V with (V| Hy |V) < Nhoo + %Uoooo + i, we have

2(0) — L0000

(1 —0) (WI N [¥) < (I Ty |9) < p+ 55— 2

(13)
Recall that ¢g and ¢; denote the lowest two eigenvalues of the Hartree operator Hy
in (3). We emphasize that 1 — gy > 0.

Proof. For the upper bound we use the trial function [N, O, . ..) denoting a state where
all particles occupy the ground state of the Hartree operator Hy. This yields

Ep(N) < Zhij (N,O,...|ala;|N,0,...)
)
1 o
P
+m Z vijkt (N, 0, ...la;a;ara [N, 0, ...)

i,j.k.l

N
= Nhop + ~ Y0000-

For the lower bound we exploit the positive definiteness of the interaction potential v in
the following way. With ¢ (x) = go(%(x) — ﬁ ZZN:I 8(x — x;), we have

0< / Y — )Y ()dxdy
R2

2 O 1
= o000 — ﬁ;‘,(vwé)(xmm;v(xi —xp). (14
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Put differently, this inequality reads

N
—l - N
N1 2 v(xi—xj)>— voooo+Z(v * gog)(xi)—mv(o). (15)
l<J l:l
Since gy = hoo + voooo, we hence have
N Z < i ext\Af () i ) 0000 Z(N— 1)

e v —_— —v .
H 00 ) 0000 2(N 1

The asserted bounds now follow, since Ty > (1 —eo)N~ > 0. 0O

Remark 2. The proof actually shows the operator inequality

Ti < Hy — Nhoop — 1 N 0
_ _ N
H = Hy 00 5 Vo0t ST

from which (13) readily follows.

In our analysis we shall also need bounds on the expectation value of the product
N~ Ty for a low-energy state. Such a bound is the content of Lemma 2.

Lemma 2. Let ¥ be an N-particle wave function in the spectral subspace of Hy cor-
responding to an energy E < Eo(N) + . Then

N
(e1 —€0) (V| N™ Ty |W) < (1t — voo0o + 3v(0)) (u + Y] 1)U(O) - vo;oo)

1 2
+Z(2v(0) +0)°.
Remark 3. A slight modification of the proof yields the operator inequality

(e1 — £0)N” Ty < (3v(0) — voo00) Tt + 2v(0)* + 2(Hy — Eo(N))?.

Proof. We write

(W N> Ty | W) = (U| N™S |W) +<xp ‘N> (HN — Ey(N) — %)‘ \11>,
where S = ZlN:l(v * (pg)(xi) — Neo— ﬁ Doicj VX —xj) + 5+ Eo(N). The second
term can be bounded by Schwarz’s inequality as

<K

<3 (W] (N7 w2,

(3| (11w = 2o = 5)| 9
For the first we use the permutation symmetry of W and get

(WINZS|W) =N (V[ 01S|¥) .
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We split S into two parts, S = S, + Sp, where

N
1
Sei= D 0 rgdn) = Neo— —— D vl —x))+ 5+ EoV),

i=2 2<i<j
1 N
Spi= ) () = Z;. v — x;).
1=

Using positive definiteness of v as in (14), this time for i (x) = <p§ (x)—ﬁzl{\]= 28 (x—x;),
we obtain
1 (N —1)

— v(x; —xj) = —

v(0)
N—1 '

2

N
2

V0000 + Z(v * ) (xi) —

2<i<j i=2

In combination with the upper bound on Ep(N) in Lemma 1 this implies that
S0 = 5 (0(0) — voonn + )
In particular, since S, commutes with O, we have
N (V| Q15 |V¥) = % (v(0) — voooo + w) (V[ N~ [W).
To bound the contribution of S, we compute
(W1 015 1) = (W] 01 [(w @) ) — v —x2) | W)
= (10102 [ ) x) = vix1 = x2) ] 1)
+ (W Q1P [ @) ) — v(xi = x2) | P2 1W)
+ (W Q1P [0 gD (x) = vt —x2) | 02 19).

The second term on the right side of the last equation vanishes. For the first and the third,
we use Schwarz’s inequality and |(v * gog (x1) — v(x1 — x2)| < v(0) to conclude

(W] Q1S W) | < v(0) (W] Q102 1¥) /2 +v(0) (W] Q) |W).
Since
N2 (W| 010, |¥) < (W] (N7)? W)

we have thus shown that
1
(WIN" Ty |V) < 3 (1 — voooo + 3v(0)) (W[ N~ |W)
1
+5 QuO) + ) (W (V) (@) 2,

Using Tg > (g1 — &9) N~ this implies

L L@ +w?

(W[N” Ty |W) < (i — voooo +3v(0)) (W[ N~ |W) 1
g1 — &9

The result then follows from Lemma 1. O
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3. The Bogoliubov Hamiltonian

The well-known Bogoliubov approximation [7] consists of replacing the operators ag
and ag in (11) by +/N, and dropping all terms higher than quadratic in the a; and aiT
fori > 1. The resulting Bogoliubov Hamiltonian does not preserve particle number and
is thus not suitable as an approximation to the full Hamiltonian Hy, as far as operator
inequalities are concerned. To circumvent this problem, we work with the following
modification of the Bogoliubov Hamiltonian. For i > 1, we introduce the operators

§
by %
N —1
and we define the Bogoliubov Hamiltonian as
’ 1 !
Hyog == (i — £0) blbi + 5 > Vi (2b]b; +bib; +b]b]). (16)
]

ij
where V;; = vooij = (¢i|V]g;). Note that this operator preserves the number of parti-

cles, hence we can study its restriction to 7, the sector of N particles. The price to

pay, as compared with the usual Bogoliubov Hamiltonian, is that the b;, bl.T do not satisfy
canonical commutation relations, making it harder to determine the spectrum of Hpgog.

In the following, we shall investigate the relation between Hy and Hgg. In particu-
lar, we shall derive upper and lower bounds on Hy in terms of Hp,g, which are stated
in Egs. (19) and (21), respectively. The error terms in (20) and (22) are small in the
low-energy sector.

3.1. Lower bound. Using the positivity of the interaction potential v, a Schwarz inequal-
ity on F® yields
(PRO+0QPIWORO+0QQUPRQC+0O®P)
> —e(PRQO+0@PW(PR®QO+0®P)—e'0® 010 ® 0.

Consequently,

V>PQRQPvPQP+PQRPvORQO+0Q® QuP QP
+(1-e)(PR®O+Q0®PW(PRQ+0®P)+(1-eHO®0v0®Q
+PQPIPRXQO+PRIPVORP+PRQOQUVPRIP+QR® PVPR P (17)

for any ¢ > 0. The last term in the second line can be bounded from below by (1 —
a_l)v(O)Q ® Q as long as ¢ < 1 which we shall assume henceforth. We remark that
in the case of translation invariance the terms in the last line vanish due to momentum
conservation, but this is not the case here.

In second quantized language, the bound (17) implies that Hy is bounded from below
by the operator

> hijalaj + VN =1 'hig (b,T +bl-) +hoo(N — N7)
i,j i

(N=N)N-N"-1) 1 / ot
+v0000 SN 1) +EIZJ: Vij (bibj+bjbi)
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-6 .
N _51 D (voio; + Vij) af aga;jao
y

+

N> (N> — 1)v(0)

+(1—e SV =T)

Z 0000 (b (N = N”)+ (N — N>)b] )
(18)
restricted to the N-particle sector. We note that
/ / N—-—N"+1
i I
Z (/’l,‘j — Soaij)bibj = Z (h,'j — 8()3,']')64’- ajv
ij ij

= z/(/’l,‘j — 805,‘]')61;0]‘ +

i,]

¥
ij — 805,’j)ai aj.

Since D — v(0) < —A + Vext — &9 < D, we can bound the last term as

2—-N~

1 (N>)2
;
Z (hij — e0dip)aj aj < ~— T+ v(0)——.

This bound can be easily verified by investigating separately the sectors of different
values of N~. (In particular, note that 7y = 0 on the subspace where N~ = 0, for
instance.)

We also have

(P— .
N _81 > (voioj + Vij) afagajay
y

1+ N —-—N~ ’ +
- %Z (voioj + Vij) @ a;

= (voioj +Vij) bjb; —
- -

, N> +eN>(N — N>)
i
= 2 (voioj +Vij) bjbj = 20(0) T :

where we have used that V as well as multiplication with v (p(z) are bounded operators
with norm bounded by v(0). Using &9 = hoo + voooo one verifies that

N—N>)N—-N> —1 NZ (N~ = Dv(0

80N>+h00(N—N>)+v0000( 2()1(\, - )+(1_8_1) (2(N—1))U( :
— Nioo+ 2 1—& Hu( M D
= oo+?voooo+(( — & )v(0) + voooo) N1

The Hartree equation (2) implies %;0 + viooo = O for i # 0, hence we have
/ i Vi 000 > >
«/N—lz hio (b} +bi) + Z ’ (b,-(N—N )+ (N = N)b])

—Z 1000 (bi(l—N>)+(1—N>)bj).
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This last expression can be bounded by Schwarz’s inequality: for any ¢ > 0 one has

1—-N>)? NN~ Y
e O =T ﬁ (1= N+ 1 =370
(1 —N>)2 2 NN~

Here we made use of

Z vioool* = (g0l v * 9o Qu * @ lpo) < v(0)*.

What these computations show is that

Hy > Hpog + Nhop + gvoooo —Eg, (19)
where
B . N>(N> —1) 1 (N >)2
Ee = = ((1 = e7")v(0) + voom) TR A Oy
JA=Ny2 >)2 2ys N 1+eN oo
<cC ((a—lN— + g—lN—l/z) (N" + (T + 1) + (N—1 + e+ N7V (Ty + 1)) .
(20)

3.2. Upper bound. The upper bound on Hy follows essentially the same lines as the
lower bound in the previous subsection. By Schwarz’s inequality,

(PRIO+0Q@PIWORO+0Q0vPRQO+0Q®P)
<e(PRO+Q0®PW(PRQ+0®P)+e '0® Qu0® 0,

and hence

V< PQPVPRIP+PRQPVORO+0QQuvP QP
+1+e)(PR®O+0QPWPR0+0QP)+(1+e H0)0® 0
+PQPIPRQ+PRXPVQRP+PRQUVPRP+QQPvPQP

for any ¢ > 0. This means that Hy is bounded from above by the expression (18) with
& exchanged for —e. Using

, : s N7 -2
> (hij —0d) afa; = Z (hij = £08i;) bbj + ——= > (hij — £083;) a]a;
i i

>

N> Ty N
<Z — £08i;) bibj + v +v(O)N_1,
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we obtain
N
Hy =< HB0g+Nh00+?UOOOO+F8» (21)
where
N~ Ty 3+2eN _ N= (N~ —=1)
F, = +v(0 N” +((1+& H ) + -
e N v(0) N1 ((1 + &7 )v(0) + voooo) SN =D
4 - Ny +Cv(0)2N~
— v —_—
/N =1 (N —1)3/2
< C( (N’l LTI +8’1N’1) (N” + 1)(Ty +1)

+(e+gN—1/2+N—1) (N* +1)1/2(TH+1)1/2). (22)

Here we have again used that N~ can be bounded by 7§, and similarly for their square
roots. To proceed with the analysis in Sect. 6.2, it is convenient to work with the bound
(22) on Fg, involving only the operator (N~ + 1)(Ty + 1) and its square root.

4. Symplectic Diagonalization

In order to investigate the spectrum of the Bogoliubov Hamiltonian Hgo, in (16), it is
useful to consider first the usual Bogoliubov Hamiltonian, which is the formal quadratic

expression
~ 1 D+V V a
— (a7 g7
) (50 () e

It is convenient to use a matrix notation where

+
ai a
a=|%21], a'= ag ,

and T denotes transposition; e.g., a7 Da' stands for Z;J (@il Dlgj )a,-ajf, (a")TVa stands

for Z: iVi jaj'a - etc. The operator I:IBOg is symmetric since V has real matrix elements
with respect to the basis {¢; };en. Equation (23) is only a formal expression; in particular,
it has an infinite ground state energy. It also does not preserve the particle number and
hence cannot be restricted to the sector of N particles. Nevertheless, it serves as a useful
device to motivate our analysis below leading to an approximate diagonalization of the
actual Bogoliubov Hamiltonian Hgog.

We introduce the Segal field operators ¢ = (¢1, 2, ... )T, 7 = (71,12, ...)T,

which are given by
a 1 (1 i o\ . ¢
)= ﬁ | i =T .

They satisfy the commutation relations

(¢is @] =[mi, w1 =0, [¢i,7;]=1ii.
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These remain invariant under symplectic transformations S, which satisfy

0 1
T — J =
s JS_J_(_1 O).

We can write
liBOg = (;b T M
( ’ ) b ’

where

1 _.(D+V V 1L (D+2V 0
M'—ET( 1% D+V)T—§( 0 D)'

Here and in the following, we shall use * for the adjoint of an operator on the one-particle
space FU or the doubled space FV @ F(I) while we use  for the adjoint of an operator
on Fock space.

In order to diagonalize I:IBOg we thus have to symplectically diagonalize M. To do
so we introduce a real unitary operator Uy such that

E =USEUy

is diagonal with ordered eigenvalues, i.e. E = Z; e |oi) (pil with 0 < e; <ex < ....
On the subspace QLz(Rd ), the operators D, E and E are invertible, and we denote their
inverse by D' E~'and E~! for simplicity, i.e., D! = Q(QD)_l, etc.

With

g_(D'"* 0 U O\(E* 0\ _ (AU, © 24)
o 0 D2 0 U 0 E2 )~ 0 BUy)”

where A := DY/2E~1/2 and B := (A~1)*, we then have ST = $* and

|/ F
S*MS = - E Q .
2\0 E
This corresponds to a Hamiltonian consisting of sums of independent harmonic oscilla-

tors of the form gbiz + inz, and hence yields the desired diagonalization of I:IBOg.

Remark 4. As claimed in Remark 1 in Sect. 1.2, it is not difficult to see that the positive
eigenvalues w in (8) are precisely the eigenvalues of E. With

(=i 0
I'—(o i)’

AUITMT* Y = vy,

Eq. (8) can be written as

where we denote ¥ = (u, y)T for short. If we multiply this from the left with /7 S*J T*,
using T7*I = JT* and $*J = JS~!, we obtain the equation

2ITS*MST* x = wy ,
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with y = TS~!T*y . This latter equation is simply

E 0 e
O —EA X = X

hence w is indeed an eigenvalue of E, as claimed.

The formal considerations above serve as a starting point of our analysis. Using S in
(24), we define particle number preserving operators ¢ = (cy, c2, ...) by

() =25 (5" ) (4 1) ()
N (AU0+BU0 AUo—BUo)(c).

- 25
AUy — BUy AUy+ BUy ) \ ¢! (25)

2

Note that the operators A, B and Uy are all real, hence cJ; is indeed the adjoint of ¢;. By

inverting S one easily obtains the inverse transformation law
( c ) _1 UsA~ +UB™! UgA~ - Ug B! ( b ) 26)
)2\ ugat —ugBt vgat+ugst J\bT)C
We can rewrite the Bogoliubov Hamiltonian
¥ 1 1
Hyog = (b)T(D + V)b + 2bTVb + E(bT)TVbT 27)

as a quadratic operator in these c, c’. Here, (bT)TVb = Z; j Vi jb?b 7, etc. We insert
(25) into (27) and obtain

’ —‘- ! E
Hpog = Z eic;ci — Z (U{)k (Y - 5) Uo)” [Ci,C;]

i ij ij

J—
—3 2.2y (e el + e €]1) =: @+, (28)
ij
where
1
Y = ZEI/ZD”/Z (D+V)D'?E~12 4 he.
and

Z = %U{{ |:(A—B)*(D+V)(A+B)+%(A+B)*V(A+B)+%(A—B)*V(A—B)] Up
= iug‘ [A*(D+2V)A—B*DB—B*(D+V)A + A*(D+V)B]| U

1
= ZU;; [A*(D+V)B — B*(D+V)A] Up .

Note that Z is antisymmetric and hence

/ 1 / 1 / 1 /
z Zijcicj = EZ Zijcicj — EZ Zjicicj = _EZ Zjilci, cjl.
i,j i,j i,j i,j
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To arrive at (28), we have used that

% |:(A +B)*(D+V)(A+B) + %(A —B)*V(A+B)+ %(A +B)*V(A — B)]

[(A+B)*(D+V)(A+B)+A*VA — B*VB]

[A*(D+2V)A+B*DB+B*(D+V)A+A*(D+V)B]

E + i [B*(D+V)A+A*(D+V)B]

el
+
h<

R — N — = ] —

and

% [(A —B)*(D+V)(A—B)+ %(A +B)*V(A— B)+ %(A — B)*V(A+ B)]

1
= Z[(A—B)*(D+V)(A—B)+A*VA—B*VB]
1 * * * *
ZZ[ (D+2V)A+B*DB — B*(D+V)A — A*(D + V)B]
1 1
=5k~ Z[B*(D+V)A+A*(D+V)B]
1
=-E-Y.
2

5. Bounds on the Bogoliubov Hamiltonian

To prove Theorem 1 we derive upper and lower bounds for the various terms (I)—(III) in
(28). This yields a bound on Hpoy in terms of an operator whose spectrum is explicit,
as well as errors which are small for large N in the low-energy sector. More specifically
we shall prove:

Proposition 1. The three terms in (28) have the following properties. There exists a uni-
tary operator U : FN) — FWN) (explicitly given in (31) below) such that the following
bounds hold on FN):

(): For arbitrary A > 0 we have

> eiclei = (1= U’ (Z’e,-aja,-)u —CA+ A HNTUNT + )(Tu+ 1),

1 1

> eicier < L+ U (Z/e,-aja,-)u +CA+A " HONTINT + D(Ty+1).
i i
(D): D+ V — E is a trace class operator, and

—CN YTy + 1)

, E
<2y (Ug (Y - 5) Uo)ij[c,-, = (D +V — E) + voooo
i

<CN N Ty+1).
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(I1D):

~CN Ty = 37 7 (lej e + L] €]1) = CN Ty
i,J
The following three subsections contain the proof of this proposition.

5.1. Proof of Proposition I (I). We first refine the symplectic transformation S. By polar
decomposition there is a unitary Wy such that A = |A*|Wy = Wp|A]|. Since

1B*| = |A7! = 1A%, (29)
also B = |B*|W,. Hence

g — (1A Wolo 0 _.5(W o
- 0 |B*|WoUp | — 0o wj)

where W = WyUy. The transformation

W 0
(v 2)

is implementable on F by a unitary YW = I'(W), as it corresponds to a change of basis
of the one-particle Hilbert space L>(R¢). We define the real, bounded, and positive
operator

a:=log (|A*|_1) .

Note that log | B*| = « due to (29). One can show that for any ¢ € R the symplectic

transformation
—ta
= e 0
St = ( 0 etoz)

is implemented on Fock space F by eXa! where
1 /
X, = > Z a,-j(a;raj. —a;aj).
i,j

However, it is important to note that eX«’ does not preserve the particle number, and
hence we shall instead work with eX?, where

1 ’ +ot
X = EZ Otij(bibj —b;bj).
L]

We will repeatedly need the following facts.

Lemma 3. (i) V is a positive trace class operator.

(i1)) A — 1 and B — 1 are Hilbert-Schmidt operators.
(iil) « is a Hilbert-Schmidt operator.

(v) iX : FN = FWN) s g symmetric bounded operator:.
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The proof of this lemma will be given at the end of this subsection. The lemma implies

that
U:=W'e¥ 31)

(with WV defined just after (30)) is a particle number preserving unitary transformation
on the Fock space F, and hence we can study its restriction to the N-particle sector

2
FN With v := N 1, G = cosh(a)W, and H := sinh(a) W, we define the operators
di : FN — FN=D py

di = a(Gg;) +va' (Hg;). (32)

Note that (26) implies

' (( cosh(a)) ajag + ( smh(a))l] ajao)
J
_ d(G¢i)d0 a(H‘Pl)ao
VN —1 JN -1

from which we derive

.
N apa,
dld; = cle; +a’(Goia(Gey) (1 - _01)

N2 2 T
+a(H¢l-)aT(H¢,-)( @)7ay _ ayao )

(N—-1)2 N-1

=cle +aT(G¢~)a(G¢»)N> -2
i ‘ N1
b ' 5 N”(N—=N?)
(@' (Hpj)a(Hp;) + | He; || )—(N— D (33)

The first step towards the proof of Proposition 1 (I) is the following lemma.

Lemma 4.

> eid di — CNT'TyN” <D eicler < D eid]di + CNTHNT + 1)(T + 1),

i i i

Proof. By (33) we have
!’ ’ —;— N> !/ 3
D eicje = D ed!di — =3 eia’ (Gpia(Ge), (34)
i i i

and similarly

’ , , 2
> aicler = 3 ed{di+ 3 e (Gona(Gen
i i i
NN~
— (d" . . 2
+or (o' Hodatten + 1HI) ). 35)
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Hence the lemma follows from the following three estimates:

> eia (Gyia(Gei) < CTh,

1

> e’ (Hpa(He) < CN7, (36)

i
> eillHoill* < oc.

i

For the proof of the first estimate note that the operator on the left side is the second
quantization of GUj EUpG*, which we can write as

GUyEU)G™ = cosh(a) Wo E W cosh(er)
1

_ 1 (D—1/2E1/2+ D1/2E—1/2) E (EI/ZD—I/Z +E—1/2D1/2)
4

_ lDl/Z (D—1E1/2 +E—1/2) E (E1/2D—1 +E—1/2) Dl
4

Since Ty = dI"(D) it suffices to show boundedness of the operator
D'E’D™'+ D'E+ED7! 41,
which follows from
ID'E*’D7| = 11+2D7'?v D 1?|| < .
The second estimate in (36) follows from the third, for which we note that

> el Hoi|* = r(HUG EUGH™)
i

= ||[E'2W{ sinh() |3

1 _
= JI0—E)D 172)3.

To bound the Hilbert-Schmidt norm of the operator (D — E)D~'/2, we use the integral

representation x !/ = 7 [ ¢1/2 (% — ﬁ) dt, which implies that

I(D—E)D™'?|, = n

o0
/ 1172 ((z+D2)—l —(t+E2)_1) D124y
0

2

=2

o0
/ 2@+ EHT'DV2v+D*H dr
0

2
oo
< 27T||V||2/ 21 @+EHTIDV2 @ +D*)  ldr . (37)
0
Using D < E and the spectral theorem one verifies that ||(r + E2)~!DY2| < ||(r +

EHEV?2| < +13/*)~1 Since also ||(r + D*)~!|| < 1/t, the integrand in the last
line in (37) falls off like ~/# at infinity, making the integral finite. O

Proposition 1 (I) is now a direct consequence of the following lemma.
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Lemma 5. For arbitrary ). > 0 we have the bounds

> ed d; = (1 — U (Z’eiajai)u —CAINTINT + 12,
i

i

> ed d; < (1+ 20U (Z ’eiajai)u +CA+A"HNT WV + 12

i i

Proof. We define K; := U a;U — d; and hence, by Schwarz’s inequality,
(A —nU'alat = 27K K <didi < (1 + U el aitd + 1+ 2HK] K,

for arbitrary A > 0. We have to show that >, '¢; K; K; < CN~Y(N> +1)2. To simplify
notation we define also g; := cosh(at), h; := sinh(at) and the quantity
k() :=e"Xa(f)e'" —a(g f) —va'(h f) for f L go,

which is related to K; by K; = kw, (1). We claim
kr (D iep(1) < CNTHNT + D (Flo?[ ). (38)

Assuming this for the moment, we can use E= U[)" EUpaswellas W6"a2 Wo = (log|A |)2
to conclude that

> ek Ki < CNTHNT + 12D ei(Waile? W)
i i
= CN"'(N” + 1> " (E'(log |AD*E"/*Upgi [Uoe:)
i

= CN~I(N” + D E 2 (log A E'?;.

The claim of the lemma then follows if || El/z(log [AD2EY2|; < o0. To see this observe
that

0<—log|Al < |AI™" —1
<|A2=1=EV?D7EV> 1, (39)
which leads to
IEY2(log A2 EY?|y < |EV2(EV2DTVEY2 — 1)2EV?),
=[(ED™' = 1)E"?|3
=|(E - D)D'E'?|3
< I(E = D)D" D~ V2EV)2.

The claim thus follows from (37) and boundedness of B = D~V/2EV/2,
The proof of (38) is a bit more elaborate. With

[X,a(f)] = —va'(@f)
we easily obtain

K;(t) = quf(t) - ra,(xf(t),
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where
P (1) 1= e'X [(1 — whalae) — X, v]aT(E)] !X

Using k r(0) = K}(O) = 0, a second order Taylor expansion yields

t
kyp(t) = /0 (t—219) (Kazf(s) — ra,f(s)) ds.

For any |) € F) we introduce

ky (1) == sup |lr@) 1) I,

lefll<1

. 1
Fap = Zsup sup |lre, r(s) [¥) .
s<1 Jlafll<1

Note that

sup k2 () 1) | = llell® sup g2 pyye2 () W) | < llel*Ry (1)
lefll<1 laefll<1

which yields

Ry (1) < Py + llee])? /0 'y (5)ds
for r < 1. It follows from Gronwall’s lemma (see, e.g., [29, Thm. III.1.1]) that
Ry (1) < elel’7, (1),
If f € kera then k¢ (¢) = 0. For f ¢ kera,

Il (D) [¥) ||
lleef

from which (38) follows if we can show that

<elel’7, (D),

Fap (1) < CNTV2IN + 1) [9) |- (40)
To see (40) we define g = af and first show that for ||g|| < 1,
a' (@)1 —wha(@g) < CNTHNT +1)° (41)
and
a(@X, v]'[X, vla®(g) < CNTHNT + D)% (42)
The first bound follows directly from

(2N +3)N”> — (N*)2 —5N — 1
(N —1)?

11—l =
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and a’(ag)a(ag) < ||a||>N>. To show (42) we write

(@) a1\ S
a(g)X, V]T[X, V]GT(g) = m a(g) Z o jga,a; a;a; aT(g)
i,j,k,l

20N = N>)+1)\? o .
=< (W) a@lallsN" (N~ — Da'(g)

< CN2|al3lgll®N™(N” — (N~ + 1)
<CNYN” + D%

To conclude the proof of (38) it remains to show that the inequality
7tX(N>+])2 tX <eCt(N>+1)2 (43)
holds for = 1. To that end we compute
[X,N>] = __Z (vielaia;, N71 = vajlaa], N71)

=—Z aij(bibj +b]bh).

Taking the square of this expression yields

X, N"]?<2 <Z/aijbibj> (Z kb bT) +2 (Z al,bTbT> <Z’aklbkb,)
ij k.l

<2vfy Z /a,'jozklaiajakal +2||oc||2vaN>(N>—1)

i,j,k,l
(N=N>)(N=N>-=1) , ,
=2 (N—1)? > “ij“klaja;akatﬂz @%)ijalaj+2)al?
i jik,l i
(N=N>)(N—N~+3)+2
+2/er]13 y NZ(N”—1)
(N—1)
(N=N>)(N=N>—-1)
=2 e (ll3N™ (N = D+4lla >N~ +2]lel3)
N—N7)(N—N~+3)+2
23 VN *2 s (N 1)
(N—1)?
< Cllall3(N”+1)?. 4

By Schwarz’s inequality we obtain

[X,(N"+ 1?1 =N~ +D[X,N7]+[X, N"](N” + 1)
< C(N” +1)?,



Excitation Spectrum for Weakly Interacting Bosons in a Trap 581

and hence it follows that

t
eX(N” + D% X = (N” +1)? +/ XX, (N” + 1)?le X ds
0

t
<(N"+1)*+ c/ SX(N™ +1)2e ¥ ds.
0

Gronwall’s lemma then yields (43). This completes the proof of the lemma. O

We conclude this section with the proof of Lemma 3.
Proof of Lemma 3. (i): The positivity of V follows directly from the assumption that v
is of positive type:

(WYlVIy) = /R L P0g0(v(x — WY )Y (y)dxdy > 0.

In particular, the trace norm of V equals its trace, which is equal to
trv =/ 0o v(0)dy = v(0) < 00.
R4

(ii): With A — 1 = (D'/2 — EV/2)E~1/2 and the integral representation
14 174 RV AR 1
A=V [ A — - — ) ar
0 y+i X+t

we have

oo
[A—1] < ﬁn/ 74 ((z+D2)—1 — +E2)—1) E~V2|dt
0
[o,0]
=23/27r/ Y4+ DHTIDV2V DYt + EDTVETY? | hdt
0

oo
<227Vl / 4@+ DD ID Y2+ EHTIET 1.
0

(45)
Since D < E we can further bound
||D1/2(t+E2)_1E_1/2|| _ ||E_1/2(t + Ez)_lD(t+ Ez)—lE—l/znl/z
2,1 1
< ¢+ E) S;-

Using the spectral theorem we conclude that ||(r + D*)~'D'/?|| < C(1 +3/*)~! and
hence the integrand in (45) falls off like #~3/2 at infinity, making the integral finite. The
estimate for B — 1 = D~Y/2(EV? — D1/2) is obtained along the same lines.

(iii): We apply the integral representation logx = % fooo (L - ) dt and the

x+t x~ Lyt
resolvent identity to obtain

o0
2||a||zs/ IA* [+ 1)~ — (IB*| + 1) |l2dt
0
o 1 1
< |||A*|—|B*|||z/ IAA* |+ D7 IAB* + 0~ dr < oo,
0

since [[|A*| — |B*|ll2 = |A = Bll2 < |[A — 1]l2 + [|B — 1]l2 < 0o by (i).
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(iv): On FN) we have the bound

I a (a )2
Z Olijb Z a;jbibj < (1\? 0 )2 Z a,jaklaTaTakal
iJj

Jik,l
< (N2 2|| BNV -1
N2\ ~
= N—l 2 [l

which shows that X is a bounded operator. Its anti-symmetry follows directly from its
definition. O

This completes the proof of part (I) of Proposition 1.

5.2. Proof of Proposition I (II). We abbreviate the symplectic transformation (26) by

()= D)) w0

A straightforward computation shows that

N—N> s
N —1 ij - Z lelk - ]lMik) (Clza[ +al Clk) .
k,l

[ci, c;] +[cj, C,T] =2
We will show below that Y — E /2 and D — E are trace class, with

tr{Y E —lt D V-F 47
T( —3)_§r( +QV —E). (47)

Given that, we have

2> (v (Y—E) Us), fei- ]l

i,J
>

_ NN tr (D+QV —E)
- N-1

1 4 Ky 7H E *p 7k E T il
- LUy \Y—— \U)L- MUy {Y—— ) UM a,aj+a; ar ) .
N—1 0 2 0 2 KEETE
k.l ki

Since tr QV = tr V — vgoo0, Proposition 1 (II) then follows if we can show that

E E
—CD < L*U} (Y - 5) UoL — M*U} (Y - 3) UM <CD.  (48)
We compute
ALY, (Y — E)UOL — AM*U} (Y — E)UOM
1
- 501/2 (1 +DV2yp12 4 p'E(1 + D-V2V D~V DE!

2D 'E+ h.c.) p'/2
—: DI2RDV/?
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Now R is a bounded operator since DE~! and D~!E are bounded, which follows from

IDE"|> = |[DE*D| <1, (49)
ID'E? = |\ D'E?D7 Y = |1+2D7 2y D7?) < . (50)
This proves (48).

‘We now turn to (47). Note that
2QY —E)=B*(D+V — DV2ED'2) A+ A*(D+V — D"'2ED'/?) B.

We claim that

IDV2(E ~ D)D™'2| < oo, (5
ID'2(E — D)D™'? + h.c.||y < oo, (52)
ID+QV —E|; < oo. (33)

Since by Lemma 3 A — 1, B — 1, are Hilbert-Schmidt and, in addition, V is trace class
by Lemma 3, it follows from (51)—(53) that

B* (D V- D1/2ED_1/2) A+hc.=D+0QV — D'2ED™'2 4 hc. +Rest
with ||Rest||| < oo; hence 2Y — E is trace class. Moreover,

1
Q¥ — E) = Jr (Dl/z(D —E)yD~ ' +h.c.) +tr QV
=twr(D+QV —E),
where the first equality holds by cyclicity of the trace and the second is seen to be true

by computing the trace in the eigenbasis of D.
To show (51)—(53) we compute

[o,0)
DY2(E — D)D_1/2=nD1/2/ Ji ((t+D2)—1 —(t+E2)_') D~ 2a;
0
o0
=27'[/ ViDt+D»)'vDV2t+E*>" ' D7 2as
0
o
=27r/ ViD(+D*) 'V (t+D*) " dr
0

o0
—4n/ ViDt+D)T'vD 2+ EH ' D2y 1+ D*)ar ,
0
(54)

where we applied the resolvent identity twice. The expression on the last line is trace
class. This follows from the bound

HD(t +D)'VD' 2t + EH ' D2V (1 + DY)~ H1

2
= [+ 07" @+ 071,
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where we have used that E2 > D? in the second factor. The latter expression falls off
like =2 for large 7, making the integral finite. For the first term on the right side of (54),
we compute its matrix elements. With D; = ¢; — &g the eigenvalues of D,

<(pi n/oo ViD(t+ DY) 'V + DY) ldr ¢j>
0

© _p 1 D;
=Vijm NG ———dt =V;j——.
Y /o t+D?t+D? Y'D; +D;

In particular, since

the Hilbert-Schmidt property (51) follows. Moreover,

Vz/ﬁ*‘(leﬂ Vijs

which implies (52). To prove (53), one simply computes the trace of the operator in (52)
in the basis of D, which leads to the conclusion that Z; (pi|lE — D|g;) < oo. Since
E — D is a positive operator, this implies that £ — D is trace class. Since also V is trace
class, this proves (53).

5.3. Proof of Proposition 1 (IIl). Recall the notation introduced in (46). A straightfor-
ward computation shows

1 / .
[cj,cil= o1 z (MjkLilazaZ - ijMilakal)
kol

and

> 2y (1ej e+ e e1) = . 12 (L*zM = M*ZL),, (afar +afar) .
k.l

i,J
Hence what we need to show is
—CD < L*ZM —M*ZL <CD.
We observe that
8(L*ZM — M*ZL)
= %(B —A)(B*(D+V)A—A*"(D+V)B)(A*+B*) +hc.
- [D_l/zED_l/z(D +V)D'2E-'pV2 _p V] +he.
= Dl/z([D—lE(l + D2y D1 pE-1 1 - D—1/2VD—1/2] +h.c.)Dl/2.

The operator in square brackets is bounded because of (49) and (50), hence the claim
follows.
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6. Proof of Theorem 1
This section contains the proof of Theorem 1. We split the proof into two parts, corre-

sponding to the lower and upper bounds on the eigenvalues of Hy, respectively.

6.1. Lower bound. By combining the estimate (19) with Proposition 1, we obtain the
inequality

N +1 / 1
Hy > Nhoy + voooo + (1 — )L)Z/[Jr (z eiajai)u+ Etr(E —D-YV)

1

—C( (N_la_l +N Ay §_1N_1/2) (N" + 1)(Tyy + 1)
+(N 4o+ NV (Ty + 1)), (55)

which holds for any A > 0,¢ > 0 and 0 < ¢ < 1. Since the spectrum of z; e,-aja,-

consists of finite sums of the form Z; e;n; with Z; n; < N, the desired lower bound
follows directly from the min-max principle. In fact, for any function W in the spectral
subspace of Hy corresponding to energy £ < Eg(N) + &, Lemmas 1 and 2 imply that

(W (Tu+D|¥) <CE+1)
and
(W[ (N” + 1) (Tg + 1) |¥) < C(E +1)%.

Choosing ¢ = O(WVE/N) = A and ¢ = /€, we conclude that the spectrum of Hy
below an energy Eo(N) + £ is bounded from below by the corresponding spectrum of

N
Nhoo +

+1 , 1 ;L
) V0000 + Z e,'aja,» — Etr(D +V —E)— 02N 1/2)‘
1

This completes the desired lower bound.

6.2. Upper bound. A combination of (21) and Proposition 1 implies that

N+1 ¥ ’ B 1
Hy < Nhgo + voooo + (1 + W)U Z eiala; \U — 5tr(D +V —E)
i
+C (N_ls_l AN ENT g—lzv—lﬂ) (N” +1)(Tyg + 1)
+C (e + ENT24NT ) (V4 DA (T + )2, (56)
forany A > 0, ¢ > 0 and € > 0. To apply the min-max principle we need the following
bound.

Lemma 6. One has the bound

2
UN + 1) (Ty + D' < c(Z’eia,Tai + 1) : (57)

1

Note that by operator monotonicity of the square root it follows immediately from
Lemma 6 that
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UN + D2 (T + DV2UT < C(Z’eiajai + 1).

i

Hence we obtain from (56),

- N+1
UHNU" < Nhoy +

/ + 1
voooo + (1 +2) Z eia; aj — Etr(D +V —E)
i

2
+C (N‘ls_1 +N e N4 ;“N—l/z) (Z/eia;ai + 1)
i
+C (s+§N_1/2+N_1) (Z’e,-a;"ai + 1) . (58)
i

Given an eigenvalue of Z, eia, al with value &, we choose ¢ = O(/§/N) = X and

¢ = /€ to obtain Nhgg + N” voooo +& — —tr(D +V — E)+ O(&32N~Y2) for the right
side of (58). Hence the des1red upper bound follows from the min-max principle.
It remains to prove (57).

Proof of Lemma 6. If we can show that
XN+ D)(Tg+ De X <C(N” + DT+ 1) (59)
and
W*DW = Ui WiDWoUy < CE, (60)
the claim follows since then

UNT + D) (Tg+ DU < W (N + DV2(Tg+ DH(NT + D'2w
=C(N” + DV*Wi (Tg + DWIN™ + D2

<C(N™ + 1)(Z’eiaja,» + 1),
i

where we have used (59) for the first inequality, and (60) for the second.
We start with the proof of (59). In fact we shall show that

XN + D> (Tu+ D2 X <C(N” + D2(Tu + 12, 61)
from which the claim follows by operator monotonicity of the square root. We compute

[X,(N” + D2(Tg+ D] = (N” + D(Tg + DIX, (N + D)(Tyg + D]
HX, (N + D)(Tg+ DI(N” + D(Tg +1).  (62)

With
—[X,N"] = Z’ai,- (bb» +b*.bj) ,

Ay = 1[X, Tg] = z a;j(ei — &o) (b,‘bj +bj~b?) ,
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we can bound
[X, (N”+1)(T+ D> = (A1 (T + 1) +(N” +1)A5)’

= (A1(Ta+D)+A2(N” +1)+[N”, As])

<cC ((TH+1)A%(TH+1)+(N>+1)A§(N>+1) +[N7, A2]2) .
By (44) we have

AT < Cllal3(N™ +1)?
and similarly
A} < C|IDa|3(N” +1)%.

Furthermore, since

[N*, A2l =2 aij e = e0) (blb] = bib))
ij
one checks that
[N”, A2]* < C||Der||3(N” +1)*.
To see that || D |2 < 0o, we can proceed as in (39) and bound
Do*D < D(D~'?ED™'> - 1)’D = D'*(E — D)D™'(E — D)D"/>.
Hence we have
IDally < |D'*(E — D)D™'?|,,

which is finite due to (51). Applying Schwarz’s inequality to (62), we have thus shown
that

[X,(N” +D>(Tu+1)*] < C(N” + D2(T + 1)2.
We further have
XN+ DT+ D% X = (N” + 1D)2(Tu + 1)?
+/0t SXX, (N + D2 (T + 1)?e X dx
< (N> +1D)*(Tg+1)?

t
+c/ SX(N” + D) (T + D)% Xds
0

which by Gronwall’s inequality implies (61).
For the proof of (60) we need to show that

WiDW, < CE
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or, equivalently, that

DI/ZWOE*I/Z _ DE*1/Q(E*I/ZDE*I/Z)*WE*]/Z
o0
=7tD/ t~V2(Et+ D) ldt (63)
0

is a bounded operator. Observe that, by (49),
|pEr+ D)7 < IDETN QU+ DETY T < 100+ DETYTNL (64)

With the aid of a Neumann expansion, one sees that the right side of (64) can be bounded
by2:~!forr > 2||DE~"|, which gives a bounded contribution to the integral in (63). For
t < 2| DE~"|, one can argue that by analyticity of the resolvent map t + (t+DE~1)~1,
as well as the fact that £ D~ is bounded, we get a uniform bound on | Q(t+ DE~1)71|.
This argument does not yield a quantitative bound, however, since DE ™! is not a self-
adjoint operator. To obtain an explicit bound, we make use of the fact that DE~! — 1 is
a Hilbert-Schmidt operator. In fact, it is even trace class, since by (49) and (53),

IDE™ — 11 = [DE"Y(D — E)D™ "1 < |(D — E)D™'||1 < oo.
We shall apply the following result.

Lemma 7 (Theorem 6.4.1 in [30]). Let A be a Hilbert-Schmidt operator. Then for z ¢
o (A) (the spectrum of A),

IA—27" < i , Al :
= (infyeoa) |z — )1 VE!

Define a to be the infimum of the spectrum of DE~! on the space QF V. It equals
the infimum of the spectrum of E “12pE=12 on that space, hence

a=||EV*D'EV?7 > 0.
By Lemma 7 we thus have

10+ DE DY =@+ 1+DE™ — )71
- i IDE”" — 1113
s (t + )1 /k!
V2 (uDE—1 - 1||2)
exp .

t+a t+a

IA

Here we have used the bound Z](ZO:() xk/m < \/Eexz for x > 0 (cf. p. 84 in [30]).
This yields the desired quantitative bound, and concludes the proof of the boundedness
of (63). O
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7. Consequences for Eigenvectors
7.1. Proof of Corollary 1. We abbreviate
(e.¢]
H:=Hy — Eo(N)+1=: > hi |xi) {xil ,
i=1

with h; < hjy1. For h; < &, it follows from (55) and Lemmas 1-2 that
LK ) <y (1+CE/M12).
From (58) we further deduce that h; < k; (1+C(&§/N)'/?), and thus

LK ) = & (1+CE/mn172).

A simple application of the min-max principle [31, Lem. 2] then shows thatif k.1 > k;
then

J
1/2 -1 ki

J
|k, vi)|* > j — C(E/N) :
kél Xis V1 J / o — K,

In other words, with P} := >/, [¥) (Y| and P} := D1, [Wi) (Yl

1/2 szzl ki

IP} — PLII3 < C(E/N) .
kjr1 —kj

This completes the proof. O

Remark 5. Note that the (normalized) eigenfunctions of K can be written as

A (dT+K yu o,
U Tl ——=—u|u"|IN-n,o,.. i YT IN=n,0,..),  (65)
g«/ni! E

wheren = > ;. n; < N,and [N —n, 0, ...) denotes the function ®lN:_l"g00 e FWN-n),
The operators d; are explicitly defined in (32). The operators K; are small in the low-
energy subspace, as shown in the proof of Lemma 5. The eigenfunctions of K (and,
hence, the ones of Hy) are thus approximately obtained by applying the raising-type

operators d;( to the N — n-particle ground state. To explicitly estimate the difference of
the functions (65) and

dTn,
H( ) uHN—no Y,
i>1

however, it would be necessary to give bounds on products of powers of the operators
K ,.T and dl.T, which are more involved than the ones used in Lemma 5.
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Remark 6. As noted in Sect. 1.2, Corollary 1 implies that the ground state W of Hy is
close, in Lz-norm, to U’ IN,O0,...). To see the importance of the unitary operator I/,
one can calculate the matrix element

(N,O,..|UTIN,0,...)=(N,0,...|e X|N,0,...) . (66)
This equality follows from the fact that W leaves the Hartree ground state ¢( invariant.
One readily checks that % (N,0,...]e™X|N,0,...) ;=0 = 0. However,
42
dr?

N

N,0,...|e ™ X|N,0,..) [;—0 = (N,O,...| X*IN,0,..) = ————
( le™" | ) lr=0 = ( | X7 | ) SN 1)

2
lleells

which is not small for large N. Hence we expect that the matrix element (66) differs
significantly from 1.
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