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Abstract

Our aim is to analyze the various energy functionals appearing in
the physics literature and describing the behavior of a Bose-Einstein
condensate in an optical lattice. We want to justify the use of some
reduced models. For that purpose, we will use the semi-classical anal-
ysis developed for linear problems related to the Schrédinger operator
with periodic potential or multiple wells potentials. We justify, in
some asymptotic regimes, the reduction to low dimensional problems
and analyze the reduced problems.
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1 Introduction

1.1 The physical motivation for Bose-Einstein conden-
sates in optical lattices

Superfluidity and superconductivity are two spectacular manifestations of
quantum mechanics at the macroscopic scale. Among their striking charac-
teristics is the existence of vortices with quantized circulation. The physics
of such vortices is of tremendous importance in the field of quantum fluids
and extends beyond condensed matter physics. The advantage of ultracold
gaseous Bose-Einstein condensates is to allow tests in the laboratory to study
various aspects of macroscopic quantum physics. There is a large body of
research, both experimental, theoretical and mathematical on vortices in
Bose-Einstein condensates [mﬂ, Pist, AT, ES-SW Current physical inter-
est is in the investigation of very small atomic assemblies, for which one
would have one vortex per particle, which is a challenge in terms of detec-
tion and signal analysis. An appealing option consists in parallelizing the
study, by producing simultaneously a large number of micro-BECs rotating
at the various nodes of an optical lattice [B1]]. Experiments are under way.




A major topic is the transition from a Mott insulator phase to a superfluid
phase. We refer to the paper of Zwerger [4] and the references therein for
more details. Our framework of study will be in the mean field regime where
the condensate can be described by a Gross Pitaevskii type energy with a
term modeling the optical lattice potential. The mean field description of
a condensate by the Gross Pitaevskii energy has been derived as the limit
of the hamiltonian for N bosons, when N tends to infinity [LSY], [LY] in the
case of a condensate without optical lattice. The scattering length ay of the
interaction in the N-body problem is such that Nay — g. The rigorous
derivation in the case of an optical lattice where there are fewer atoms per
site is nevertheless open. In a one-dimensional optical lattice, the condensate
splits into a stack of weakly-coupled disk-shaped condensates, which leads to
some intriguing analogues with high-Tc superconductors due to their similar
layered structure [FnStll, EnSt2, KMPY, ABBI, ABB2, [ABY]. Our aim, in
this paper, is to address mathematical models that describe a BEC in an
optical lattice. The theory which we will develop is inspired by a series of
physics papers [Bnl, BuStll, EnStZ, KMPSY, FTKH]. We want to justify their
reduction to simpler energy functionals in certain regimes of parameters and
in particular understand the ground state energy.

The ground state energy of a rotating Bose-Einstein condensate is given
by the minimization of

/ (%W\I/ — Q) x rU|? — %Q%«? U)? + (V(r) + We(2))|¥|? +g|\11|4) dxdydz
RS
(1.1)

under the constraint

. U (z,y,2)|* dedydz = 1, (1.2)
R

where

o rP=2?+y* r=(z,v,2),
e () > 0 is the rotational velocity along the z axis,

e Oxr=0Q(—y,z,0),

g > 0 is the scattering length.



The experimental device leading to the realization of optical lattices requires
a trapping potential V (r) given by
1

V(r) = 3 (wir2 + w§z2) , (1.3)

corresponding to the magnetic trap. We assume that the radial trapping
frequency is much larger than the axial trapping frequency, that is

O0<w, <<w] . (14)
We will always assume the condition :
0<Q< Wl (15)

for the existence of a minimizer. The trapping has to be stronger than the
centrifugal force. The presence of the one dimensional optical lattice in the
z direction is modeled by
1
W(z) = 5w(), (1.6)
where }2 is the lattice depth!, and w is a positive T-periodic function. In the
whole paper, we will assume :

Assumption 1.1.

The potential w is a C'*° even, non negative function on R which is T -periodic
and admits as unique minima the points kT (k € 7). Moreover these minima
are non degenerate. Thus,

wiz+T)=w(2), w0)=0, w'(0)>0, w(z)>0if2¢TZ. (1.7

An example is

2
w(z) = sin2(¥) (1.8)
and A is the wavelength of the laser light. The optical potential W, creates
a one-dimensional lattice of wells separated by a distance T" = /2. We

will assume that e tends to 0 (this means deep lattice) and that T is fixed.
Furthermore, we assume that the lattice is deep enough so that it dominates
over the magnetic trapping potential in the 2z direction and that the number
of sites is large. Thus we will, in this paper, ignore the magnetic trap in the
z direction, and this will correspond to the case

w, =0, (1.9)

Lcalled V, in Snoek [@]



We will mainly discuss, instead of a problem in R?, a periodic problem in the

z direction, that is in Ri’y X [—%, %[, where T corresponds to the period of the
optical lattice, or in Ri,y X [—%, %[ for a fixed integer N > 1. Therefore,

we focus (see however Subsection B.9 for a justification of this choice) on the
minimization of the functional

QN (W) =

1 1
/ (—|W —iQ x vV 2 — Q%2+ (V(r) + We(2) |9 + g|\I/|4) dxdydz
R2 X},M M[ 2 2

(1.10)
under the constraint
/ |V (z,y, 2)[* dedydz = 1, (1.11)
R?c I/X]fg’%
with .
V(r) = iwfﬁ, (1.12)

the potential W, given by ([.6)-([.7), and the wave function ¥ satisfying
V(z,y,z+ NT) =V(z,y,2). (1.13)

This functional has a minimizer in the unit sphere of its natural form domain
(see (BI0) for its description) S5 and we call

EPN —inf QPN () 1.14
Q Q

Notation
In the case N =1, we will write more simply

QU = QU | e o eV (1.15)

When 2 = 0, we will sometimes omit the reference to Q.

Our aim is to justify that the ground state energy can be well approx-
imated by the study of simpler models introduced in physics papers [Bd,
BnStl], KMPY| and to measure the error which is done in the approxiamtion.
For that purpose, we will describe how, in certain regimes, the semi-classical
analysis developed for linear problems related to the Schrodinger operator
with periodic potential or multiple wells potentials is relevant: Outassourt

[Ou]], Helffer-Sjostrand [H{, PiSj] or for an alternative approach [S]].
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1.2 The linear model

The linear model which appears naturally is a selfadjoint realization associ-
ated with the differential operator :

Ho = H? 4 1. (1.16)
with ] ]
HY = —5 0y + 5@,2 —QL., (1.17)
L, =i(x0, —y0,), (1.18)
and
H, = L + We(2) (1.19)
2= T30 (2). .

In the transverse direction, we will consider the unique natural selfadjoint
extension in LQ(Ri’y) of the positive operator H'! by keeping the same no-
tation. In the longitudinal direction, we will consider specific realizations of
H, and in particular the T-periodic problem or more generally the (NT')-
periodic problem attached to H, which will be denoted by HP*" and HP"Y
and we keep the notation H, for the problem on the whole line.

So our model will be the self-adjoint operator

HEON = HE 4 grenN (1.20)

In this situation with separate variables, we can split the spectral analysis,
the spectrum of H5"" being the closed set

O'(ngr’N) = U(Hiz) + O(er’"’N) ) (1.21)

The first operator HY is a harmonic oscillator with discrete spectrum
as we will explain in Section fJ. Under Condition ([.F), the bottom of its
spectrum is given by

M= inf(o(HY)) = w, , (1.22)
hence is independent of €.
1
A corresponding groundstate is the Gaussian ¢, = (“"TL) 2exp —4%-r?. The
gap between the ground state energy and the second eigenvalue (which has
multiplicity 1 or 2) is given by

61 =Xg— A =wy — Q. (1.23)
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The properties of the periodic Hamiltonian HP*  which will be de-
scribed in Subsection (Formulas (B.§) and (B.9) for the physical model),
depend on the value of N. In the case N = 1, we call the groundstate of H?*"
¢1(z) and the ground energy (or lowest eigenvalue) A; .. In the semi-classical

regime € — 0, A, satisfies

As~ =, (1.24)
€

for some ¢ > 0. The splitting J, between the groundstate energy and the
first excited eigenvalue satisfies

, (1.25)

for some ¢ > 0.
For N > 1, the groundstate energy of HP*"Y is unchanged and the corre-
sponding groundstate ¢¥ is the periodic extension of ¢; considered as an
(NT)-periodic function. More precisely, in order to have the L- normaliza-
tions, the relation is
1
N = —o,, 1.26
1 \/N 1 ( )

on the line. But we have now N exponentially close eigenvalues of the order
of A1, lying in the first band of the spectrum of H, on the whole line. They
are separated from the (N + 1)-th by a splitting 0¥ which satisfies :

5N = 4. + O(exp —S/e)) . (1.27)

Here the notation O(exp —S/¢)) means

O(exp —S/e)) = O(exp—S'/e), VS' < S. (1.28)
The first N eigenfunctions satisfy

2im(l — 1)

N )¢ (), ford=1,....,N, (1.29)

¢p' (2 +T) = exp(

2m(¢—1)

corresponding to the special values k = of what will be called later a

k-Floquet condition (see (A.2)).

We will sometimes use another real orthonormal basis (called (NT)-
periodic Wannier functions basis) () (j = 0,...,N — 1) of the spectral
space attached to the first N eigenvalues. Each of these (NT')-periodic func-
tions have the advantage to be localized (as € — 0) in a specific well of W,
considered as defined on R/(NT)Z.



1.3 The reduced functionals

We want to prove the reduction to lower dimensional functionals by using
the spectral analysis of the linear problem. There are two natural ideas to
compute upper bounds, and thus find these functionals. We can

e either use test functions of the type

\I/(ZL’7 Y, Z) = ¢(Z)¢¢(Ia y) ) (130>

where 1, is the first normalized eigenfunction of H and minimize
among all possible L?*-normalized ¢(z) to obtain a 1D-longitudinal re-
duced problem,

® Or use

— in the case N =1,

\Il(a:,y,z) = ¢1(Z)¢(Iay) (131)

where ¢, is the first eigenfunction of H?*" and minimize among all
possible L?-normalized 1) (x, ) to obtain a 2D transverse reduced
problem,

— or in the case N > 1

N—

U(z,y, 2 Z (2)¢5.1(2,y) (1.32)

7=0

where @ZJJN (z) is the orthonormal basis of Wannier functions men-
tioned above, and minimize on the suitably normalized ;s
which provide N coupled problems. We denote by Iy the projec-

tion on this space. For U € L*(R?x] — &L L[} " we have

M0 = Zw (2)1.1 (), (1.33)

with

DRCEY I CUETAC T
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Computing the energy of a test function of type ([.30), we get
QN (U) =w +E4(0) (1.34)

where £ is the functional on the NT-periodic functions in the z direction,

defined on H*(R/NTZ) by
NT

o) = [

[ (GOR WP+l ¢ (139)
with

=g ( / |m<as,y>|4da:dy) — g (1.36)

The functional £ is introduced by [KMPY] who analyze a particular case.
Its study in the small € limit is one of the aims of this paper.

For test functions of type ([.31), we get in the case N =1

Q6" (¥) =M. +Epa¥) (1.37)
with
gB,Q(,l/})
= [, (G 0wl - g0t 4 Gu o 4y ) dedy,
(1.38)
and

Fi=g </T |¢>1(z)|4dz> . (1.39)

2

-----

QYN (W) == Az D[P+ E5 o (Wh50)) (1.40)
J
with
N-1
U = w;v(z)z/;j7l(x, Y) - (1.41)
=0

Of course when minimizing over normalized W’s, one gets more simply the
problem of minimizing

Q6" (0) = A + ERa((¥5,0)) - (1.42)

11



As such, the energy 5}; o does not provide N coupled problems but one
single energy depending on N test functions. Nevertheless, in the small €
limit, the Wannier functions are localized in each well. Thus each function
;1 only interacts with its nearest neighbors and this simplification pro-
vides N coupled problems, as suggested by Snoek [ on the basis of formal
computations. We will analyze their validity. This reduced functional is
somehow related to the Lawrence-Doniach model for superconductors (see

[ABBI, ABBY).

1.4 Main results
1.4.1 Universal estimates and applications

The analysis of the linear case immediately leads to the following trivial
and universal inequalities (which are valid for any N and any €2 such that
0<Q<w J_)

Az4w <EFYN <AL 4w + Iy, (1.43)

2 I
Iy = é"]‘\"]; (/_Z |<;51(z)|4dz> =5 (1.44)

This universal estimate is obtained by using the test function

VPN (g, y, 2) = o (z,y)e7 (2)

where ¢ is the N-th normalized ground state introduced in ([[22§) and
Yy (x,y) is the ground state of H, actually independent of .
From ([:2§), we have :

where

- Lo 1 (%
/_g(‘b{\[(z))zldz: m/—¥ p1(2) dz = N . b1 (2)* dz (1.45)

where, as € — 0, and, under Assumption ([.7), it can be proved (see (B.10))
that

N

/i $1(2)*dz ~ cye 2, (1.46)

for some explicitly computable constant ¢, > 0.
Thus, we have the following estimate for I

(1.47)



An immediate analysis shows that A\, + w, is a good asymptotic of
EP"N in the limit € — 0 when g is sufficiently small (what we can call the

quasi-linear situation). More precisely, we have

Theorem 1.2.
Under the condition that either
(QLa) g << ez, (1.48)
or )
(QLb) gw ez << 1, (1.49)
then we have
ERN = (M. +wi) (14 0(1), (1.50)

as € tends to 0.

Each of these conditions implies indeed that I is small relatively to A,
or tow,.

So our goal is

e to have more accurate estimates than ([.50),

e to analyze more interesting cases when none of these two conditions is
satisfied and to give natural sufficient conditions allowing the analysis
of reduced models.

We are able to justify the reductions to the lower dimensional functionals
EY and SE]X o When their infimum is much smaller than the gap between the
first two excited states of the linear problem in the other direction, namely

in case A, when m? is much smaller than &, where

w = inf €310 (151

and in case B, when mg’ﬂ is much smaller than 1/e, the gap between the two
first bands of the periodic problem on the line, where

my  — inf EN A ' o
B (! al(¥L1)) (1.52)

An independent difficulty is then to have more accurate estimates m% and
mgﬂ according to the regime of parameters. We do not have universal esti-
mates for this but have to separate two cases :

13



e the Weak Interaction case, where the interaction term (L* term) is at
most of the same order as the ground state of the linear problem in the
same direction;

e the Thomas Fermi case, where the kinetic energy term is much smaller
than the potential and interaction terms.

In what follows, when N is not mentioned in m?, mgﬂ, eV, SE]X o, then
the notations are for N = 1. Similarly, if €2 is not mentioned, this means
that either the considered quantity is independent of €2 or that we are treat-

ing the case €2 = 0. To mention the dependence on other parameters, we

will sometimes explictly write this dependence like for example mY (e, ) or

mg,Q(ga wi) :

1.4.2 Case (A) : the longitudinal model

We consider states which are of type ([330) with ¢ € L*(R,/(NT)Z). The
energy of such test functions provides the upper bound

EG™Y <wi+mi(e,9) (1.53)
where mY is given by ([.5]]) and g was introduced in ([230).

In order to show that the upper bound is an approximate lower bound,
we first address the “Weak Interaction” case,

(AWla) 1<<e(w —N), (1.54)
and, for a given ¢ > 0,
(AWIb) gw ez <c. (1.55)

The first assumption implies that the lowest eigenvalue \; . of the linear
problem in the z direction (having in mind ([[.24)) is much smaller than the
gap in the transverse direction §; = w; — €. This will allow the projection
onto the subspace ¥, ® L*(R./(NT)Z). The second assumption implies that
the nonlinear term (of order gw, /1/€) is of the same order as Ay ,. It implies
using ([.24), (L.47) and the universal estimate

M. <mi <AL+ Iy, (1.56)

that

~
~

my

a |

(1.57)
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Here ~ means “of the same order” in the considered regime of parameters.
More precisely we mean by writing ([.L57) that, for any ¢y > 0, there exists
C > 0 such that, for all € €]0, ¢}, any g,w, satisfying ([.57),

1 C
—<mii <=,
Ce_mA_e

Note that most of the time, we will not control the constant with respect to
N.

All these rough estimates are obtained by rather elementary semi-classical
methods which are recalled in Section [J. More precise asymptotics of m®
will be given under the additional Assumption ([.48) in Section p.2 Thus,
by ([54), m% is much smaller than J,. We will prove

Theorem 1.3.
When € tends to 0, and under Conditions ([1.54) and (1.53), we have

EPN = +mf(e,9) (1+0(1)). (1.58)

We now describe the “Thomas-Fermi” regime, where we can also justify the
reduction to the longitudinal model. We assume that, for some given ¢ > 0,

(ATFa) gwi\e>>1, (1.59)
(ATFb) gw, e <c, (1.60)
(ATFc) g tw, 7 << (wy — Q)5 . (1.61)

Note that ([.59) is the converse of ([.55) while ([.59) and ([.61]) imply that
1 << e(w; — Q). This implies A\, << 0, which is the main condition to

reduce to case A. Assumptions ([.59) and ([.6() allow to show that :

my ~ (%f : (1.62)

and this also implies that the nonlinear term is much bigger than 4,.
The estimate ([.67) will be shown in Section p-3, together with more precise
ones with stronger hypotheses (see Assumption (B.19) and (5.20)).

Theorem 1.4.
When € tends to 0, and under Conditions (.59), ([.60) and (L.61), we have,

as € — 0,

EPN =) +mA(e,9) (14 0(1)). (1.63)

The proofs give actually much stronger results.

15



1.4.3 Case (B) : the transverse model

This corresponds to the idea of a reduction on the ground eigenspace in the
z variable, where the interaction term is kept in the transverse problem:
therefore, this is a regime where w; e << 1. We recall that we denote by A, ,
the (N-independent) ground state energy of HP*" and by ¢’ the normalized
ground state. We consider states which are of type ([.3T]) or ([.37). We have
defined £f, by ([L40)-([L41) and my g, the infimum of the energy of such
test functions by ([.53). We have the upper bound

EXN <AL+ mpg . (1.64)
When N =1, mpgq is a function of § and w, as it is clear from ([:3§) and

(L.52). Note that, from ([.44), we get

9=9( : $1(2)"dz) = %- (1.65)

Again we can discuss two different cases according to the size of the interac-
tion. In the Weak Interaction case, we prove the following :

Sl

Theorem 1.5.
When € tends to 0, and under the conditions
(BWlIa) ge2<C, (1.66)
(BWIb) wie<<1, (1.67)
then
EXN =M.+ myg(1+0(1)). (1.68)

Condition (BWIb) implies that the bottom of the spectrum of the linear
problem in the x — y direction is much smaller than 4., the gap in the z
direction, which is of order 1/e. Condition ([.66), together with ([.43) and
(T7), implies that mJy (, satisfies

mgﬂ ~ W] . (169)

Indeed, (BWIa) and (BWIb) imply gezw, << 1, that is (QLb).

In the Thomas-Fermi case, we prove the following :

16



Theorem 1.6.
When € tends to 0, and under the conditions

(BTFa) e<<gy, (1.70)
(BTFb) wi/gei <<1, (1.71)
and .
(BTFc) gretw, <<1, (1.72)
then
EXN =M.+ myo(1+0(1)). (1.73)

Note that (BT Fa) is the converse of (BW Ia). We will see in Proposition

(together with (6.4), (6.16) and (£.49)) that, under these assumptions
and Assumption (BI7), the term mj (, satisfies

mpy o~ wi/g/lelt, (1.74)
and thus is much smaller than ¢ which is of order +.

Our proofs are made up of two parts : rough or accurate estimates of
m} o and my o on the one hand and a lower bound for EZ™N on the other
hand. The lower bound consists in showing that the upperbound obtained by
projecting on the special states introduced above in ([330), ([331) or ([32)
is actually also asymptotically a good lower bound.

1.4.4 Tunneling effect and discrete model

Since the Wannier functions are localized in the z variable, the energy of
a function ¥ = Z;.\ZOI Y (2)),1 (z,y) provides at leading order the sum of
N decoupled energies for v, | on each slice j. At the next order, in the
computation of the L? norm of the gradient, only the nearest neighbors in z
interact through an exponentially small term, describing what is called the
tunneling effect. These simplifications are discussed in section []. We are
lead to new functionals and in particular a discrete model that we analyze
in relationship with the physics papers.

In case A, the behavior on each slice j is the same, given by 1, and it is
the behavior on the z direction which has a tunneling contribution. There
are no vortices whatever the velocity €.
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In case B, for N = 1, there are vortices for large velocity and they are
located on each slice at the same place. For N large, it is an open and
interesting question to analyze whether it is possible for a vortex line to vary
location according to the slice, whether vortices interact between the slices
and how. This could be performed using our reduced models.

1.5 Organization of the paper

The paper is organized as follows. In Section [}, we start the spectral analysis
of the linear problems in the longitudinal and transverse directions. We recall
in particular the main techniques which can be used for the analysis of the
spectral problem with periodic potential on the line. Section | is devoted to
the semi-classical results for the periodic problem. Although we are mainly
interested in 1D-problems we recall here techniques which are true in any
dimension and can be useful for the analysis of 2D or 3D optical lattices.

In Section [, we prove the main theorems for case A. In Section [, we
analyze the ground state of the 1D nonlinear energy £V for N = 1 and
N > 1 and also distinguish between the two cases: Weak Interaction and
Thomas-Fermi. Section [j corresponds to a similar analysis for the transverse
models £5. Section [1] is devoted to the tunneling effects and discuss, on the
basis of the semi-classical estimates of Section [J, some results by physicists
on the discrete nonlinear Schrodinger model. In Section B, we analyze various
boundary conditions and compare in particular the problems on R? (which
is completely solved) and the problems on R?x] — &L NTT with periodic

2 0 2
condition which seem physically more interesting.

2 Analysis of the linear model

The linear model which appears naturally is associated to

which was presented in the introduction (see ([.I7)-(T:21))). A natural con-
dition (for the strict positivity of the operator H) is Condition ([LF). In
this situation with separate variables, we can split the spectral analysis in
the separate spectral analysis of H® and the spectral analysis of a suitable
realization of H, which will be presented in the next subsection.
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2.1 The harmonic oscillator in the transverse variable

For simplicity, we begin the analysis of H, = H$! with the case Q = 0.
The first operator H¥=° is a harmonic oscillator with discrete spectrum and
the bottom of its spectrum is given by

inf(o(HY)) = w, . (2.1)

A corresponding L?-normalized ground state is the Gaussian

1
Uy = (w—l>2 exp—w—LTQ. (2.2)
™ 2

Moreover the gap between the ground state energy and the second eigenvalue
(which has multiplicity 2) is given by

)\Q,L—wl:wl. (23)

The spectrum of HY can be recovered by considering first the joint spec-
trum of HS! and L.. For each eigenspace of L. corresponding to ¢ for some
{ € Z, we can look at the operator

1 1
H(f) = —§Ax,y + éwl%ﬂ — Q0 (2.4)

considered as an unbounded operator on L*(R?) N Ker (L, — ¢).

More precisely, for € satisfying (), a common eigenbasis of L, and HY
is given by the set of (not normalized) Hermite functions:

Gyale,y) = ¢ TEHD (0, 1i0,) (0, —i0,)* () (25)

where j and k are non-negative integers.
The eigenvalues are (j — k) for L, and

Ejp=wi + (WL —Q)j+ (wi + D)k (2.6)
for H'.

The spectrum of HY) is obtained by considering the pairs (j, k) such that
j—k==~¢.
We emphasize that this orthogonal basis of eigenfunctions is independent of

Q.
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2.2 The band spectrum in the longitudinal direction

The second operator H, can be analyzed by semi-classical methods but note
that our semi-classical parameter is e. One can of course in the case of the
specific w introduced in ([[.7) recognize this operator as the Mathieu operator
(for which a lot of information can be obtained using special functions (see
[AF])) but we prefer to give the presentation of the theory for a more general
periodic potential w. We hope that the general ideas which are behind will
become clearer.

There are two related approaches for the analysis of the spectrum of
H., which is known to be a band spectrum, i.e. an absolutely continuous
spectrum which is a union of closed intervals, which are called the bands.

2.2.1 Floquet’s theory

We can first use the Floquet theory (or the Bloch theory, which is an alter-
native name for the same theory). This is more detailed in the appendix.
One can show that the spectrum of H, is obtained by taking the closure of
Ugefo,2x/10 (H 1) where

1/d 2
H. o, =—=(—4i 0%
ok > (dz —Hk) + W(2)

is considered as an operator on L*(R/TZ). So

o(H,) = Uke[o’%}a(Hm) ) (2.7)
We now write 5
['=7TZand I'* = %Z. (2.8)

Hence we have to analyze for each k the operator H,; on L*(R/T'). Later
we will use the notation
H'"=H,,. (2.9)
A unitary equivalent presentation of this approach consists in analyzing
H, restricted to the subspace by of the u € Li _(R) such that

u(z +T) = e u(z). (2.10)

Here we did not see a k-dependence in the differential operator but this is
the choice of the space by (which is NOT in L?(R)), which gives the k-
dependence. Condition (B:10) is called a Floquet condition.
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This means that we have written, using the language of the Hilbertian-
integrals, the decomposition

LQ(R):/[@ br dk (2.11)

0,27 /T
and that we have for the operator the corresponding decomposition

@ o~
H, = A, dk, (2.12)
(0,27 /T

with f:lz,k unitary equivalent to H .

For each k € [0,27/T[, H,; has a discrete spectrum which can be de-
scribed by an increasing sequence of eigenvalues (\;(k)) en. The spectrum of
H is then a union of bands Bj, each band being described by the range of A;.
At least when we have the additional symmetry W, even, one can determine
for which value of k£ the ends of the band B; are obtained. For j = 1, we
know in addition from the diamagnetic inequality that the minimum of \; is
obtained for £k =0 :

i%f A1 (k) = A1(0). (2.13)

2.2.2 Wannier’s approach

When the band is simple (and this will be the case for the lowest band in
the regime € small), one can associate to \;(k) a normalized? eigenfunction
©;(z, k) with in addition an analyticity with respect to k together with the
(2w /T)-periodicity in k.

In this case (we now take j = 1), one can associate to ¢, which satisfies,

pi(z + T k) = pi(2, k), (2.14)
and
2
pi(zk+=5) = ez k) (2.15)

a family of Wannier’s functions (¢;)ser defined by

27
T

Wo(z) = % /0 exp(ikz) o1(z B) dk, vo(2) = wolz — ), (2.16)

2in L2(] - %’ %Da
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for 0 €.
In addition, we can take 1y real. One can indeed construct ¢, satisfying in
addition the condition

o1(2, k) = p1(z,—k) . (2.17)
One obtains (after some normalization of 1) that

Proposition 2.1.

(i) The family (1¢)eer gives an orthonormal basis of the spectral space at-
tached to the first band.

(i1) 1o is an exponentially decreasing function.

The second point can be proved using the analyticity® with respect to k.
This orthonormal basis corresponding to the first band plays the role of the
basis P;(z) exp —‘Z—;‘ in the Lowest Landau Level approximation.

Note that we recover ¢i(z, k) by the formula

p1(z, k) = exp(—ikz) Y exp(ikt) (). (2.18)

Moreover, the operator A on ¢?(T") whose matrix is given by

Apr = (H Abe, Yur) (2.19)

is unitary equivalent to the restriction of H, to the spectral space attached
to the first band.

One can of course observe that A commutes with the translation on ¢*(T),
S0 it is a convolution operator by a sequence a € ¢*(T") (actually in the space
of the rapidly decreasing sequences S(I)),

Agg/ = a(ﬁ — E’) s (220)
which is actually the Fourier series of k — A;(k)
/):1 =a, (2.21)
where
R T 2n /T
A (0) = —/ exp(—ilk) A\ (k) dk . (2.22)
2w Jo
So we have

(Au)(0) =Y " a(l = Cyu(l'), for u € £*(T).

er

=

30ne can make a contour deformation in the integral defining v in (P.16)).
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2.2.3 (NT)-periodic problem

There is another way to proceed at least heuristically. We keep w T-periodic
but look at the (NT)-periodic problem and we analyze this problem. The
spectrum is discrete but the idea is that we will recover the band spectrum
in the limit N — +oo. If we compare with what we do in the Floquet
theory, the analysis of the (NT')-periodic problem consists in considering

the direct sum of the problems with a Floquet condition corresponding to
o o 2m(N—1)
k=05 ~N5r

Note that this decomposition into a direct sum works only for linear
problems, so it will be interesting to explore this approach for the non linear
problem.

In this spirit, it can be useful to have an adapted orthonormal basis of
the spectral space attached to the first N eigenvalues of the NT-periodic
problem (which can be identified with the vector space generated by the

eigenfunctions corresponding to the N Floquet eigenvalues associated with
k=0 25 ... 27(N-1)
YN T NT

Our claim is that there exists an orthonormal basis, for the L?-norm on

|- %, % [, consisting of (NT')-periodic functions and replacing the Wannier
functions.
We write

RIS RSN
U () = = D6 (e, (2.23)

where ng;V is an eigenfunction* of the (NT')-periodic problem, chosen in such
a way that

Jj=1

o} (2 +T) = wi oY (2), (2.24)
with wy = exp(2im/N).
We can then introduce
N =T/(NTZ), (2.25)
and define, for ¢ € 'V =T, the (NT)-Wannier functions
e (2) =g (2 =€) (2.26)

4Note that except in the case j = 1, we do not claim that qbév is the j-th eigenfunction
but this is the first one corresponding to the condition (p.24).
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This gives an orthonormal basis of the eigenspace attached to the first N
eigenvalues of the (NT')-periodic problem. These first NV eigenvalues belong
to the previously defined first band.

Note that conversely, we can recover the eigenfunctions gij from the @Z);V
by a discrete Fourier transfrom. In particular we have

N-1

N_L N
o) = \/szbj : (2.27)

j=0

Except the fact that these “Wannier” functions are NOT exponentially
decreasing at oo (they are by construction (NT)-periodic), one can then
play with them in the same way (this corresponds to the replacement of the
Fourier series by the finite dimensional one). We then meet the “discrete
convolution” on 2(I'V) :

(ANu)(0) = > an(t = )u(l'), foru e A(TV).

verN

Of course ¢?(I'V) is nothing else than CV with its natural Hermitian struc-
ture.

We have presented different techniques to determine the bottom of the
spectrum of H,, which all provide the same ground energy. We will now recall
more quantitative results based on the so-called semi-classical analysis.

3 Semi-classical analysis for the 7T-periodic
case

3.1 Preliminary discussion

Till now, we have not strongly used that we are in a semi-classical regime:
our semi-classical parameter here will not be the Planck constant A (which
was already assumed to be equal to 1) but e. We will now use this additional
assumption for extracting quantitative results from the previously presented
qualitative theory. As already said, the physics literature is analyzing a very
particular model, the Mathieu equation. We will rapidly sketch how one can
do this in full generality. For the one dimensional case which is considered
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here, one can probably refer to Harrell [Ha] (who uses techniques of ordinary
differential equations) or to the book of Eastham [Ead], but we will describe
a proof which is more general in spirit, which is not limited to the one dimen-
sional situation (see Simon [B]], Helffer-Sjostrand [HeSjI], Outassourt [Ou])
and is described in the books of Helffer [Hd] or Dimassi-Sjostrand [DiS]].

As we have shown in the previous section, the good description of the first
band, can be either obtained by a good approximation of A (k) and ¢1(z, k)
as € — 0 or by first finding a good approximation of the Wannier function
o introduced in (R.16), which is expected to be exponentially localized in
one well, or of the (NT')-periodic Wannier function introduced in (B.23).

The analysis is done usually in two steps. First we localize roughly A;(k),
then we analyze very accurately the variation of A;(k) — A;(0).
The first one will be obtained by a harmonic approximation and the second
one by the analysis of the tunneling effect.

3.2 The harmonic approximation

We will provide the explanation in a general case containing the model con-
sidered by Snoek [Bn] as a particular case. We recall that we work under
Assumption [[.]. The statements below are sometimes written vaguely and
we refer to [DiSj] or [Hd for more precise mathematical statements.

For the approximation of A, ,(0) (actually for any A, .(k)) the rule is that
we replace w(z) (having in mind (.7)) by its quadratic approximation at 0.
The harmonic approximation consists in first looking at the operator

1 w'(0)

—_ d
2d2 T e 7 (3:-1)
on R.
For the model in [B1], w(z) = sin®(Z%), and we find
1d> 1,7z,
o (T 2
2dz? * 62( T ) (32)

This operator is a harmonic oscillator whose spectrum is explicitly known.
The j-th eigenvalue is given by

1

Aer 172 oy, (3.3)

€
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The two main pieces of information we have to keep in mind are that the
ground state energy is

)\har _ i

1,z —

' 2€
and that the gap between the first eigenvalue and the second value is given
by

w(0) (3.4)

1
51 = N3 — MY = —y/w"(0). (3.5)

€

The corresponding positive L? normalized ground state is then given by

22

YT (2) = 7 iw”(0)% € 1 exp —w”(0)2 % (3.6)
€
It will also be important later to have the computation of the L* norm. So

we get by immediate computation :

/ PR dz = W (0)i e (3.7)
R

The mathematical result is that this value provides a good approximation of
A1,:(0) (and hence of the bottom of the spectrum of H,) with an error which
is O(1) ase —0:

A:(0) =AM+ 0(1). (3.8)

z

By working a little more, one can actually obtain a complete expansion of
€A1 .(0) in powers of € and hence, of €); . (k), since they have the same expan-
sion. For each j € N*, one has a similar expansion for e)\;.(0). This implies
in particular an estimate of Ay .(0) — A1 ,(0), called the longitudinal gap :

W”(O)

€

5. = Ao (0) — Ay (0) = +0(1) . (3.9)

From now on, we simply write A, or A; instead of A; .(0) for the ground
state energy of the periodic problem.

Let us note that the ground state of the harmonic oscillator also provides a
good approximation of the ground state of H?*". So we obtain, using (B.7)
that for ¢, the L:-normalized ground state of H?*"| we have

” d1(2)dz = m 2w (0)1 e 2 + O(1). (3.10)

T
2
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3.3 The tunneling effect

We now briefly explain the results about the length of the first band, which
is exponentially small as ¢ — 0. The results can take the following form
(see the work of Outassourt [Od] or the book by Dimassi-Sjostrand, Formula

(6.26))

A1(k) = A1(0) = 2(1 — cos(kT))T 4+ O(exp _Sta

) (3.11)

with o > 0 (arbitrarily close from below to 1) and, for some ¢, # 0,

exp —g. (3.12)

_3
T~ Cp € 2
Moreover one can express the constants ¢, and S once w is given (see® also
[Hd] in addition to the previous references). This 7 seems to be called in
some physical literature the hopping amplitude.

Here, we simply explain how one computes S which determines the exponen-
tial decay of 7 as € — 0. In any dimension, S is interpreted as the minimal
Agmon distance between two different minima of the potential w. In one
dimension, with w satisfying Assumption ([[.1]), this distance is simply the
Agmon distance between two consecutive minima and is given by

S =2 / Vw(z)dz. (3.13)
T
In particular, when w(z) = siHQ(%), we get

S =2 |sm |d2—2\/§T.

_r ™
2

(3.14)

This is to compare to (14) in [BnStd]], which is not an exact formula (as
wrongly claimed) but only an asymptotically correct formula. It can be
found, for this Mathieu operator, in [AY].

Let us give the formula for the constant ¢,. It can be found in [He], see also

[Ou], Formula (4.14) and [Hd] p. 58-59. We have :
¢, =2ir TexpA,, (3.15)

with (assuming w even)

. 2 V2
A, = lim dz In )
o (f N ORI 0) ”)

>The computation is a little simpler in the case when w is even.

(3.16)
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We just sketch the mathematical proof. Filling out all the wells suitably
except one (say 0), we get a new potential w™¢ > w which coincides with w
in an interval containing 0 and excluding small neighborhoods of all the other
minima. We consider, for € small enough, the ground state of this modified
problem and (multiplying by a cut-off function) we get a function ¢g"™ (and
an eigenvalue A\1"") which is a very good approximation of .

Now the hopping amplitude in the abstract theory is given® exactly by

—7 = a(T) = (Hatby, ¥n) = (H. — p)bo, ), (3.17)

the last equality being satisfied, due to the orthogonality of ¢y and ¢, for any
. When replacing v by its approximation, one has to be careful, because

o7 and ™ = g™ (- — T') are no more orthogonal. So this leads to take
p = A", and one can prove that

7~ —((H. = A7)0g™ ™) (3.18)
An easy way to see that 7 is exponentially small is to observe that

<(Hz _ Xllpp)wgpp’ dﬁ?p) —_ 6_2 ((W(Z) . wmod)wgpp’ wtllpp> , (3.19)

and to use the information on the asymptotic decay of ¥¢™. The WKB-

approximation of g™ is, in a neighborhood of 0,

1 1 [~
P =t en— [ Vs 20, (320
€ Jo

with
b(z,€) ~ ij(z)ej, (3.21)
and
bo(2) = 7 _/Z (wAY0) — Y57 dt (3.22)
o(z2) =T 2exp ; 2\/@ . .

It should then be completed by symmetry to get an even WKB solution on
| =T,+T].

Note that we have

W”(O)

5

which implies that by tends to +o00 as z — T_.

(we)(T) = ~

6For the Mathieu potential, this is consistent with Formula (13) in [SnSt1].
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An integration by parts together with a WKB approximation leads to the
asymptotic estimate of 7 announced in (B.19). More precisely, we get that
the prefactor ¢, is immediately related to the constant by(%)?y/V (%) and
this leads to (B.15). Note that more generally we have

bo(2)bo(T — 2)\/V(2) = Cst, (3.23)

which again shows the blowing up of by at 7.

Finally, we emphasize that ¢)¢* is a good approximation of v only in

intervals | — T'+ n, T — n[ for some n > 0.

One can also see that a(kT) is of the order of |a(T)|* (for k > 2)
a(kT) = O(7?), (3.24)

so it is legitimate in order to compute the width of the first band to forget
all the a(¢) for £ € ', ¢ # 0,+T.

Thus, in the k variable, the spectrum (corresponding to the first band) is up
to a very small error, of the order of the square of a(T"), given by the operator
of multiplication in L?(R/T") by the function a(0) + 2a(T) cos(kT).

Remark 3.1.

What is written above corresponds to the use of Wannier functions on R. One
can write a close theory using the (NT')-periodic Wannier functions without
modifying the main terms of the asymptotics. In particular, YE* is also a
good approzimation of ¥ in intervals | — T +n, T — | for some n > 0.
The interest of the Wannier functions on R s that they allow to recover the

information for all Floquet eigenvalues (see the discussion in Section [7.1).

4 Justification of the reduction to the longi-
tudinal energy &Y
4.1 Main result

In this section, we address the reduction to the energy £V defined in ([[.35)
and prove the following theorem (recall that m? is defined in ([Z51))):
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Theorem 4.1. If

(AQa) mi(e,9)(wy — Q)P <<1 (4.1)
and
(AQb)  g(2w, — QmY (e, §)(w. — Q)2 << 1, (4.2)
we have
inf ERTN) = s+ (e D)1+ o(D). (4.3)

Both Theorem [[.3 and Theorem [[.4 are a consequence of Theorem [ as
soon as we have the appropriate rough estimates on m¥ already presented
in the introduction. This is what we explain first in Subsection before
proving the theorem in Subsection [E.J.

4.2 Proof of Theorem and Theorem [T.4

4.2.1 Weak Interaction case

In the Weak Interaction case, we recall from ([.57), that, when ([[.59) is
satisfied, then
ml ~1/e. (4.4)

Therefore, when ([[.54) and ([[L.5J) are satisfied, then (f.1]) and (f.J) auto-
matically hold with the observation that

N

92w — Q)(wi — Q) FmY(e,5) < Cg(2wi — Qed((wi — Q) << 1,

and Theorem [[.3 follows from Theorem [.1.

4.2.2 Thomas-Fermi case

In the Thomas-Fermi case, we will prove in (5.1§) that, when ([.59) and
(L.60) are satisfied, then

ml ~ (qw./e)¥3. (4.5)

Let us verify that, if (I.59), (L.60) and (I.61)) are satisfied, then ([.1]) and
(E32) hold. This will prove Theorem [.4.
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We get ([.]) in the following way. First we have :

Wi

(wi — Q)7 'mY(6,9) < Cw, — Q) w sgse

Hence (1)) is a consequence of

3

gw << €e(w; — Q)2 (4.6)

which follows from ([.61)) since ([.59) and ([L.61)) imply that (w; —Q)e >> 1.
The check of (f.9) is then immediate from (.61)) and (E.3).

4.3 Proof of Theorem H.1|

Because of the upper bound ([.53)), Theorem [L.]] is a consequence of the
following proposition, recalling that 6, = w; — ).

Proposition 4.2.
There ezists a constant C' > 0 such that, for all € €]0,1], for all w,, Q s.t.
0, >1 and for all g >0,

nf QW) = s+ mi(€9) (1= Crale.d)) (4.7)

with

1
~ ~1/[4 1 W1 -~ e
0<rale,g) < g"*® ( Léim) m} (,9)7 + ma(e,9)6. . (4.8)

Proof of the proposition
For simplicity, we make the proof for {2 = 0. Note also that

1 —Cra(e,g) >0

by the lower bound. So we have only to prove (f.§) under the additional
condition that the right hand side of ([£.§) is less than some fixed . In any
case, the estimate is only interesting in this case !

The proof does not depend on N and for 2 not zero, we will make a remark
at the end on how to adapt it, using the diamagnetic inequality.

The proof is inspired by [[AB] where a reduction is made from a 3D to a 2D
setting for a fast rotation. We project a minimizer ¥ onto v, ® L*(R/NTZ),
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and call v, (z,y) £(z) its projection:

V(z,y,2) = Yu(x,9)§(2) +w(z,y, z) with [ ¢ (z,y)w(z,y, z) dedy = 0.
R2
(4.9)
The orthogonality condition implies in particular

NT

I 2 2
1 —/NT |€(2)|*dz + /R lw(z,y, 2)|” dedydz (4.10)

N N
-5 2x)— 858 B5E

and we have the lower bound

/_ Ex(w(+y-,2))dz > (01+wy) / \w(x,y, 2)|* dedydz, (4.11)

RE x| 57 27

1 w J_2
Ep(w) = [ (31Tarble )+ o 4 o)) dody.
R
We compute the energy of U and use the orthogonality condition and the
equation satisfied by 1| to find that all the cross terms disappear so that

NT

Q) =wn [ je)as + 8O

2
NT

+/5%W@%wmw+ Y EL(w(-,-2)) de
R2

NT

2

o | U(,y, 2)[* dedydz, (4.12)
K2 |- 7, AT
where
/ T ].
&' w0)= [ - (S0P Wl ) de.
From (fI0), (EI1) and (f12), we find

NT

QYT (W) 2wy 4 2t /2 Ep(w(-, -, 2)) d2+/RQ X (w(z,y, ) dudy.

0 +wy —NT
(4.13)
We use ([£13) together with the upper bound ([[.53) and (f.11)) to derive that
N AN
/ lw(z,y, 2)|* dedydz < male 9) : (4.14)
]RQX}—NT %[ 5J_
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Note that the righthand side in ([.14) is very small according to Conditions

(E.1) and (£2).
Note that (f.14) implies

NT

A~

/;T €(2)Pdz > 1 — @. (4.15)

1

Then, we get also,

mN 67/\
wa]—%,%[ ‘vm,yIU(SL’,y, z)‘Z drdydz < 2% #7

N 416
ooy sz sz 10et0(z, . 2)? dodyd= < 2 m(€,5). 10

The proof of the Sobolev embedding of H*(R?) in L°(R?) gives (see for ex-
ample [Brd], p. 164, line -1) for a general function v in H'(R?)

1/3 1/3 1/3
vlle < 40,0115 8,015 0-0]l5">. (4.17)

Here || - ||, denotes the norm in LP(R?).

In our case, we are working in H'(R2  x (R./NTZ)). A partition of unity
in the z variable allows us to extend this estimate also this case, and we get,
for another universal constant C,

1/3 1/3 1/6
lwlls < Cxlldawlly*18,wlly” (lo-w]3 + [Jw|3)* (4.18)
where this time || - ||, denotes the norm in LP(Ri’yx] — %, %[)
So we obtain : )
~ 1[0 +w\?
WNGSCmﬂam2(i§—i) : (4.19)
1

(C, C are N -dependent constants possibly changing from line to line.)
Since by Holder’s Inequality,

1/4 3/4
lwlla < lwlly w2,
we deduce that

M)i (4.20)

ol < C mate. 80,4 (24
1

We expand
[ = (o[ e[+ 2 PIE ol + AR 6) + s+ 4l PR ).
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Since (f.12) implies that

N0 2t O g [ W oy, ) dedyi

T2 2

in order to get the lower bound, we just need to prove that the last term is

a perturbation to £V (€).
We can do the following estimates

g [ (zy)? |§( )|3|w($ Y,z )|d$dyd2
< cogw T ([ 1y (2, y)|* dady)T ([ |€(2)|*d2)7 |Jw]|4
< gt (EN (€ ))3/4||w||

< eagoE (B )T i (e ) (EY (€)Y

=

< o0, (1) (e 9)F (14 Cmi (e 9)3L ) EX ().

Here to get the last line, we have used the lower bound
EX (&) = mi(e.9) Il

and (E.13).
This leads to

o1 + 1 1
) (e -
1

EN(T) > wi+EL (6) (1 ~Cgtis, s (
and then to (f.7).

Remark 4.3.

C'mi(e,9)0. 1) :

In the case with rotation S, the proof is the same if we replace £ by Ep q

defined by

eg,f,(w):/w( Vgt — iQrap|* + 1(wl — Q%)r QW) dady. (4.21)

We also use the diamagnetic inequality

[ IVt dedy < [1/(Fw - i0rtu) (o) dody

which provides the Sobolev injections.
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Remark 4.4.

Here, we have not proved that the minimizer of £ behaves almost like the
ground state in x,y times a function of & which minimizes £4. We are just
able (see (E14)) to prove that the minimizer is close to its projection (in
some L* or L* norm). When N = 1, this can be improved under the stronger
condition ([49). We first observe (note that (LI13) is still true with the
addition of £,(§) on the right hand side) that

E(&) <male,g). (4.23)

Using (E15)), assuming ’?—f < 1, this leads to
" mal(e, g). _
£4(6) < male, (1 - "Dy (4.24)

We will show in Subsection [53 (see (p.14)) how to proceed in order to show
that & is close to the ground state ¢1(z) of HP".
This can allow to improve the information given in Theorem [1.3.

5 The 1D periodic model : estimates for m

The aim of this section is to analyze ml. We note that rough estimates
were already given for the weak interaction case which were enough for the
justification of the model but the corresponding rough estimates needed for
the Thomas-Fermi justification will be obtained in this section. We will then
look at accurate estimates for mY, which will be established under stronger
hypotheses. We will end the section by the discussion of the case N > 1,
which finally leads to the introduction of the DNLS model for the Weak
Interaction case.

5.1 Universal estimates

We consider the one dimensional situation and a T- periodic potential W,
which could be for example W(z) = (sinmz)?/e?. We consider the problem
of minimizing on L*(R/TR) the functional

v g =5 [T ePe [T WepePeg [ e,

2
(5.1)

Nl
Nl
Nl
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over ||¥||r2 = 1.
We are interested in the control of the minimum of the functional and will
simply prove

Lemma 5.1.
If g >0, then

m@) = f GW) =M +3 /_“|¢1<z>|4dz+o<a>, (5.2)

[Pl L2=1

Sl

where (A1, 1) is the spectral pair of —% % + W(z) corresponding to the
ground state energy (with ||¢||> = 1).

Proof :
It is clear that

M <m@) <A +F / " 612z, (5.3)

Sl

so the question is now to improve the lower bound.

One could of course think of applying bifurcation theory but this gives only
a local result and we need in any case a global estimate for showing that the
global minimizer of G is closed to ¢ as ¢ is small.

Let ¢, be a minimizer of G, then we know that

L : :
3 [ blaz [T Wl P s <X +7 [ e 6.0

N

N
!

SO ¢min Plays the role of a quasimode (or approximate eigenfunction) for
—%% + W(z).

A rather standard theorem in perturbation theory (we can write ¢, =
agy +ut), gives first

|61(2)]" dz

A2 — Ap ’

and then the existence of a complex number ¢ of modulus 1 such that
|61(2)|* d=

A=A

Here Ay denotes the second eigenvalue of or Hamiltonian.
Of course, the estimate is only interesting if

&

Nl

L=l =[lu"]]* <3

r
2

J:

Sl

|| Gmin — e[z < 29 (5.5)

z
2

I ()t d
Ao — A1

~

2g

<1. (5.6)
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We can now write

T
m(g) =M+ [7r [Gmin(2)]* dz
T R (5.7)
> M +3 [ 101(2)[" dz — 4Gl dmin — conlla]|1][5 -
For the last estimate, we develop |@,in|* in the following way
|¢mln‘4 = ‘C(bl + (bmln - C¢1|4 (58)
> |¢1]* + 2|01 * | pmin — ci1]* — 41 ]| Pmin — cér] -
From this inequality we get
|Gminl* > 01" — 4|1 *|Gmin — cn] . (5.9)

It just remains to control ||¢;||¢ uniformly with respect to g, which can be
deduced of the uniform control of the norm of ¢; in LS. [ |

One can actually be more precise on what we have claimed in Lemma [f.]].

Lemma 5.2.
If g >0, then

~ ~ 5.3 _1
m(g) = M+ Gllonll3 — 222 (|l 5l o1 |[5(h2 — Ar) 72 (5.10)

This estimate is interesting if

1 _
g< §||¢1||3||¢1||66()‘2_>‘1)' (5.11)

Remark 5.3.
FEverything being universal, one can of course replace T' by NT in the de-
scription.

5.2 Semi-classical results in the Weak Interaction case :
N =1

We first recall that using (B.I0)) we have, under Condition ([.5), the rough
control
1 C

T
G gmaled) <hetd [ la@reE T G

Sl
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which leads to ([.57) for N =1 and was sufficient for the justification of the
longitudinal model A.

Let us now show that under stronger assumptions one can have a more
accurate asymptotics including the main contribution of the non-linear in-
teraction.

Proposition 5.4.
Under Assumption ([.49), ma admits the following asymptotics :

+ oo+ O0(e)+0O@G2e 1), (5.13)

PN
ol

male,§) = M (e) + 7 2w"(0)1Ge

Proof :
Indeed, A; and A; — Ay are of order £, and by (B-I0) and (B-H), we get

|| Gmin — ][22 < CGez . (5.14)

Using the harmonic approximation, the term ||¢1]|g is of order € & and the
remainder appearing in (B-10) is of order gze 4. Altogether we get for the
energy

maed) =247 [ @l +oGle ). (a3
3
Using (B.10), we obtain (5.13). This asymptotics becomes interesting in the
semi-classical regime if ([[.49) holds. u
Remark 5.5.

Ezponentially small effects will be discussed in Section [1.

5.3 Semi-classical analysis in a Thomas-Fermi regime :
case N = 1.

5.3.1 Main results

In this subsection, we first give the rough estimate leading to ([[.69) for N = 1.
Recall that g = % gw,, but g and € are taken as independent parameters.

Proposition 5.6.
If for some ¢ > 0,
ge* <c, (5.16)



and if )
gez >> 1, (5.17)

then there exist C' and €y such that

1A§
— €
CQ

< male,§) < Cgie s, Ve €]0, 6] - (5.18)

Wi

We will also get the following accurate estimate :

Proposition 5.7.

If
get << 1, (5.19)

and (B-I7) are satisfied , then

win

ma(e.) =27 3315w (O)ighe 3 (14 0F 3 ) (5.20)

The new asusmption is (b.19), which is stronger than (p.16).

5.3.2 The harmonic functional on R

Let us start with the case of a harmonic potential W, (z) = 7% on R, with
~v > 0, and consider the problem of minimizing

r
2

1 T T
¢Tr T () = = / CW@2dt+ L [ Put)?dt+ g / w(t)tdt  (5.21)
_r

2 2¢2 | ¢ T
2 2

over the u’s in the form domain of ¢™T such that |Ju||* = 1.

We denote by mZIT’T the infimum of the functional. Actually there are two
approximating “ harmonic ” functionals of interest corresponding to 7T finite
and to T" = +o0o. An interesting point is that, for 7" large enough, the
minimizers of these two functionals are the same as we will see below. But

let us start with the case T' = +o0.

Lemma 5.8.

If (B.17) holds, then

my (e, §) = 2733357 1y5g

wlro
win

-

(1 + O(g—%e—%)) . (5.22)
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The proof is very standard (see for example [BBH|, [A]] or [CorR-DY|
which treat the (2D)-case). The analysis is done through a dilation. We

look for an L2-normalized test function ¢ in the form

$(2) = piu(pz), (5.23)

with p and v to be determined.
The 1 — D energy of ¢ becomes

1
§p2 / V' (t)*dt + p~e)? / t2o(t)2dt + :dp/ v(t)*dt, (5.24)
R R R
with
1
€ =¢€/4/ 37
This leads to choose p = p, such that
p’ =7ge,
hence :
py=€°G 3, (5.25)

and the energy of this model becomes

2

it (are) + 503 [ v0Par) (5.26)

with

qrr(v) = /7521)(75)2 dt+/v(t)4 dt . (5.27)
R R

This is asymptotically of the order of /g\%e_g and Condition (B.17) is just
the condition that the kinetic term is negligeable in the computation of the
energy.

Let us recall the details of this asymptotics for completeness. We have first
to minimize over L2-normalized v the approximating functional ¢rr. The
minimizer v,,;,(t) of ¢rr is determined by the equations

2o (t) + 20(t)* = M(t), /v(t)zdt =1. (5.28)

R

We get
1

Upin (1) = 272 (X — t%)2 (5.29)

+ vl
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with ,
A AN
= <§> , (5.30)

(x)+ = max(z,0).

and for z € R,

The corresponding TF-energy is

ot

2
S / (Pin 8 + (1)) dt = 3. (5.31)
R

Unfortunately, this minimizer is not in H'(R) and can not be used directly
for our initial rescaled functional

4rr(v) = qrr(v) + 0'/ V(1) dt,

R
with .
4 -2
0=0 3€°
Here we recall that (5.17) implies
0<o<<1.

So we need to regularize this minimizer to have an upperbound for the energy
of our “harmonic” functional which is good as o — 0.

This can be done in the following way (see for example [Af] and references
therein).

We introduce

y(s) = { v, i >0 (5.32)

_1 . 1
so”s, ifs<o3

Let us consider the function

@0@) = ’Y<Umin (t)2> :

We get that 9, belongs to H' and satisfies

1P it =1-1(0),

with



More precisely the (positive) remainder r(o) is
2 -1 4
o) = [ o ®F 0 om0 .
Umin ()2<03
Let us now consider as a test function
vg 1= 0/l
Then we have 1
vy = (14 5r(o) + O(0%))d, .
So we get

1
Q%F(UO) = QTF(Umin) + O(O In ;) :

So we have the upper-bound in the statement (p.22) (actually with a
better remainder term) of the lemma. The lower bound in (5.29) is immediate
because the kinetic term is positive.

r
2

Sl

[

5.3.3 The harmonic functional on ] —

We consider now the case of the interval and have the following Lemma :

Lemma 5.9.
Under Assumption (5-17), there exists C' > 0 such that

Wi

R 1 =2 _
mhrT(e,g) > = Ge

- (5.33)

The proof is based on the same method as in the previous subsubsection.
It is easy to see that the minimizers coincide if

T 1
% > A7, (5.34)
that is )
12 (3\3
T > gsey (5) . (5.35)

If (5.37) is not satisfied, we can still have a lower bound for the infimum
of the functional. The renormalized functional reads

oT o o
qren,T(,U) — p2/ 2 U/(t)th+p2€,y2/ 2 t2U(t)2dt+§p/ 2 U(t)4dt7 (536)
or or e

42



which satisfies

¢ (v) > gp ( /pj v(t)4dt> :

2

Using the Holder inequality, we obtain, if ||v||y = 1,

¢ (v) = (gp)(pT) ™",
and using our assumption, we obtain

o~

(9p) >

N

T (v) > A (5.37)

N | —
Ql~
Q)
Wi
[
Wi

if [Jv]|e = 1.
We then immediatly obtain Lemma p.9.
5.3.4 Relevance of the “harmonic functional” for rough bounds

First we prove Proposition p.6. We can proceed by direct comparison. Ob-
serving that we can find o > 0 such that

T T
w(z) < a2’ Vz € [—5,4—5] ,

and .
Pl > 2)2 .
Here, we use (b.16) and
1, _2..1 11
Pa = Coa3 (€3G 3) > coasc 3.

We can then use the asymptotic estimate (p.29) with v = « to get the upper
bound in (p.18).

Using now Assumption (1)), we can also find & such that

T T
+=1,

> a 27\V/ cl—5
w(z) > az®, Vz €] 5T

This leads, using our analysis of ¢ in the harmonic case to the lower bound

in (EI9).
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5.3.5 Relevance of the “harmonic functional’ for the asymptotic
behavior

In order to have a better localized minimizer, we should assume that p —
+o0o and this corresponds to replacing Assumption (5.I6) by the stronger
Assumption (5.19).

Moreover, we have to verify that under this assumption the “harmonic
approximation” is valid for this energy computation. For this, we should
analyze the localization of the minimizer. Assuming that such a localized
minimizer exists (minimize the functional v — [(2%v(2)? + v(2)*) dz), we
can also get an upperbound of my4 by using a harmonic approximation and
a lower bound of the same order.

For the lower bound, we have just to analyze (forgetting the positive
kinetic term) the infimum of the functional

¢ /i (W(Z)¢2+§¢4) dz .

€2

As in the other case, a minimizer (over the L?-normalized ¢’s), should satisfy,
for some p > 0, the Euler-Lagrange equation

w(z2)

Do) +250(2)" = not2),

where p will be determined by the L? normalization over | — %, %[
We find )
1 W(z)) 2
2)=—=|p— . 5.38
o)== (n="5) (5.38)
with . )
w(z
- - =1. .
i [ (530

But we know from the upperbound that p is less than two times the energy
which is asymptotically lower than m" (€g). In particular, if j€* is small, it
is easy to estimate p using the harmonic approximation of w at its minimum.
It remains to verify the behavior of pue?. We find

~2 4
pe? < Cgses .

Not surprisingly, this shows that pe? is small as p — +o00. So finally, we have
obtained Proposition p.7.
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5.4 The case N > 1

We would like to extend our rough or accurate estimates for m, to the
analogous estimates for NV > 1, keeping the same kind of assumptions.

5.4.1 Universal control

We now consider the functional over | — &L, XL[ Using the minimizer ob-
tained for N = 1 and extending it by periodicity, we get after renormalization,
the general upper-bound

~

m¥ (e,5) < male, %) . (5.40)

From this comparison, we obtain immediately the rough upper bounds in
the WI case and in the TF case.

5.4.2 Rough lower bounds

In the WI case, we always have, observing that A, , is the ground state energy
for any N € N*|
X: < m(e,9). (5.41)

Hence we obtain in full generality
Proposition 5.10.
Under Condition ([I.54), then, for any N > 1, we have

m’ (e,9) ~ (5.42)

A | =

In the TF case, it remains to prove the lower bound which will be a
consequence of the following inequality :

1
CN?

We indeed observe that if uy is a normalized minimizer, then there exists
one interval I; :=]jZ,(j+2)L[ (j € {-N,..., N —2}), such that

1
2dz > —
/,'uN‘ TEN

J

AL

2
g3e€s.

ol

mi(€,9) = (5.43)
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We can then write, forgetting the kinetic term and translating I, to |— %, +% [,

mY(€.§) > e [, w(z) |unldz + [, Jux]*dz
T

> inf([Junl]?, [Juy][*) inf)jy =1 f_+§ (Welul® +glul*) d=.

Then we can combine the lower bound obtained for N = 1 and the inequality
w(z) > az? to get (B:43). So we get finally that m% has the right order in
the TF case.

Proposition 5.11.
Under Assumptions (5.10) and (5.17), we have, for any N > 1,

ol

mY(e,§) ~ Gies . (5.44)

This extends to general N our former Proposition p.G.

5.4.3 Asymptotics

We would like to give conditions under which the universal upperbound (f.40)
becomes actually asymptotically or exactly a lower bound.

Proposition 5.12.
Under either Assumption (L49) or Assumptions (517) and (5.19),

~

m (€,9) ~ male, %) : (5.45)

Proof :
The upperbound was already obtained in (£.40). The proof of the lower
bound is different in the two considered cases.

WI case. We will see later (in ([-f)) by a rough analysis of the tunneling
effect and the property that the infimum of the function

CN 3 (co,coy .. eny) ;]
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over ».|cj|* = 1 is attained when all the |¢;|’s are equal :

, forj=0,...,N—1, (5.46)

1
¢l = —=
| ]| \/N
that, under Assumption ([.49), there exist C' > 0, ¢ > 0 and a > 0 such
that

~

ml (g, €) > mA(%,e) - C(g+1) exp—% , Ve € (0, ) . (5.47)

TF case. In this case we can for the lower bound forget the kinetic term
and come back to the analysis of Subsubsection f.3.5, with T' replaced by
NT. Under Assumption (p.19), we have seen in (p.3§) that the minimizer
uy is localized in the neighborhood of each minimum and T-periodic.

We can then write

NT ~ T o w ~
S e (Blunl? +Glunl?) d= =N [7 (Slun]? +Glunl?) dz
r ~
= % (3IVNuxl? + £1VNuxl) dz
2
r ~
Z iIlvaH:l f_QZ (€%|'U|2 + %|U|4) dz .
2

But under Assumptions (b.17) and (5.19), the last term in the inequality has
same asymptotics as ma(e, %) and we are done.

Remark 5.13.
This proposition leaves open the question of the equality in (B.45).

6 Study of Case (B) : Justification of the
transverse reduced model

6.1 Main result

We have defined £f by ([C40)-(L41) and mjy, the infimum of the energy
by ([59). In case B, the proof of the reduction does not depend on whether
N =1or N > 1. The only difference is when looking at the rough or accurate
estimates of the reduced model. Note that only rough estimates are used in
the part concerning the justification of the model.

The reduction is very similar to case A, and we will prove
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Theorem 6.1.

If
(RBa) empqg<<1, (6.1)
and )
(RBb) gmpyge? <<1, (6.2)
then, as € tends to 0,
inf QB"Y(T) = Ay +myqo(l+0(1)). (6.3)

[[P]|=1

Then Theorems [[.J and [[.§ follow from this result and appropriate esti-
mates on mgﬂ, as we will prove in section [p.2, while the proof of Theorem

is made in Section p.3

6.2 Proof of Theorems [I.5 and [

The issue is to determine the magnitude of the infimum of the energy of the
transverse problem my .

6.2.1 Reduction to the case N =1

As in Case A it is immediate to see that

mpy g < mBﬂ(%, wy). (6.4)

If indeed ¢yin v Was the T-periodic minimizer for ([.3§) with gy =
get (BA) by using ([28), (Z27) and taking ¥, = J<Vmin,v-

g
N we

So it remains for the needed upper-bound to analyze the case N = 1.
This depends on the magnitude of § and leads us to consider two cases.

6.2.2 The Weak Interaction regime : case N =1
Proposition 6.2.

If (.68) holds, then
mBﬂ(”gv, wl) S C’wl . (65)
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Indeed, ([[.66) implies that g is bounded and the test function ¢, (which
is independent of 2) implies the proposition.

Therefore, if ([.60) and ([.L67) are satisfied, then Theorem [.]] holds and
implies Theorem [L.3.

6.2.3 The Thomas Fermi regime : case N =1

We start with the case when 2 = 0. When g is not bounded, we can meet a
Thomas-Fermi situation.

Proposition 6.3.
If g — +o00, the function mp(g,w,) satisfies

mp(G,wi) ~ crrwi /g, (6.6)
with
orp = ;—4)\3 = 3712573, (6.7)

Therefore, if ([.70), ([.77), ([.79) are satisfied, then Theorem p.]] implies
Theorem [L.4.

Proof.
A rescaling in y/1/g/w, yields a new energy

1 — ~
w i Ok / LVl 4 VRl 2G| dedy,
2 R2 \/5

which is of the type Thomas Fermi (that is kinetic energy can be neglected)
if

\i@ << /3. (6.8)

This leads then simply to the TF reduced functional
~ 1
wr (ouv/@) [ (Gl + ult) daay,
R2
whose infimum over the unit ball in L?(R?) is of order crp(w,+/g), with
crr > 0 defined by :

1
crp = inf / (§r2|u(x,y)|2+|u(x,y)|4) dxdy . (6.9)
RQ

1
|lul[2=1
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The minimizer exists and is explicitly known as
1 . 3 1
Umm(%y) = §<)\_7’ )_2|_ with A = 22772,

This leads to (B.7).

In addition, by a computation similar to the one in Subsection p.3, we
obtain more precisely

Lemma 6.4.
There exists ¢ such that, as g tends to +o0,

m

m At
with crp defined in (B.9).

Remark 6.5.
Note that we have the universal lower bound

mp(g,w.) ZCTF(UL\/E. (6.11)

This lower bound becomes better than the universal lower bound by w, as
soon as
CTF 5 > 1. (612)

Remark 6.6.

In the semi-classical regime, conditions (BTFa) and (BTFc) in Theorem [I.4
(take their product) imply that this two-dimensional energy is much smaller
than 1/e, that is

wigre Mt << (6.13)

We now look at the case when 2 > 0. The previous proof, using that the
minimizer of the TF reduced functional in (p.9) is radial, yields

Proposition 6.7.
There exists C such that, as g — +00,

mpo(Gw) <mp(Gw)+Clngg 2. (6.14)

This will be improved in (B.48) by a direct study of the minimizer of £g q.
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Remark 6.8.
For a lower bound, we can use the TF reduced functional

— 1
Io(u) = wl\/E (5(1 — QQ/wlz)T2|u|2 + |u|4) dzxdy
]RQ

whose minimum s explicit :

inf Ig(u) = wl\/geTF\/%(l -0 /w,?).

[lull=1
Thus we get that, if there exists 3 € [0, 1] such that
0<Q/w <8, (6.15)

then, as g — 400,
mpo(fwi) ®wi\Vg. (6.16)
The uniformity of the approximation depends on (3.

In fact, if one wants a more precise expansion of the energy, one can
use the ground state p of I to split the energy Egq(u). Indeed the Euler
Lagrange equation for p multiplied by (1 — |u|?) for any function u yields the

identity (see [A]])
Enaln) = Ialp) + [ FIV0— i x rof? + o1~ o]

where v = u/p. Thus, Ig always provides a lower bound with an inverted
parabola profile as soon as we are in a TF situation. The second part of the
energy has the vortex contribution which is of lower order when Q/w, <<
1. More precisely, the first vortex is observed for a welocity ) of order
wiIng/\/g. When Q increases and becomes at most like fw, with § < 1,
the two parts of the energy I(p) and the rest become of similar magnitude.
In the limit, Q0 — w, there are a lot of vortices and the description can be
made with the lowest Landau levels sets of states. The leading order term of
the energy is the first eigenvalue of —(V —iQ x r)? which is equal to .

6.3 Proof of Theorem B.1]

We recall that we have the universal upperbound ([.64)). The lower bound
follows from the following proposition and the fact that there exists ¢ > 0
such that

02 ~cfe,

as ¢ tends to 0.
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Proposition 6.9.
There exists a universal constant C > 0 such that

it QFTY(W) = Mt mifg (1 - ). (6.17)

with
)\l,z
5N

z

0<ry < myo(@™) ™ 4+ g1(0N) 5 (mN o)t (1 + )5, (6.18)

Before giving the detailed proof, let us shortly sketch the case N = 1.
The proof is indeed essentially the same as for Case (A). One has just to
exchange the role of (A) and (B). my4 should be replaced by mp, w; by A; .
and J, by d,. Note that in the two models (A) and (B) the ratio between
the ground state energy and the splitting is of order 1. We have indeed

A1
01 = w, and, in the semi-classical regime, —= ~ 1.

02

Proof :
We start from a minimizer ¥ and first write

U =TIyV + w (6.19)

where Il is the projection relative to the first N eigenfunctions of H, intro-
duced in ([.33). We have

[yw =0, (6.20)
and
w|]? + [Ty P> =1. (6.21)
We have the lower bound
£ (w) dzdy > Ay, / w(z,y, 2)Pdedydz,  (6.22)
i R?x] - 2L 4 ML |
with
51 1
&40 = [ (59624 Gweee?) . (6.23)
-2

We now rewrite the energy in the form

NT

Qger’N(\I/) = / ;T ]'5;75)(\If)cl,7444r/R 51'4(HNII/)d:Edy+/ El(w) daedy+In(V),

2 2
z,Y RI»’H

(6.24)

52



with
In(U) = g/|\If|4d:Edydz, (6.25)

and

Eralv) = [

with r; = (—y, z).

1 : 1
(§|Vx,y@/) —iQrp)* + §(wL2 — Qz)r2|¢|2) dxdy, (6.26)

2
z,y

We note that Iy > 0 and that

Ba(®) > wi|[¥|. (6.27)

We first get the control of ||w||?. Having in mind ([.64), we obtain

Mt myg 2 Q5N(T)

0.28
> w1+ Aw sl |][? 4+ Apu| Ty 02 (6.28)
and this implies
2 mg,Q
hff? < 20 (6.20)

The right hand side in (6.29) is small according to (p.I]). Note also that we
have immediately from (p.21]),

m

5N

z

N
B.Q

TN > 1~ (6.30)

We now have to control the derivatives of w. For the transverse control, we
start from

1
M+ mgﬂ > M+ ) / |V — z'Qer|2dxdy, (6.31)
’ N

2 _NT
RZyX]—%55

which leads to
|V yw — 1 w| I|? < 2mgﬂ ) (6.32)

For the longitudinal control, we write, for any a € [0, 1]
Ms b m o = AP+ 20l + A (1 - @)lful . (6.33)
We determine o by writing
Avita(l—a) = Ars,
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hence

A,z
a=1- )\Nil (6.34)

So we have 5 \
0-ull? < Zmif < 22X 2 (6.35)

In the semi-classical regime where we are, this leads to the existence of a
constant C' such that
0.w|]* < CmE g . (6.36)

Using in addition the diamagnetic inequality, we obtain

IV[wl][]3 < Cmipq. (6.37)

As in the other case, we obtain from Sobolev’s Inequality the control of
w in L° norm

1
)8 < C(mpg)?, (6.38)

55)

ol
N

lwlls < C(mi )2 (1 +

where we have used that 6% >> 1 in the semi-classical regime.
Using Holder’s inequality, we obtain

l|w]ls < C(mb o)2 (6Y) 75 . (6.39)

We now have all the estimates needed to mimic the proof of case A.

We start from
EW) > A+ Ep(IInT) — 49/ Tn V2w dedydz . (6.40)

We have now to control the third term in (6.40) by the second term. This is
done like in case A in the following way :

g [ My VP w| dedydz < Ag||[TInP|[3 [[w]]s

6.41
< gt M) (Ep(mym)t (mr. O
We now use
Ep(IlyWw) > mg,QHHN\I’Hgv (6.42)
which together with (.29) leads to
N mgﬂ
mpo < C(1+ 5N )EB(TIND) . (6.43)

z
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This leads to

m
oN

z

N
B,

tg [ My 0wl dedydz < Cog (o) (62) 41+ 520 n( M) (6.00)
Using this control, (5.29), (6.40) and (p.43), we have obtained the detailed
proof of (6.17) in the general case.

6.4 On the minimizers of &x.

The next proposition is rather standard and refers to the case N = 1 but has
its own interest. As a corollary, this will yield an upperbound for mp q.

Proposition 6.10.
The minimizer of Eg over the normalized v ’s is unique (up to a multiplicative
constant of modulus 1) and radial.

Proof :
We first observe that if ¢ is a minimizer then [¢| is also a minimizer. Con-
sequently, we start considering a non negative minimizer.
Now [¢)] is solution of the corresponding Euler equation and by the Maximum
Principle, |¢| cannot have a local minimum. Hence ¢ cannot vanish and we
can write

v =[] e
Comparing Ez (1) and Eg(|Y]) we get
Vol = VY]] a.e.

and this implies that « is constant.
So we can now assume that 1 is a real positive minimizer. The Euler-
Lagrange equation reads

—AY +w PP+ glY)PY = M (6.45)

for some real Lagrange multiplier \.
Let ¢ another positive solution (with |[|¢||r2 = 1) of the Euler-Lagrange
equation for a possibly different p € R :

—Ap+wi o+ g|¢1* = po. (6.46)
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Possibly exchanging the roles of ¥ and ¢, we can w.l.o.g assume that
A> .
Let us consider, for some o > 0 to be determined, the rescaling

¢(z,y) = VauVoaz, Vay)

we get for u the equation

2
w

—Au + %TQ’LL + glul®u = B,
a «

We now choose o = % which leads to

2

—Au+w,? ()\—) r2u + glu|®u = . (6.47)
i

2

We can now compare u and . Let us introduce v = % which is a solution of

)\2

—div (¢¥°Vv) + gop*([o]* — 1) = wi *rPoy?(1 — e

).

Multiplying by (v — 1), and integrating’ we obtain

2

A
/ YIV(—1)1 P+ gut(v—1)3 (v+1) dxdy:/ wfr%z/ﬂ(l—E) dxdy .
R2 R2

With our assumption on (A, i), this implies the vanishing of (v — 1) almost
everywhere hence v < 1.

This can be reinterpreted as u < v and the L? normalization implies u = ).
The lemma is proved.

Finally, one can construct a radial positive solution (by minimizing g
over the radial functions). This gives a solution ¢ of the Euler equation which
is also strictly positive. [ ]

Observing that, if ¢ is radial, we have that €5 () = E(1), this propo-
sition has the following interesting corollary.

Corollary 6.11.
We always have
inf 5379 = MmMmp.Q S mpg. (648)

"In full rigor, we should consider a sequence x,(v — 1) where (x,), is a suitable
sequence of cut-off functions and take the limit (See [BrOd)).
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6.5 Lower bounds in the TF case (N > 1)

We start from a minimizer (¢ )e. Due to the normalization, there exists at

least one j such that
1
|l =2 —=

VN

Then we write (neglecting the kinetic part)

NT N—-1 4
1 2
my g > =(w—0%) /r2‘wj¢|2+g/ / Z VN () (x,y) | dedady.
2 _g R2 y 7=0

4
When expanding (Ejv;(]l ’(/}]N(Z)’QZJJL(ZL‘,y)) , the mixed terms are exponen-

tially small (see Subsection [T.1) in comparison to »_; [|4;, 1|34, hence we get,
for some a > 0,

1 &
mia 2 50 [Py [ o @ () dedy) (1-exp-2).

We now use ([(.4), to obtain

myo > 5w?—Q2) [, 2 +gf_%§ o1(2)*dz([ ¥} | dedy)(1 — exp —2)
= 5(w? 92) f’f’2|1/}j,¢|2 + ([ ¥} dody)(1 — exp —2)
> (%(uﬂ fr2|@/)jL|2 +9( fz/}‘l dxdy)) (1 —exp——)
>

= (1 —exp —2) infy, |y =1 (3(w? — Q%) [r2[¢]* + §( f¢4dxdy ).

One can then use the asymptotics obtained in the proof of (6.1q) to get,
under Assumption (p-19)), the existence of Cy g > 0 such that, as e tends to
0 and g to oo,

my o > L wi\G. (6.49)
) CN,ﬁ
7 Tunneling effects for the non-linear models

This is only in this section that we will exhibit the role of these localized
(NT)-periodic Wannier functions.

o7



7.1 Towards the DNLS model.

7.1.1 Preliminaries

We have already proved for any N > 1 the rough estimates on m¥ allowing
to justify the longitudinal model. We have established or announced better
asymptotics at the price of stronger assumptions.

Our aim in this section is to discuss possible asymptotics for m¥ in the case
when N > 1, which will involve the tunneling effect. Although we have no
final result on this part, we would like to prove how we reach a familiar model
considered by the physicists : the DNLS model.

In particular we will describe in Proposition [/.7 under which assumptions
one can get a simplified model.

We consider on ] — &L NL[ the (NT)-periodic problem for the operator
—% + We(z) with W(z) = %, w satisfying Assumption ([-])). Here we

always work in the semi-classical regime.

The starting point in this subsection is that we replace the issue of min-
imizing £3°°Y on the (NT)-periodic L?-normalized functions by restricting
the approximation to the eigenspace Im 7y associated with the first IV eigen-
values of the linear problem.

7.1.2 Projecting on the eigenspace Im 7y

Our aim is to analyze the reduced functional
N-1

CV 5 ¢ =()jo..v-1— ELVNe) = XD ey, (T.1)

=0

where Siv’e’g is in fact £ given in ([L3F) with the explicit notation of the
dependence of the parameters and the Q/JJN are the (NT)-periodic Wannier
functions. When N = 1, the error which is done has been estimated in
(5-TH) under the assumption that gez is small, i.e. (7). Replacing in the
argument the projection on the first eigenspace by 7y, the same result holds
true for N > 1.

We now concentrate our discussion to the model obtained after this first
approximation. More specifically we are interested in the asymptotics of the
infimum of this functional.
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Here natural approximations of this reduced functional appear. Each of
these approximations gives a corresponding approximation of the infimum of
the reduced functional, which is defined by :

my @ (e, 9) == inf ghedred ey, (7.2)
{c] N e l2=1}

Let A, = Ay be the bottom of the (NT)-periodic spectrum of H. on

[ &L, XL] (with N minima). So strictly speaking, we can start the anal-

ysis of this first approximate model only under Condition ([[.49).

Proposition 7.1.
Under condition ([[.49)

m¥ (e,5) =mY ' (e,9) + OG2e 1) (7.3)

One can nevertheless imagine that the information obtained in the next
subsubsection is valid in a more general context (maybe by choosing other
localized Wannier functions). We now analyze various approximations of

my (€, 9).

7.1.3 Neglecting the tunneling

Neglecting the tunneling effect, we are lead to the minimum of the functional
51]4\775797(1)

C¥3scm 0" W(e —Au<ZICJI2>+g ZICJI / %o (2)|* dz),

over the ¢’s such that

N-1
dolel=1.
=0
Observing (see [DiS])), that
kS N\ 4 d 4 %) S
[ el = [ a@tsOee-5), (@

where ¢, is the groundstate of the T-periodic problem, the minimum of this
approximate functional, which is attained for ¢; = N7z, is

~ NT
) g 2
mg 1) = )\1,2 + N / v |1/1év(2)‘4 dz. (75)
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So as a first approximation, we have obtained

Proposition 7.2.

. i [ 1) Bl S
O = Met 2 W) + G+ D) Olexp =),
or
N,(0)  ~ g 3 4 ~ A S A S
YO8 =t L[ 0120 d2) 4§ Olexp 2 )+ Olexp ) (7.

Sl

The definition of O is given in ([2§). If we apply this result to our
context with § = w, g, this yields information on the behavior of mﬁ’“)’

independently of Assumption ([1.49).

7.1.4 Taking into account the tunneling

If we keep the main tunneling term, we get the following more accurate
approximating functional

N ’/\, 2
NT

=0 (5 eal?) = (20 ) + 3 (05 el (3 [ ()] d2)

(7.7)
Here 7 is the hopping amplitude introduced around (B.13), A is the low-
est eigenvalue corresponding to the Floquet condition k& = % for the linear
problem on | — %, %[, which is exponentially closed to A; and we take the
convention that cy = ¢o.
The quadratic form corresponds to the approximation in the first band :

N-1 N-1

CNsc— N\ <Z |cj\2> — R <Z ¢ m) (7.8)
j=0 =0

which can be shown to be correct modulo 6(exp —

25
=)

Remark 7.3.
This time the minimizer could depend on g !! This is the kind of problem
which is analyzed in [KMP3] and in Subsection [7.3.
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Discussion about the justification of SN’E’g (@)

One can wonder why we forget some terms in the computation. Let us
do this more carefully. To be consistent with what we forget in the lin-
ear case (terms of order O(7?)), we show first that one can approximate®

(30 1) i ()1 d=) by

(J oA |2 e ()] dz) =
(235 el ) (R [04d2)

X5 (U + legaP) e mm + e ) (g 6 el ()P - v (2)d2))
+0(7%).
(7.9)
This first approximation is based on the following lemma.

Lemma 7.4.

5 . 25
W0 (2)" (2)%dz = O(exp -—)-

NT
2

This is based on the property that, for all > 0, there exists C), such
that

U5 ) < Croxp L exp—dge(2), (7.10)

where d}(z) is an even function such that

mOdzO—Q/ Vw(t)dt, forze€[0,T],

and such that d’32*(z,0) is increasing for z > 0.
On the contrary, thls is a priori unclear? why one could forget terms like

- / B (2PN (2)d (7.11)

(where we recall that w is even by Assumption ([L1]) and that this implies
¥’ even and real). This term is a priori of the same order as 7. We have
indeed

8We use here the assumption that the potential and hence Y is even. We recall also
that the 1); are real.

°In [KMPY], p. 5, between formulas (18) and (19), the term 7 is discussed; see also p. 6
around formula (20).
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Lemma 7.5.

[ e b - B -5 (7.12)

2

Due to the decay estimates ([[.10) for these (NT')- Wannier functions, the
term to integrate in ([.19) decays like

éﬁ(exp-l(gdmm% )+ dod(z zu)),

so the main contribution comes from the origin and has the same size as

exp 5.

So it is necessary to be careful'®, if one wants to neglect 7.

NT
Let us now try to estimate f_JrN_QT Vi (2)¢N (2) dz as € — 0 more precisely.

Heuristically, one can try to use a WKB approximation, this is available for
¥{¥ in the neighborhood of 0 but unfortunately, we do not have a good WKB
approximation of ¥{'(z) close to the origin, as observed in Subsection B.J
(see ()) So we have no obvious main term for the asymptotic behavior

of f NT N(2)3¢N(2) dz. A reasonable guess (which is implicitly used by
the physmlsts) should be to suggest the following conjecture.

Conjecture 7.6.

F=Go(r), (7.13)

as € — 0.

The weaker mathematical result, which is obtained from Lemma [.5 by
the considerations above using Helffer-Sjostrand techniques [DiSj], is the fol-
lowing proposition.

Proposition 7.7.
Under the assumption that there exists n > 0 such that,

0<Gexpl<1, (7.14)
€

10We thank M. Snoek for kindly answering our questions on this problem.
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then
mg’(o) = mg’@) +o(7). (7.15)

holds.

This gives a motivation for the analysis of the DNLS model of [FTKH]|
(with an extra term in A Zj.\:)l ;%)
If we consider the (NT')-periodic Floquet problem, we arrive naturally to

questions analyzed in [KMPY (16-17-18), and the remark after (21) in this
paper.

7.2 On approximate models in case B : towards Snoek’s
model

Using the basis of the (NT)-Wannier approach), we can consider £5 intro-
duced in ([.42) and consider the decomposition

N-1
EF (oL, ¥n11) = EF (Yo, ¥n-1,1)+dll Z O (2),1 (2, )74

J=0

We now use various approximations related to the analysis of the z-
problem ((NT')-Wannier functions). We get

5g/(¢0,b o a¢N—1,L)
~ s S I P A 3 (W, ) + (W0, ¥j-1,0))

and
N-1 N—-1
9l 27520 Vi) (@, )7 ~ gllvoll7s 2520 [[¥511174 -

So the approximate functional becomes

EF((W5,1);) = oo Jre GIVELP 4+ V (2, y) vy L (2, y) ) dady
s 300 102
3 (g g, ) + (0, 15-1,1))
+9 >0 1w llds
(7.16)
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which should be minimized over the (¢; ;); such that

N-1
Dol =1.
j=0

This is the model described by Snoek [Bu].

Starting from this model, one can, depending on the size of the various
parameters, come back in some case to the situation when (1), ); is of the
form c;¢, with Z;.V:_Ol lc;|*> = 1. In this case, we come back to the results of
the previous subsection. In the other cases, the problem seems completely
open.

7.3 Spatial period-doubling in Bose-Einstein conden-
sates in an optical lattice

Here we mainly follow [MNPY]. We look at the discrete model for which
these authors refer to [FTKD]|.

The Hamiltonian for the discrete model is formally defined!! as
H(c)= -7 (Gej +¢T5) + T leil*
J J
where ¢ = (¢;) € (*(Z;C), 7 >0, I > 0.

This is a particular case of the so-called DN LS model'? (Discrete Non
Linear Schrodinger model). But we will immediately reduce our analysis to
the (NT')-periodic problem and Floquet variants of this problem.

We will restrict the sum above to j = 1,..., N, where N is a fixed positive
integer. But for defining the tunneling term (¢jcj+1 + ¢j¢j11), we use the
Floquet condition

cny1 = exp(ikN) ¢ . (7.17)

Remarks 7.8.

o [MNP3J] looks at the particular case N = 2P,

Hafter substraction of a term in the form o > ]2,
12Tn the general case one should add the term > y €jlc;|* when the trapping is present

the authors propose ¢; = @;j? with & proportional to w,.

64



o When k =0, this is the natural (NT')-periodic problem.
e Note that it is the standard Floquet problem only for N = 1.

e Note that we forget the term A}, |c;|* which corresponds only to a shift
of the energy.

Hence we would like to minimize H""*(c)
N N
HV(c) = =1 Y (Gejn+egmn) +1 ) el (7.18)
=1 =1

over the ¢’s normalized in CV by
el = .. (7.19)

and the k-Floquet condition ([.17).
Moreover for future use we introduce the strictly positive parameter

v=N,/N>0. (7.20)

Remark 7.9.

In the preceding sections we were taking N. = 1. Up to a change of the
parameter T, one can always reduce to the general case to this situation. A
difference could occur if we take v fired and N — +o00.

We will then be interested in the analysis of the energy per particle

1
E(r,I,v,N, k)= — inf HY¥c). 7.21
( )= 3 5t V) (7.21)
Writing
cj =expikj g; (7.22)
then from ([.I7)
Jg1+N = G1- (7.23)

The case when N = 1 corresponds to the usual Floquet condition.
Writing that c is a critical value of H™*, we get that for some p (which is
called the chemical potential or the Lagrange multiplier in mathematics)

21cjPe; — 7 (cjun + ¢jo1) = pey (7.24)
for j =1,..., N, with condition ([7.I7). This becomes in terms of the g;’s
211g;1°g; — 7 (expik gj1 + exp(—ik) gj1) = pg; , (7.25)
for j=1,..., N, with the N-periodic convention ([23).
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The case N =1
In this case, we have simply one equation

2]|g1|2g1 —27cos(k) g1 = g,
with
‘91‘2 =v.

We find immediately that
= —271cos(k) + 2Iv
and

g = vexpics .
The energy per particule E is then equal to

1
E = ﬁHl’k(c) = —27cos(k) + Iv.

(7.26)

(7.27)

(7.28)

(7.29)

(7.30)

For this choice of N, we have recovered exactly what we have found in the lin-
ear case I = 0. The effect of the non-linear term just creates a k-independent
shift of the energy. Note also that as a function of k, the energy is minimal

for £ = 0, which is the periodic case.

The case N =2

In this case, we get, using the periodicity assumption, the following system

of equations
21|g1>g1 — 27 cos(k) g2 = g1,
—27 cos(k) g1 + 21|g2|*g2 = pgo,

with the normalization condition
g1 + [g2]* = Ne = 20

We write
9 = lgjlexpig;, forj=1,2.

A suitable combination of the two lines gives

92| |91

(7.31)

(7.32)

(7.33)

21 (|g1]* — |g2|?) = 27 cos(k) (m expi(p — 1) — o] exp —i(p2 — 1)
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If we observe that the left hand side is real, we get

0 = 27 cos(k) (% + %) sin(ps — 1) . (7.35)

The real part of ([.34) is in any case given by

1
I(lg1]* = 1gal?) = 7 cos(k) (|g2I* — |on]?) cos(p2 — 1) (7.36)
|91]192]
We meet three cases.
Case 1
We first observe that the solutions corresponding to the case N = 1 are

recovered by taking ¢1 = o and |g1] = |go|-
Another family of solutions is obtained by taking ¢; = @9+ and |g1| = |g2].
This corresponds to an “antiperiodic” solution over two periods.

The solutions such that |g;| = |ga| = /v seem to be simply deformations
of the case I = 0.
At least for I small, this is indeed also a consequence of the implicit function
theorem when cos k # 0.
The energy per particle F is the same as for N = 1.

Case 2
If we assume that

1] # |92l , (7.37)

and
Tcosk #0, (7.38)

then the previous necessary conditions become first

sin(py — 1) =0,

hence
Yo = 1 mod(Zm) ,

and secondly (using the first one)
21|g1]|go| = £27 cosk . (7.39)
Using the normalization of g; and g, we get as a necessary condition

|7 cosk| < |I|v. (7.40)
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If these conditions are satisfied, we can find in function of the sign'® of
cos k, a unique pair g;, g (up to a multiplication by ). Coming back to
the initial system of equations leads to the determination of y which is given
by

w=4Iv, (7.41)

and of the energy F which is given by :

2

E = ;_1/ cos’k + 2Iv. (7.42)
Case 3
It remains to consider the degenerate situation. If
cosk =0, (7.43)
ie. if .
k| == 7.44
=1, (7.44)
Then
g1 = Vexpip;, go = Vexpips, (7.45)

is a solution for any pair (¢1, ¢2). The corresponding p is given by
w=2Iv, (7.46)

and

E=1Iv. (7.47)

This is the same energy that the one found for the usual Bloch state (with
the same k) but note that the g; are no more 1-periodic (gj11 # g;).

Question 7.10.

It is unclear in the discussion what is the status of k. Are we interested in
minimizing over k? But in this case k = 0 and N = 1 seems optimal in the
sense that they give the lowest E.

Remark 7.11.
An interesting problem, which is discussed in [MNPY]/, is the analysis of the
stability, looking at the linearized corresponding problem.

Remark 7.12.
Of course the analysis of more general N'’s would be quite interesting. A few
numerical results are given in [MNP3] corresponding to N = 4.

131t seems that in our problem we have I > 0 and 7 > 0.
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8

Other optical lattices functionals

In this section, we discuss the choice of analyzing periodic boundary condi-
tions in the z direction and the possibility of stating the problem differently.
We compare the (NT')-periodic problem to the T-periodic problem and dis-
cuss shortly the question N — +o0.

8.1

Summary of the linear case

We summarize what we have obtained in the linear situation. Different tech-
niques can be used for determining the bottom of the spectrum of H, and
then of H, but the ground state energies always coincide.

(i)

(i)

(i)

Minimize the functional

Y= Q) = (HA V) 12wy (8.1)

over L?-normalized ¢’s in C§°(R) (or in H'(R)). In this case, the
minimization gives the ground state energy but there is no minimizer
in the form domain of the operator !

Minimize the functional

so @@= [ (AR s weper) e 62

NG|

over the L? normalized C* T-periodic functions ¢’s (or on H'PeT)
Here we integrate over one period ! The minimization will give the
ground state energy of the periodic operator and the minimizer of the
functional will be the ground state.

Minimize the functional

NT
2 (1
ve @)= [ (GREPwERER) a6
-

over the L?*mnormalized C* (NT)-periodic functions (or on HbVrer),
Here we integrate over N periods ! The minimization will give the
ground state energy of the periodic operator and the minimizer of the
functional will be again the T-periodic ground state.
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(iv) Minimize over k € [0,27 /T, the infimum of the functional

T
3

Qo) = [ (G - oGP + WG ) d: (5a)

Sl

over the L?-normalized C* T-periodic functions ¢ (or on H'*¢"). Here
we integrate over one period ! The minimization will give the ground
state energy of the periodic operator (i.e. £ = 0) and the minimizer
of the functional will be the periodic ground state (corresponding to

k= 0).

(v) Minimize over the space generated by the Wannier functions (identified
with ¢2(T", C)). This corresponds to the reduction to the first band and
leads to the analysis of

A(T,C) 3 c=(c)wer = Y Ml —m)ei, (8:5)

lm

with >, |c? = 1.

(vi) Minimize over the space generated by the (NT')-Wannier functions
(identified with ¢2(I'V,C) = C¥). This corresponds to the reduction to
the spectral space attached to the first N eigenfunctions of the (NT')-
periodic problem living in the first band.

We emphasize, that, in each case, we get the same ground state
energy.

As already mentioned, the 3-dimensional linear case introduced in ([.I6) is
easily reduced to the one-dimensional case H.,.

Remark 8.1.

The reader could be astonished that we discuss only the case w, = 0. This
1s a current assumption in the physical literature. Mathematically, there is
a dramatic change in the nature of the spectrum. The problem could become
quite difficult in some regimes of w, and this will not discussed in this paper.
Let us nethertheless make a few comments. When w, # 0, the spectrum of
H. on the line becomes indeed discrete. By monotonicity, the bottom of the
spectrum is above A1 .. One can also get an upper bound by computing the
energy of a suitable quasimode (or more simply of the ground state of the
linear problem) but this can only be good in some asymptotical regime.
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8.2 The 3D- functionals

Let us consider the fully non-linear problems and try to implement some
of the results obtained for the linear models. We take w, = 0, we have to
analyze (see ([L1])) the functional

Ui Qo) =

[ (5T = 106 U+ (Vi) 4 Wile) = 30N + W) dadyd
(8.6)

We denote by Dg the natural maximal form domain of the form Qq(¥) in
L*(R?), that is

Do = {u € H'(R?), zu € L*(R?), yu € L*(R*)}. (8.7)
We denote the intersection of the L*(R?)-unit ball with Dg, :
Sa=A{¥Y € Dq, ||¥||2=1}.
We call the infimum of this functional

veSq

Because there is no harmonic trapping in the z-variable the choice of the
condition of normalization in L?*(R?) is questionable.

The T-periodicity of the optical lattice in the z-variable suggests to con-

sider other functionals, where we integrate over R2 x] — L [ (or more
PR 2 2 NT" NT -
intrinsically over R | x (R/TZ) ), or over R} x| — -, 55~ for some integer

N, and where the variational space has to be defined suitably (periodic con-
ditions or Floquet conditions). We refer to Subsection B.1], for the discussion
done in the linear case. In the non-linear case, this has led to the introduc-
tion of the "periodic” Bose-Einstein functional (see ([.13)) We will denote
by Q%" the functional obtained by integration over N periods (see ([L10)).
We call D7, the natural maximal form domain of the form Q5" It corre-
sponds to the distributions ¥ in H} (R?), satisfying ([[.13) and such that,

loc
the restriction ¥y to R2 x| — 5, 5[, satisfies :

N[ N
Sl

T T
Up e H'(RZ x| — 3 5[), Va2 +y? Up e LR} x| — D. (8.9)

)
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We note that this functional has clearly a minimizer in S§ , where
SET={v eDl", / U (z,y,2)|* dedydz =1 }. (8.10)
R%,yx}_%vg[

We denote this infimum by

By = inf QF(Y). (8.11)
Q

In the spirit of the Floquet theory, one can also be interested in the analysis
of the Floquet Bose-Einstein family of functionals, defined for k € R by :

‘I/HQF“”( )
= Jaz 1531 Gl (Vg — S0P — 3620107

73l 8.12
+ |(8Z +ik)U? + (V(r) + We(z))\‘ll\z) dxdydz (8.12)
g Jrz oz o[9[ dwdydz,
where U satisfies
U(r,y,z+T)=VY(z,y,2). (8.13)

We call Dglgq, the natural maximal form domain of Qg 23, which is actually

mdependent of k and € :
Flo er
DQ7kq — Dg .

We note that we have here a family over k of functionals. Each of these
functionals has a minimizer in S,floq, where

SHt = {T e DSV, / W% dzdydz =1 }. (8.14)
R, x1-5. 31
It is natural to be interested in the quantity
EL = ngl,gq : (8.15)
with
Flo Flo
Eq it = 1n£lo Qo (P). (8.16)
veS, 1
Remark 8.2.

In the physics literature, this corresponds to a ground state of a condensate
at rest in the frame of the optical lattice. The energies ng,?q describe states
of the system where all the atoms move with respect to the optical potential,
at fized velocity, giving rise to a constant current equal to k. Fxperimentally,

this is achieved by moving the optical lattice with respect to the condensate.
We refer to [KMPS] and the references therein.
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We would like to compare the various functionals.

Because ¢ > 0, all the functional are bounded from below, admit an
infimum and a lower bound is given by the analysis of the linear problem
corresponding to g = 0. But there is probably no existence of a minimizer
for the Bose Einstein functional. So we will have to consider minimizing
sequences or approximate minimizers using possibly other models having
minimizers. We refer for this to Subsection B.1 The new point is now that
it is unclear that the various ground state energies obtained by the different
procedures coincide !

Finally, it could be interesting to compare directly the infimum of the
three functionals above and then to find good approximations of these infima.

At the moment we have shown in the “linear” section that :
Eo(g=0)=FE5"(g=0)=E)(g=0) =info(Ha) = M. +wi. (817)
We have also mentioned, observing the monotonicity of the functionals with
respect to g, that, for g > 0,

Eqo(g=0) < Eq(yg),
Eq"(9=0) < E§(9), (8.18)

This is further developed in Proposition B.3.

8.3 Comparison between the Floquet Bose-Einstein func-
tionals and the periodic Bose-Einstein functional

The argument which follows is only correct when 2 = 0. The idea is that
using the Kato inequality, one has

Qhn(¥]) < QL (Y), Yk (8.19)

In the periodic case, the minimization over complex functions leads to
the same infimum as in the real case.
We then obtain
Fl Fl
ETT < P < B (8.20)

hence
Efler — prer (8.21)

This seems to suggest that, when €2 = 0, there is no interest to introduce Flo-
quet conditions, if one is only interested in the determination of the ground
state energy.
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8.4 Comparison between the periodic Bose-Einstein
functional and the Bose-Einstein functional on R?

Here we again work for general Q’s satisfying ([.L5). We can naturally try
what was working in the linear case. If WP (x,y, 2) = Vper (2, y)p1(2) is the
periodic minimizer of the linear problem, i.e. satisfying

HQ\I/per — Eli"\ljp@"’ ||\I/pe7" ) -1

2
||L2(R%,yx}7%7

!

and
P (v, y, 2+ T) = WP (2,9, 2) , (8.22)

with B/ = w, + A1z, we can use as trial function for the Bose Einstein

functional B
Vg = crxr(2)¥P"(x,y, 2), (8.23)

where cr > 0 is determined by the condition

Ch / IXR(2) WP (2,y, 2)|* dedydz = 1, (8.24)
R3

Here R > 1 is a free parameter which will tend to 400 and yg is a function
with support in [—RT — T, RT + T equal to 1 on [—RT,+RT] whose first
derivative is independent of R > 1.

It is immediate to see, from the normalization chosen for WP that

1
——, as R — 400. (8.25)

CRr ™~ )
V2R
We note that these trial functions are radial in the (x,y) variable and are

independent of €.

The main point is to observe that we have

Jas \@R(x, y, 2)|[* dedydz ~ 2Rc}, fRQX]

o [V (2, y, 2)|* dadydz
1
~ 3k Jeen- 2.3

wrer (g, y, 2)|* dedydz .

(8.26)
Hence
lim / Uz, y,2)|* dedydz =0, (8.27)
R—+o00 R3
We also obtain easily that, as R — 400,
lim (V—iQxr)Up(z,y, 2)|* = / |(V—iQxr) VP (z,y, 2)|* dedydz
R—too Jps R2x]-L T
(8.28)
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and

]_ ~
li Vv . —Q2 2 i 2
R_1>I}_loo RS( (.T,y,Z) 5 r )| R(l’,y,Z)‘

a /R?x}

So we obtain that

1
(V(z,y,z) — §QQT2)|\I/peT(x,y, 2)|? dedydz . (8.29)

Nt

7%[

lim Qo(Vr) = B (g =0). (8:30)

R—+o00

One can also observe that everything is actually (2 independent.

Combining with what we have verified for the linear case, we obtain that,
for g > 0,

B (g =0) = E(g=0) < Ea(g) < lim_Qa(Vr) = E§"(9=0). (831)

So we have proved the

Proposition 8.3.
Forallg>0,all0<Q<w,,

E(g) = Ea(g) = E§" (9 =0) = Eq(g=0) = E(g =0). (8.32)

The conclusion is that if we look at the Bose-Einstein functional on R3
the infimum of the functional restricted to L?-normalized states is indepen-
dent of g > 0 and €2 and is immediately obtained by the ground state energy
of the Hamiltonian attached to the case g = 0 and Q2 = 0.

The result is of course also valid for the 1-dimensional problem and is
independent of any asymptotic analysis.

Remark 8.4.
Another natural physical problem would be to analyze the quantity

1
lim inf — inf QYN ()

Ne.—+00 NT
c c f+N2T |\I/\2 dz=N,
-T2
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or

) 1 . N
lim sup — inf QY (¥)
Ne—+oo 1Ve +¥ 2

| % |2 dz=N.

where we compute the energy by integrating over N periods and where
N./N =v

(v fized). Upper bounds for this model are the periodic models with g replaced
by gv. We met already this problem in Subsection [7.3 for discrete models.

8.5 Comparison between the (NT)-periodic problem
and the T-problem

In this subsection, we pursue the analysis of the links between the (NT)-
periodic problem (N > 1) and the T-periodic problem. We recall from Sub-
subsection B.2.3 that, for the (NT')-periodic problem in 1D, the ground state
energy is A\; ;. Moreover, in the semi-classical regime we have a packet of N
eigenvalues which are exponentially close separated from the (IV+1)-th eigen-
value by a splitting 6% which satisfies ([.27). In case A, a natural question is :

Question 8.5.
Is the minimizer of EY T-periodic as in the linear case ?

When the answer is yes, we immediately obtain that

~

my (e,9) = male, %) (8.33)

and we can directly use what we have done for proving Theorem by
replacing g by .

To our knowledge the answer to this question is unknown, so it is natural to
look at simpler models.

In case B a natural question could be

Question 8.6.
Is the corresponding minimizer in this reduced space T-periodic ?
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When the answer to this question is yes, we have seen in (.4) together
with the discussion around (b.43) (with the additional assumption that the
minimizer is periodic) that

mg,g = mB,Q(N) .

We could then use what we have used for the proof of Theorem [[.F. This
should work in the case when g and €2 are small.

Actually, we could have asked more directly the following question

Question 8.7.
Under which condition on g and Q is the minimizer of the (NT)-periodic
initial problem T -periodic ?

If it is the case, we get immediately

er. er g
By (g) = B (4 (834)

So we can directly relate the treatment of the (NT')-periodic problem to our
preceding studies, without any use of (NT')-periodic Wannier functions.

The general answer is unknown. One suspects by bifurcation arguments
that it is true for g and 2 small enough, but the physicists seem to wait for
the other situation. This should in particular be the case for sufficiently large
rotation € (see for example [[CorR-DY]) or in the case with (NT')-Floquet
conditions (see the discussion in Subsection [.d on an approximating model).

A Floquet theory

We follow the presentation of [DiSj (p. 160-161), who are actually dealing
with a more complicate situation. If we take as lattice I' = ZT', the dual
lattice I'* is ['* = 22Z. For u € S(R) and k € R, we put

Uu(y: k) = expivk u(y —7). (A.1)

yel

We notice that Uu(y; k) only depends on k modulo the dual lattice I'* so
Uu(y; k) is well defined on R x (R/I'™).
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For k € R/T*, we put

Dy ={ueD'[R); u(y+7) =expivk u(y)}, (A.2)
and
Me={ue L, ®NDL; [ uwPdy <o), (A3
E
where F is a fundamental domain of I' (for example F = [-1, Z]).
When k = 0, H, denotes simply the space of T-periodic functions in L? (R).
From ([A]) we see that
Uu( - k) € Hy, (A.4)

and if we view Hj as a bundle over R/I™*, we can view Uu as a section of

this bundle. We write Uu € C*(R/T™*; Hy,).

Now, if v € L?(R/T*), one can expand it in a Fourier series :

(k) =) B(y) expivk, (A.5)
yerl’
where )
~ r [T :
() = o exp —iy k v(k) dk (A.6)
0

We have the Parseval formula

= | R ae= e, (A7)

2T
~yel’

Now, for any y € R, we can view ([A.1]) as the Fourier expansion of U(y;-),

so (A7) gives
—/ Uu(y; k)|* dk = Z lu(y — )| (A.8)

~yel
Integrating over y € [—Z, L], we get
T o[® )2 )2 e 2
o "ty ai ) dy - Z uly=7)Pdy= [ |u@)* dy.
2T -z 0 Ser % —00

(A.9)
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So U can be extended to an isometry from L*(R) into L?(R/T*;Hy), which,

as an Hilbert space, can be also described as the space of the v’s in L7 _(R?)
such that
v(y + k) = expivk v(y; k), VyeT, (A10)
vy k+77) =v(y: k), vyt err, '

with the norm, whose square appears in the left hand side of (A.9), i.e.

v / lwo(y: k) dy di (A.11)
[7%7%}X[0727‘—/T}

Like in the standard analysis of the Fourier transform, we have now to ana-
lyze the surjectivity property and the construction of an inverse.

If (y,k) — v(y; k) belongs to C*°(R/T™*; Hy), we can write the Fourier ex-
pansion of v with respect to the second variable :

vy k) =Y 0(y) expivk, (A.12)
~yel'
with .

I T [T :

Uy(y) = o exp —ivk v(y; k) dk . (A.13)
0

Using the first line of ([A.10), we see that

(y) =Ty =) (A.14)

Hence, when v is smooth, we have
v=UWv, (A.15)

where
27

Woly) = o / "oy k) dk = B(y) (A.16)

Using (A.14), (A.14) and (A.12), we obtain

z ~
||WUH%2(R) = Z'\/GF ffg oy —)° dy
Z A~
= e [ 70 [B,() dy (A17)
= ||UH%Q(R/I‘*,H,C) :
This shows that W is an isometry of L?(R/T'*;H}) into L?(R). Hence W is

a bounded right inverse for U. Since U/ is an isometry, we conclude that U/ is
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unitary and that its inverse is W.
Now, when considering P := —% + W(y) with W T-periodic, we see that

@ ~
UPU T = / by, dk, (A.18)
[

0,27 /T

where, by definition the right hand side in (JA.18) denotes the selfadjoint
operator @ on L*(R/T*;Hy), with domain L*(R/T'*; H3), which is given by

Quly:k) = (Pl 1)) (). (A.19)

Here above
H2 = {ueH,, u e H, for || <2},

and ]Bk is the selfadjoint operator on H;, associated to the differential operator

—% + W (y) with domain Hz.

Finally, we note that for &k € R/T™*, ﬁk is unitary equivalent to the operator
P, =exp—iyk o P, o exp iy k , (A.20)

which is now acting on Hy (corresponding to the T-periodic fuunctions in
L2 ). More explicitly it takes the form

loc

d 2
Pi=—(—+ik) +W(y).
3 (dy+z)+ (y)
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