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Abstract

We consider a cold Bose gas in the unitarity limit. The unitarity limit corresponds to the
limit where the scattering length goes to infinity. In this thesis we first review basic quantum-
mechanical scattering theory and explain the physics of Feshbach resonances. After that we
discuss a many-body theory, which exactly incorporates the two-body physics of a Feshbach
resonance. In a mean-field approximation we obtain a divergence of the energy per particle
in the unitarity limit. Beyond mean field the spectral function is ill behaved. To get more
insight into these problems, we also discuss a model of linearly coupled atoms and phonons. A
generalized Bogoliubov transformation is used to obtain expressions for the quantized atomic
and phonon field operators. Finally, we use these operators to calculate some correlation
functions.
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1 Introduction

Strong interaction is an interesting aspect of quantum gases. In this regime, in contrast to the
weakly interacting case, we cannot use perturbation methods. An important step forward in the
study of these strongly interacting systems, was the discovery of Feshbach resonances in 1993 by
Eite Tiesinga, Boudewijn Verhaar and Henk Stoof [11]. This allowed us to alter the interaction
strength between atoms, by tuning the external magnetic field. Thus by changing this magnetic
field, we can explore both the weakly interacting and strongly interacting regime for cold gases.

In the last couple of years strongly interacting fermions have been intensively studied,
both theoretically and experimentally. More recently, also the strongly interacting atomic Bose
gas has gained theoretical interest [2]. Also the number of experiments for Bose gases in this
regime increases [7],[13]. However, these experiments are rather difficult since at low temperatures
the three-body losses rapidly increase. This is in contrast to fermions, where the three-body
losses are suppressed by the Pauli exclusion principle. In this thesis we are particularly interested
in these strongly interacting cold Bose gases.

For cold gases, the dimensionless interaction strength is determined by the density and the
s-wave scattering length a. If a is negative, the gas is attractive and for positive a the gas is
repulsive. Bose gases with attractive interactions are unstable. Therefore most studies focus on
repulsive Bose gases. Also in this thesis, we will consider repulsive Bose gases. If the scattering
length a tends to infinity, we are in the so-called unitarity limit. In this limit the properties
of the gas become universal, which means that the properties are independent of the details
of the system. By only using dimensional arguments, we only have one energy scale for cold
quantum gases in the unitarity limit [12]. This energy scale is defined as the Fermi energy and is
proportional to n?/3, where n is the particle density. For ultracold fermions in the unitarity limit,
we have for instance that u = (1 + 8)er >~ 0.42¢r [1]. In this thesis we will try to obtain a similar
expression for ultracold Bose gases at unitarity.

This thesis is organized as follows. In chapter 2 we discuss basic two-body scattering and
the principle of a Feshbach resonance is explained. Subsequently, in chapter 3 we consider
an effective theory that correctly incorporates the two-atom physics of a Feshbach resonance.
Hereafter, this effective action is used for a mean-field theory which describes the equilibrium
properties of the atomic and molecular condensates. Chapter 4 gives a discussion of the problems
that arise in the Green’s function formalism, if we go beyond mean field. To get more insight into
these problems, we consider a model consisting of linearly coupled atoms and phonons in chapter
5. We determine expressions for the quantized atomic and phonon field operators, in order to
make a comparison with the spectral function obtained in the Green’s function and operator
formalism. Hereafter, the field operators are used to calculate some correlation functions. Finally,
this thesis is concluded in Chapter 6.



2 Quantum-mechanical scattering

In this chapter we discuss quantum-mechanical scattering. Since we consider dilute gases, two-
body interactions are most important. Therefore we consider the scattering properties of two cold
atoms. The material covered in this chapter is primarily based on [9], [3] and [10].

2.1 Two-body scattering

If two particles interact via an interacting potential V(ry,rs) that only depends on the distance
between their positions r; and rs, we can split the Hamiltonian in a center-of-mass and a relative
part. In this case both parts are described by separate Schrodinger equations. Because the
Schrédinger equation that describes the relative motion incorporates the scattering physics, we
focus on this part. The relative Schrodinger equation is given by
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For elastic scattering processes, where E is given by the kinetic energy of the incoming wave
2¢p, = p?/m with p the incoming relative momentum and m the mass of the atoms, the time-
independent Schrodinger equation reads

{26 = Ho} [0} = Vup). @)

Here Hy = h*V?/m and |¢)p,) is the base-independent notation for the scattering state. To formally
solve this equation, we first assume that the interaction potential is zero. In this case the solution
is a simple plain wave |p). If we slowly turn on the interaction potential, the wave function will
slowly change too. Therefore, the solution to the relative Schrédinger equation is given by
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where € tends to zero. This equation is known as the Lippmann-Schwinger equation. Here, the ie
is introduced to handle the pole of 1/(2e, — Hp). The difference between adding ie or —ie, will be
explained at the end of this section. By multiplying this equation with (r| from the left, we obtain
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we can rewrite (4) into
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where the following orthonormality condition is used

(pla) =0(p — q). (7)




The result of the momentum integral in (6) is well known, and is for example given in table 3.1 of
[10]. By inserting this result, (6) simplifies to
eip-r/h m ~eiifv|r—f‘|/h .

+ +
=————— = [dt———(r|V . 8
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By assuming that the potential is short ranged, we are especially interested at distances which are
larger than the range of this potential. Therefore, we now consider the behaviour of the scattering
wavefunction at distances r > 7. In this case (8) changes into
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where p := pr/r and we used that
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Furthermore, we recognize a Fourier transform in the integral of (9). Hence
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where
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is the scattering amplitude. At this moment we see the difference between the ie or —ie. In the
first case the total wavefunction is a sum of an incoming plain wave and an outgoing spherical
wave. However, if we add —ie, we would have an incoming spherical wave. This is a time-reversed
process. In this thesis we focus on ¢ (r).

2.2 T matrix

For many purposes we do not need the full wavefunction but only the scattering amplitude.
Therefore we introduce the operator 722. This operator is known as the two-body transition or
T matrix, and is defined by

V) = T%|p). (13)
With the help of this definition, the scattering amplitude reads
~ m ~ A
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Here we introduced the wavevector k := %, since wavevectors are more convenient for generaliza-

tion to many-body scattering. Also for many-body physics the following normalization condition

(F[k) = T, (15)

is more convenient. Note that this condition is slightly different from the one defined in (5).
Furthermore by multiplying (3) with V' from the left, the Lippmann-Schwinger equation changes
into
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Since this equation holds for any incoming plain wave |k), we can drop |k). The equation for the
T matrix can be solved in an iterative way. This leads to the Born series, which in the limit of
€ } 0 is given by
1 ~ ~ 1 ~ 1 .
—V +V %4

U I VT v . _
E - H, E—-Hy, E-H,

(17)



From this equation the physical meaning of the T matrix is clear. Since 1/(E — Hp) is equal to
the non-interacting atomic propagator at energy E, each term in the Born series corresponds to
a collision process. If the operator V enters n times, this corresponds to scattering viewed as a
n-step process. Thus the T matrix describes the outcome of a collision process, by summing over
elementary interaction processes. In the Born approximation we only consider the first term of
the Born series. Now define H = Hy + V, whose complete set of eigenstates are denoted by [i)q,).
Then the formal solution for the transition matrix is given by
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By inserting a completeness relation
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Note that there is a summation over possible bound states energies, since these energies e, < 0
are discrete. Furthermore, there is an integration over the energies e¢q > 0 due to the continuum
of the scattering states. This expression shows that the T matrix has poles in the complex energy
plane at the energy values of bound states of the potential. Also, there is a branch cut on the
positive real axis due to the continuum of scattering states.

To find an explicit expression for the T matrix, we expand the wave functions in (11) in
terms of spherical harmonics. Note that this expansion is unique, since the spherical harmonics
form a complete orthonormal basis in the Hilbert space of square-integrable functions. So we
write

i 214 1) fi(k)Pi(cos(H)). (20)
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Note that the left-hand side does not depend on k. This is because k and k have the same length.
Therefore we only have dependence on k = |k|, and the angle between k and r. Furthermore we
write
™™ =" (21 + 1)i'ji(kr) Pi(cos(6)), (21)
1=0
which asymptotically equals
e ikr _ —i(kr—Im)
ikr € €
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From these expansions we observe that for V = 0 = f (l~<, k), the scattering state is a sum of the
an outgoing wave ¢’*" and an incoming spherical wave e~ “(*"=!™) " The effect of turning on the
potential is changing the coefficient in front of the outgoing wave. This coefficient changes as
follows

1 — 1+ 2ikfi(k). (23)

Because of unitarity or probability conservation, the magnitude of the coefficient in front of out-
going and incoming wave must be equal. Furthermore, because of rotational invariance we have
angular-momentum conservation, and therefore |1 + 2ik f;(k)| = 1 holds for every I. Hence

14 2ikfi(k) = %7 (24)
or
7o) = 0 (%)



where g(k) is some function of k. For cold gases the dominant amplitude is fo(I). This can be
understood classically, since at low energies the particle cannot overcome the centrifugal barrier
for [ # 0. Furthermore, at low energies we can neglect terms which are quadratic in k. So for low
energies

J, k) = fok) = = (26)

Here we used (20), the fact that Py(cos(f)) = 1 and the s-wave scattering length a is defined as

a=- ]113%) fo- (27)

Thus for low energies the T matrix reads
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where (14) is used. In terms of a small positive energy E, the T matrix is given by
47 h? a
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And by analytic continuation
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where z is an arbitrary complex number. Clearly, for positive a the T matrix has a pole at
Enm = —h?/ma? corresponding to a two-body bound state. This result does not depend on the
details of the interaction potential. This is expected, since at low temperatures the thermal de
Broglie wavelength is large and therefore the particle does not feel the details of the potential.
Thus at low temperatures, any potential with a large positive scattering length a has a bound
state slightly below to the atomic continuum.

2.3 Alkali atoms

Most experimentalists use alkali atoms to perform all kinds of experiments at low temperatures.
Therefore, in this section the internal structure of alkali atoms is briefly discussed. An alkali atom
can be considered as a hydrogen core with charge e and a single outer electron with charge —e.

So to good approximation the Hamiltonian is given by
o2 2
g=r __°<
2me  4Amegt

(31)

Here the core is assumed to be fixed in space. This is a reasonable assumption, since the core
is much heavier than the electron. Apart from the Coulomb interaction there are also other
interactions. First of all, there is the spin-orbit coupling. This coupling of the spin S and the
orbital angular momentum L of the outer electron is via the following spin-orbit Hamiltonian

~ Nen ~ =~

Hso = hSQOL - S. (32)
This coupling splits the energy levels of the atom, which is known as the fine-structure splitting.
Besides this spin-orbit coupling, there is also the coupling of the nuclear spin I with the electron
spin S, which is described by

~ Qhf = A

This interaction leads to the so-called hyperfine splitting of the energy levels and is usually much
smaller than the fine splitting. However, for cold gases most atoms are in the ground state with



I = 0 and therefore the fine-structure splitting is absent for cold atoms. Thus for cold gases the
hyperfine splitting is the dominant effect.

Finally, there is also the coupling of the magnetic moments of the nucleus and electron to
the external magnetic field. This shift is known as the Zeeman shift. Clearly this coupling is of
experimental relevance as by tuning the magnetic field, the energy levels can be changed. The
coupling to an external magnetic field B shifts the hyperfine states. By assuming the the magnetic
field is directed along the z-axis, this Zeeman coupling changes the hyperfine Hamiltonian into

I‘AI = .E[hf — fYNsz + ’)’Bgz. (34)

Here N corresponds to the coupling of the nucleur spin with the magnetic field and ~ is the
coupling strength of the electronic spin with the external magnetic field. These coupling constants
are proportional to the inverse mass and therefore vy << 7. Thus the coupling of the electron to
the external magnetic field is the dominant Zeeman effect.

2.4 Feshbach resonance

As mentioned before in the introduction, the interaction strength of a cold Bose gases can be
controlled by means of a Feshbach resonance. In order to explain these Feshbach resonances,
we consider two cold alkali atoms. These atoms can be in different internal states or so-called
channels. The channels are distinguished by the different quantum numbers of the internal states
of the atoms. At low temperatures these channels are completely described by the spin degrees
of freedom. Because alkali atoms only have one valence electron, the two cold alkali atoms can
be approximately described by a two-channel model. Roughly speaking, there is one channel
where the two valence electrons are in the singlet state and there is a channel where the two
electrons are in the triplet state. Note that generally the singlet potential is deeper than the
triplet potential. This is because in the singlet state the electrons are allowed to be on top of
each other and for the triplet state this is forbidden.

The total spin in the singlet and triplet state is different, and therefore both potentials
differ by a factor of AuB due to the Zeeman effect. Here Ap is the difference in magnetic mo-
ment. Two cold atoms who scatter with energy E =~ k,T < AuB, in the channel with the smallest
continuum energy, cannot leave this channel due to energy conservation. Therefore this channel
is referred as the open channel and the other is referred as the closed channel. The two channels

T T T T T T T T T T T

- closed channel
i IA uB

open channel

1 L L L L 1 1

|x — x|
Figure 1: Schematic picture of a Feshbach resonance. The blue line is the open channel interaction
potential and the red line denotes the closed channel interaction potential. The latter contains the

bound state, which is denoted by the dashed line, that is responsible for the Feshbach resonance.

are coupled due to the hyperfine interaction. The closed channel is assumed to have a bound



state close to the continuum threshold of the atoms. In general the closed channel contains more
than one bound state. However, by assuming that the energy difference between the bound states
is larger than the thermal energy, near resonance only one bound state is important. For most
atomic gases of interest this condition is satisfied. Furthermore, the difference between the energy
of that bound state and the continuum threshold is denoted by §(B). If §(B) is equal to zero, we
are on resonance. Note that § depends linearly on the magnetic field because of the Zeeman effect.
Therefore we can change the difference between the energy of the bound state and the continuum
threshold of the atoms, by tuning the applied magnetic field. The situation is depicted in Figure 1.

Now consider that we have two colliding alkali atoms in the open channel. Those atoms
can scatter and stay in the open channel, or they can temporarily form a molecule in the closed
channel. Note that for the latter the spin state changes and therefore the outgoing particles
are in a different channel then the incoming particles. Therefore this process corresponds to
multi-channel scattering. The concept of the Feshbach resonance is that by tuning the external
magnetic field, 6(B) can be changed and thereby the scattering properties of the atoms in the
open channel can be tuned. To see that the T matrix and thus the scattering properties depend
on 0(B), we start with the following microscopic action

Sla*,a,b*,b] = Z(—Niwn + €K — 1)k nay , (35)
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This action can be obtained by starting from an microscopic action which describes atoms in the
open channel and the closed channel. By making a Hubbard-Stratonovich transformation to a
pairing field, which describes two atoms in the closed channel and can be related to the field which
describes the molecular bound state in the closed channel, we end up with the action given in (35).

The coefficients ay , and their complex conjugates describe the atoms in the open channel.
So the first part of this action corresponds to the noninteracting atoms in the open channel. The
second part of the action describes the noninteracting molecules. The third term accounts for
the background scattering, the interaction of the atoms in the open channel. The fourth term
describes the creation of a molecule by annihilating two atoms and the last term describes the
creation of two atoms by annihilating a molecule. Note that in general the coupling constant g
has energy-dependence. However, the energy dependence is proportional to aps. As we will prove
in a moment, close to resonance this background scattering length can be neglected. Since we are
especially interested in this regime, we can take g energy independent.

To obtain the interatomic scattering properties, we have to eliminate the molecules. By
performing the Gaussian integral over the molecular field, we put ifiw, — ex /2 + 2u equal to zero.
This is allowed, since the scattering length is a property at zero energy and momentum. After
performing the integration, we end up with
dmangh® 29> 4drwa(B)h?
m §(B) m
where a(B) is the effective interatomic scattering length. From this equation it is clear that by
tuning 0(B), also the scattering properties can be varied. Thus the consequence of a Feshbach

(36)




resonance is a magnetic field dependent scattering length. This shows the experimental relevance
of a Feshbach resonance. Namely, by changing the magnetic field, the interatomic interaction can
be controlled. Therefore, both the weakly and strongly interacting regime can be investigated. To
make contact with experiments, we write

a(B) = ang (1 _ BA_BBO) , (37)

where By and AB are experimentally characterized. Here By is defined as the position and AB
is the so-called width of the resonance. This formula is actually confirmed experimentally and the
first experimental proof is given in [4].
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3 Mean-field theory of a Feshbach resonance

In the last section of the previous chapter, we wrote down a field-theoretical description of a
Feshbach resonance. In this chapter we use this action to perform a mean-field theory. However,
at the quadratic level the action given in (35) does not incorporate the right physics. Namely, we
obtain for the molecular propagator

h
hw — Ek/2 - 6(3) +2,U,'
The energy of the molecular bound state is determined by the poles of this propagator. So the
energy reads

hw = e/2 + §(B) — 2. (39)

G (k,w) = (38)

As can be seen from this result, the energy of the bound state is proportional to §. However, recall
from the T-matrix formalism that the bound state energy scales as a~2. Therefore, by using (36)
we obtain that the energy of the bound state should be proportional to 62. Thus the action in
(35) is not a good description of the atom-molecule system. For a better description we already
have to include some interaction effects into the microscopic action, and start from that effective
action. In this chapter we first consider a correction to the microscopic action, such that the
effective action incorporates the physics of a Feshbach resonance. Hereafter, a mean-field theory
will be discussed.

3.1 Molecular selfenergy

The molecular selfenergy is a correction to the non-interacting molecular propagator. This self-
energy shifts the molecular bound-state energy due to the coupling between the open and closed
channel. To derive a expression for the molecular selfenergy, we start with the action given in (35)
in real space

Sloom oo = [ ar [axanem il 45 uen (10)
+ /Ohﬁ dT/dX(ﬁ:;(X, T) [h% - h;:j - u} Pa(x,T)

+ " [ g0, 7)60, 7605 ) + )0 0]

Note that we neglected the background scattering, since we are interested in regions close to
resonance. Diagrammatically the molecular selfenergy, up to second order in g, is given in Figure

2. Hence
2

hZ(x—f{;T—%):—%Go(x—i;T—%)Go(x—i;r—%), (41)
where Go(x — X;7 — 7) is the non-interacting propagator for the atoms. In Fourier space
1 hB _ o 3
hS(K;iQ,) = th dr d7 / dx dx h(x — %; 7 — 7)e” K x%) il (7=7) (42)

— h26V ZGO Kk, iwm)Go (K — k, i, — iwp,)

—g? Go(k7 iwm) + Go(K — k, i€, — iwy,)
hBV £ —ih€), + ek—k + €k — 21

B Z 1 +NBE (ex—x) +NBE(€k)
v —ihQy, — €Kk — €x + 21
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where in the last step contour integration is used to obtain the Bose-Einstein distribution
Npg(e) = 1/(ePx=#) —1). By setting Npg equal to zero, we neglect many-body effects and
obtain the two-atom molecular selfenergy in vacuum. Furthermore, by defining q = K/2 — k, we

Figure 2: Feynman diagram of the molecular selfenergy. The solid lines correspond to atomic
propagators and the dashed lines represent molecules.

obtain in the continuum limit

2
g 1
(K Q,) = = - 43

(K &) 1% zq: —ih€, — €K /2—q — €K/24q + 21 (43)

9 dq 1
= ¢ | 55 .
(2m)3 =i, — ek /2 — 2eq + 2

Now define z = ih{),, — ek /2 + 2. Then

BE(z) = / (2‘1733&. (44)

As explained in the previous chapter, we are at resonance if §(B) is equal to zero. However,
the molecular selfenergy shifts the bound-state energy of the molecule and we are no longer at
resonance if §(B) = 0. Therefore, we shift the molecular selfenergy with 7X(0). Then we regain
the normal resonance condition and the two-body molecular selfenergy is given by

2B (2) = hE(z) — hE(0) (45)
9 dq 1 1
-9 / (2m)3 (z—?eq + g)

mg? / dq
= z .
2.2 n2q?
2R%T2 0 Jy 4 — =

By using the method of contour integration, we obtain

3
2

i (46)

hY2B(2) o V5
7r

where z is an arbitrary complex number. In the following we use (46) as a definition for the
molecular selfenergy. To properly account for the background scattering we should substitute
2
g® = Mgizag in (44), see [3]. Again by using the method of contour integration, we then obtain
bg

for the two-body molecular selfenergy

m%g2 vV=z
271 1 + |apg|/—mz/h2

hY2B(2) (47)
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3.2 Effective action

By incorporating the molecular selfenergy, the effective action reads

Seta* a,b*,b] = Z(—zhwn + ek — 1)k n 0y, (48)
k,n
+ ) (—ihwn + e1/2 + 6(B) — 20 + W2 (ilw, — e1c/2 + 241) bie.nbie
k,n
g2B
+ W Z b;(_,naK/2+k,n/2+maK/2—k,n/Z—m
K, k,n,m
92B
+ W Z bK,naK/2+k,n/2+maK/2—k,n/2—m7
K k,n,m

Note that (48) is an effective action in the sense that all two-body ladder diagrams are taken
into account. Also the coupling ¢2P is renormalized, by taking into account all two-body ladder
diagrams. For the details we refer to [3]. By including this molecular selfenergy, the retarded
molecular propagator changes into

h

+(k — 4
G ;) hw + i€ — e /2 — 6(B) + 2 — hX2B (hw — e1/2 + 24 + ie)’ )

where € goes to zero. Note that the molecular selfenergy only contains diagrams up to order g2,
but by writing

1
Gt = —— 50
m Gal o hZ?&g ( )
1
Gog— hE2B @,

= Go+ GohZ2BGo + GohZ2BGoh222Go + ...y

we see that the two-body molecular ladder diagrams are indeed incorporated. Here the argument
of the molecular selfenergy is omitted for notational convenience. Furthermore G, b= hw—ex /2—
d(B) + 2u denotes the non-interacting molecular propagator. The energy of the molecular state
is determined by solving the following equation for x

x—8(B) — h¥2B(z) = 0. (51)

First note that for positive detunings d(B), this equation only has a solution with a nonzero
negative imaginary part. This is expected, since for positive detunings the energy of the molecule
is larger than the two-atom continuum threshold. Therefore this solution corresponds to the decay
of a molecule into two atoms, where the negative imaginary part is related to the lifetime of the
molecule. In contrast, for negative detunings there is a real negative solution corresponding to the
bound-state energy of the molecule. By substituting y = v/—z, (51) changes into

y> +6(B) 4+ ay = 0. (52)

Here v = m?3 g2 /27h3. Hence

y = S(-1+ 1—2‘7‘;) (53)
4
= %(—1-1— 1-1-%)»

where we used (36) for ang = 0. Note that in the second step we have to choose the solution with
the plus-sign, because y = v/—x > 0. In the experimentally interesting case of broad Feshbach

13



resonances, when § — oo and g2 — oo, this expression simplifies to

y:2<—a+<a+a(;)7i/m)). (54)

So in the limit of § — co and g2 — oo, the solution for the bound state reads

h2

Ey=——.
b ma(B)?

(55)
Thus instead of the microscopic action described in the previous section, the effective action of
(48) correctly describes the molecular bound state. In the next section this effective action is used
to obtain the mean-field equations.

3.3 Mean-field equations

The mean-field equations describe the equilibrium properties of the atomic and the molecular
condensate. To obtain these equations, we should substitute ag,0 — ao,0 + ¢av/ABV and bg o —
bo,0 + $m APV into the action and demand that the linear terms in the fluctuations ag , and by ,
vanish. Here ¢,, and ¢, describe respectively the molecular and atomic condensate. By using the
action in (48), we obtain the following mean-field equations

[ 29°° ¢ brm, (56)
2(1¢m (6(B) + hZiy (2p — 2hEMT)) o + 9P 92 (57)

Here the Hartree-Fock selfenergy of the non-condensed atoms is introduced. This selfenergy is the
mean-field energy felt by the non-condensed atoms due to the presence of the atomic condensate.
Due to this effect the argument of the molecular selfenergy should be evaluated at 2u — 2A%HF.
This is because by looking at (44), the Hartree-Fock selfenergy shifts the internal energy of the
non-condensed atoms from ex to ex + AXHF. Thus for the condensate, where w, = e = 0, we

Figure 3: Diagrammatic representation of the Hartree-Fock selfenergy of the atoms. The dotted
lines are non-condensed atoms. The dashed line is the propagator of condensed atoms. Further-
more the solid line correspond to the full molecular propagator.

have to evaluate the molecular selfenergy at 2u — 2hXHF. Diagrammatically this Hartree-Fock
selfenergy is shown in Figure 3. Thus the Hartree-Fock selfenergy is given by
hEHF _ 4/'7’&|92B|2
RYHE 4y — 6(B) — hX2B(p — AXHEF)’

(58)
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where n, = |¢,|? is the density of condensed atoms. Note that the argument of the molecular
selfenergy is different from the first factor in the numerator. To explain this, we first recall that

the molecular propagator is given by

1
T E—4(B) - h22B(E)

hGin (59)
As we want to describe a Feshbach resonance, the Hartree-Fock selfenergy is evaluated at the
continuum energy. Therefore, the energy of a non-condensed atom is equal to AZHF. Because
the energy of a condensed atom is u, we should evaluate the molecular propagator at u + hXHFE.
However, the molecular selfenergy contains an integral over internal energy. This internal energy
is shifted with the Hartree-Fock selfenergy, e — e + hXHF in (45), and therefore the molecular
selfenergy is evaluated at p — hXHF.

There is also a physical reason to include this Hartree-Fock selfenergy. The molecular
bound state is only stable if the energy of a condensed molecule is smaller than the continuum
threshold of two atoms in vacuum. A condensed molecule has energy 2u. Because for the
Bose-condensed phase the chemical potential is larger than zero, the energy of the molecular
condensate is also larger than zero. Without the incorporation of the Hartree-Fock selfenergy, the
energy of the condensed molecule is larger than the continuum threshold of the atoms. Therefore
the molecule decays into two atoms and this is not a stable solution of the mean-field equations.
However, by including the Hartree-Fock selfenergy the continuum threshold is shifted by an
amount of 2AXHF . Because this Hartree-Fock selfenergy appears to be larger than the chemical
potential, which will be shown in section 3.5, the energy of the condensed molecule is smaller
than the continuum threshold of two atoms. So by including the Hartree-Fock selfenergy, we also
expect a (meta)stable solution of the mean-field equations consisting of an atomic condensate.

3.4 Densities

In this section we have a closer look at the different equilibrium solutions of the mean-field equa-
tions. So, we determine the density of condensed molecules and atoms as a function of the chemical
potential. For a fixed chemical potential, (56) and (57) have the following solutions

1. n, =0 and n, = 0.

2. np,=0and 2u — 9 — hEIQHB(QM _ QE,EHF) -0

3. na =5 (2,u -6 — X2 (2u — QhZHF)) and ny,, = é.
Here we assumed that g # 0 and in the third case 2u — 6 — h%2B (2 — 2AXHY) #£ 0. The first case
is the trivial solution. In the second case 2u — & — AX2B (2 — 2A2HF) = 0. First notice that n, = 0
implies that X1 = 0 according to (58). Thus 2u — & — AX2B(2u — 2A%HF) = 0 simplifies to

2u — 6(B) — hx2B(2u) = 0, (60)

which is the same equation as we already solved in section 3.2. Recall that this equation only has
a real solution if the detuning ¢ is negative. For negative detunings

1
= §Eb’ (61)

in the limit of g> — oco. Again for positive detuning we get an imaginary chemical potential,
corresponding to the instability of the molecules. This case corresponds to the situation where
we have a molecular condensate and there are no condensed atoms. Because the chemical
potential of the molecules is the same as the molecular bound state, the number of con-
densed molecules is macroscopically large. This is the real ground state of our system, since for
negative detunings the energy of condensed molecules is lower than the energy of condensed atoms.
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To get a better understanding of this atom-molecule system, we focus now on Figure 4.
This figure shows the energy as a function of the detuning. For negative detunings there is a
molecular branch at negative energy and an atomic continuum at positive energy. By looking at
Figure 4, we expect that there are two solutions of the mean-field equations. The first solution
is the real groundstate of the system where there is a condensate of molecules. Furthermore,
since we included this Hartree-Fock selfenergy, we also expect a metastable solution where we
have a condensate of atoms. Because the chemical potential determines the density, since at
low temperatures particles with energies far above the chemical potential get exponentially
suppressed, we expect two different chemical potentials that satisfy the mean-field equations.
There should be a chemical potential around the molecular branch and the other one is around
the atomic continuum. In the next section we show that there indeed is a solution of the chemical

|

Figure 4: The energy as a function of the detuning §. The blue curve corresponds to the molecular
bound state energy and the arrows denote that there is a atomic continuum for positive energies.

potential which is around the atomic continuum. In this section we found the solution where the
chemical potential is at the molecular branch, which corresponds to the solution of a condensate
of molecules. Thus, there are indeed two different solutions of the mean-field equations. Also in
case 3

Im _ A2 ! 62
na  22u— 6 — h¥2B(2y — 2RYHF)’ (62)
By using (46), we observe that this ratio goes to zero for a fixed chemical potential and g?> — oo
and § — oo. Therefore the molecular density is zero in the limit of a broad Feshbach resonance
and the two-channel model reduces to a single-channel model. Still the situation is different from
a normal single-channel model, because for a broad Feshbach resonance the molecular bound state
causes a magnetic-field dependent scattering length.

3.5 Chemical potential

In the previous section we found that the true ground state of the system is a condensate of
molecules. However, we are interested in the metastable situation of an atomic condensate. Thus
we consider case 3, where 2u — §(B) — X2B(2u — 2aXHF) =£ 0, and obtain the following coupled
equations
2na (QQB)Q
p— 0(B) — hE3P (2p — 2hEHY)
dn, (g2B)?

REHF +  — §(B) — hX2B(pu — AXHF)’

hyHE (64)
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where the molecular selfenergy is given in equation (46). In this thesis we are especially interested
in the experimentally relevant broad Feshbach resonances, where g2 — oo. However, because
of (36) we can only take this limit if we also send §(B) — oo and keep the ratio g?/§ constant.
Furthermore, to compare the results with experiments it is more convenient to solve the mean-field
equations for the chemical potential at fixed molecular and atomic densities. Therefore, (63) and
(64) are solved for the Hartree-Fock selfenergy and the chemical potential at fixed densities. Thus
we define a Fermi momentum kg and energy ep, such that n, = k3 /672 and m/h? = k3/2¢p.
Then in the limit of a broad Feshbach resonance, the mean-field equations change into

- €F 4kra (65)
371 — kpay/—(u — hXHF) Jep’
8k
pHE = F e (66)

311 — kpay/— (i — hS) 2ep

To proceed further, these equations are rewritten as one equation for z := (AXHF — p) /ep

”— 4/€Fa 2(1 — kpa\/g) — (1 — kF(l\/ 2/2)
3m (1 — kpay/z)(1 — kpay/2/2)
This equation is solved numerically and subsequently this solution is substituted into (65) and

(66), to obtain the mean-field chemical potential and Hartree-Fock selfenergy. These mean-field
quantities are given in Figure 5. Note that the chemical potential is positive and the Hartree-Fock

(67)

0.8¢ ‘
|
|
r \
|\
0.6 |\
u  SHF ‘ \
;’ F ] ‘\ \\

0.4F \\‘\
g \

0-0% 5 i 8 10

k‘pa

Figure 5: The chemical potential 1 and the Hartree-Fock selfenergy XHF in units of the Fermi

energy er as a function of the inverse scattering length 1/kpa. The red and the blue curve
correspond to respectively the Hartree-Fock selfenergy and the chemical potential p.

selfenergy is larger than the chemical potential. Hence, this is an equilibrium solution of the
mean-field equations. There is also another well-known mean-field result for the energy of a cold
Bose gas. This result for the energy per particle is given

Amh? 12
e= — na3(1+—8\/na3+...). (68)
ma? 157

The first term is the Gross-Pitaevskii result and the second term is the Lee-Huang-Yang correction
[5]. This correction is due to the depletion of the condensate. The result of (68) is obtained from a
¢*-theory, which describes Bose-Einstein condensation. In contrast to our theory, this theory only
consists of atoms. As we can see from Figure 6, the result of our mean-field theory coincides with
this result for small krpa. For large krpa both diverge, but there difference between both curves
increases. This shows that the incorporation of the molecules is important for large scattering
lengths. By using the definitions of the density and mass, we obtain that the Gross-Pitaevskii
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Figure 6: The red line shows the chemical potential g in units of the Fermi energy e as a function
of the inverse scattering length 1/kpa. The green curve corresponds to the Bogoliubov result from
equation 68 with the LHY correction and the blue curve is without this correction. Just as the
Bogoliubov result, our two-channel mean-field result diverges in the unitary limit.

result for the energy per particle in units of the Fermi energy ep, diverges as 4kpa/37.

Now the question arises if we can determine the divergence of our mean field result. By
looking at Figure 7, we observe that p := z(kpa)? = (kra)?(hXHF — ) /ep is constant for large
kpa. Thus (67) can be rewritten as

(kpa)® 31 (1 —/2)(1—+/2/2)
Because p is constant for large kpa, the left-handside of this equation tends to zero as krpa — oo.
Thus by solving for which z the right-handside is equal to zero, we can determine the value of z
in the unitarity limit. By substituting this result into (65), we obtain

4]171:0,
3

(3+V2), (70)

for large krpa. Thus our mean-field chemical potential diverges even faster than the Gross-Pitaevskii
result. The divergence of the energy for large kra is unphysical. However, in our in a mean-field

0.6F——
0.5 \
0.4f
0.3} \
0.2} \

0.0t 1 ; ”””177”77”7177771’
0

kpa

Figure 7: The quantity p := (kpa)?(AXMF — 1) as a function of the inverse scattering length 1/kra.
The value of p is constant in the limit of 1/kpa — 0.

theory this divergence maybe an artifact of taking the limit of g> — oo and §(B) — co. Therefore
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we will now have a look at the case when g is finite. This corresponds to realistic cases, since g is
finite in all experiments. First define

1.2]

0.4F

0.0t :
0 2 4 1 6 8 10

kra
Figure 8: The chemical potential y as a function of the inverse scattering length 1/kpa for different
values for n. The values for n are 10,1,0.5,0.1 for respectively the blue, red, green and orange
lines.

2,.3/2 2,2

2 _ gm €Fr g°m 2 \—1/3 €F -2
= =4/—= 6T, = =7, 71
"= e\ 2 g 07 ) 2" (7)

where 7% is dimensionless. Furthermore
1 5

R 72
kra 7> (72)

where (36) is used and the bar means a division through ep, thus £ = z/ep for a variable x. Hence

_ 4 7?
H= 355 L & = W (73)
20+ gk — 1P/ —(p — X0)
_ 8 2
D 37 $HF 4 - 4 72 1o i
TEAE 4 i+ 1 = 5PV (e — B0

These equations are solved numerically and the result is given in Figure 9. For small 7 the chemical
potential remains finite in the unitary limit. However, in the limit of g — oo or similarly 72 — oo,
we regain the divergence of the chemical potential.
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4 Bogoliubov Theory

In the mean-field theory described in the previous chapter, we have a divergence of the chemical
potential at resonance. However, in this calculation depletion of the condensate is not incorporated.
Note that this depletion of the condensate is due to quantum and thermal fluctuations. Thus to
improve on the mean-field result, we consider the effective action in (48) up to second order in
Gaussian fluctuations. This is known as the Bogoliubov approximation.

4.1 Collective excitation spectrum

In this Bogoliubov approximation, we first study the collective excitation spectrum over the ground
state. The quadratic part of the action can be written as

Seff[a*, a,b*,b] = Z(—zhwn + € — u)ak’nal’i’n (74)
k,n
+) (—ihwy + ec/2 + 8(B) = 2p + WS (ihwy — exc/2 + 2 — 2057 by b,
k.n

+ 92B Z ((b;knakmafk,fn + 2¢abi7nak)n)
k.n

+ 92B Z ((bmaltfna’*—k,—n + Q(b:bk,nal*{m) .
k,n

Recall that we obtained this part of this action, quadratic in the fluctuations, by substituting
ao,0 — 0,0 + PavV/RBV and bo g — bo,0 + dmVABV in (48). Note that we also incorporated the
Hartree-Fock selfenergy. Now define

Gk iw,) = —ihw, + e — i, (75)
Gollk iw,) = ihw, — e /2 +2u—6(B) — h¥X2B(ihw, — e /2 + 2u — 21,
For simplicity, we integrate out the molecules and end up with
Sgla*,a] = Zuin -Gyt (k,iwy,) - Uk n, (76)
k,n
where
Ak, n
Uk.p 1= . , s
oni= | | (77)
and
_ . 1[Gk, iw,) 0
1 I a b n
Cp (i) =5 [ 0 Gl (k, —iwn) (78)
L[ AL Gl 2 Cn (0,0
2 2(¢;)2(92B)2Gm(0a 0) 4|¢a|2(g2B)2Gm(ka —iwn)

From these equations, we see that integrating out the molecular field results in an effective T
matrix for the atoms in the open channel of the form

TV = 4]6a]*(9°")? G (K, iwn) (79)

As we already proved in chapter 3, close to resonance the molecular Green’s function has
a pole at the bound state energy given by (55). Therefore, for large scattering lengths also
the effective T matrix has a pole at the bound-state energy. Recall that this is expected
from the formal definition of the T matrix in (19). Also note that in the expressions above,
the chemical potential is equal to the mean-field result given in (63) and as a first approxi-
mation we use n = n, = kg /6m2. Thus we neglect the contribution of the non-condensed particles.
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Again we are interested in the limit of ¢ — oo and § — oo, while keeping the ratio g2/
constant. The spectrum of the collective excitations over the ground state is determined by the
quasi-particle dispersion relations. This system has roughly two different dispersions. There is a
Bogoliubov dispersion of the form

/ h2n,
hw ~ + ei + anek, (80)

where a is equal to the full scattering length a(B). Physically, this dispersion corresponds to
phonon-like excitations. Furthermore, we also have a solution of the form

hwmj:(—(kja)Q—kekﬂ). (81)

This corresponds to atom-molecule oscillations, for example pairs of atoms moving between the
atomic and molecular condensate. In the discussion above we focused on the real part of the
dispersions. However, the dispersions also have a nonzero imaginary part. This imaginary part
can be negative and positive, where the former corresponds to decay and the latter to exponential
growth. As a final remark, also note the action before and after integrating out the molecules
contain the same dispersions. Namely, by writing the action before integrating out the molecules
as 3; 4 x 4-matrix structure, we obtain that this determinant is proportional to the determinant of
Gy (k,w).

A+ il

€k

Figure 9: The two dispersions, given in (80) and (81), as a function of €y for 1/kpa = 1.51.

4.2 The spectral-weight function

To calculate some physical quantities we have to determine the spectral-weight function. This
function is also often called the spectral function and is defined by

plk,w) = iIm[Gmt(k7 wh)], (82)
hm

where wt = w + iec and ¢ goes to zero. The spectral function can be seen as the single-particle
density of states as it gives the energies, amplitudes and lifetimes of the states accessible to a
particle with momentum k in the presence of a medium. Note that this definition is only valid for
systems without spin, but it can also be generalized to systems with spin. By using the Lehmann
representation [10], we have that for bosons the spectral function should be positive for w > 0
and negative for w < 0. There is also an intuitive argument, why the spectral function should
satisfy this condition. Namely, the expectation value of the number of particles can be obtained
by multiplying the spectral function with the Bose-Einstein distribution function, followed by
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an integration over w. Since the Bose-Einstein distribution function is positive for w > 0 and
negative for w < 0, the spectral function should have the same behaviour. Otherwise we can
get the unphysical result of a negative density. Furthermore, for the atoms the spectral-weight
function should satisfy

/ d(hw)p(k,w) =1, (83)

which is known as the frequency sum-rule. This rule is a consequence of the canonical com-
mutation relations. In this case we can obtain the retarded Green’s function by substituting
iw, = w + i€ in (78), where € goes to zero. Note that we are only interested in Gy, since this
corresponds to the normal average. Numerical plots of the spectral function of the Bogoliubov
theory is given in Figure 10.

In these figures we can see some general features of the excitation spectrum over the ground state.
First of all, for small momenta, we clearly have the four different contributions already discussed
in the previous section. Furthermore, there is also another contribution between roughly Aw = ep
and Aw = 2ep. This corresponds to a contribution of the molecular density of states of the
two-atom continuum [3]. There is also a similar contribution at the corresponding negative values
for w, but this contribution is so small that it is not visible in the figure. For larger momenta,

4 1 4f ]
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(C) ex =4.0ep (d) ex =4.5€r

Figure 10: Numerical plots of the spectral function of the atom-molecule system over the ground-
state in the limit of ¢ — 0o, § — oo while keeping the ratio constant. In the plots € = 1074,
1/kra = 1.51 and the value of €y /ep varies from 0.1 to 4.5.

this contribution merges with the contribution of the Bogoliubov dispersions. Furthermore, the
contribution of the pole at the molecular bound-state energy moves through this phonon-like
contribution. After they have crossed, the molecular contribution switches sign. This means
that there is a region where the spectral function becomes negative for w > 0 and positive for
w < 0. Furthermore, this spectral function also does not satisfy the sum rule. This is a direct
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consequence of the fact that we have a dispersion with a positive imaginary part. Namely, the
sum rule follows from the fact that for large w, the spectral function behaves as 1/w. Therefore,
by using contour integration where the contour is closed in the upper complex plane, we have
that the spectral function only satisfies the sum rule, if there are no poles in the upper complex
plane.
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5 Phonon model

In the previous chapter we found a spectral function for which the peaks of the spectral function
have the wrong sign. Furthermore, we did not always satisfy the sum-rule. As explained before, this
has to do with the complex dispersions with positive imaginary part. To get a better understanding
of this problem we therefore now consider another model, where also dispersions with positive
imaginary parts arise. This is a model consisting of atoms and phonons, which are linearly
coupled.

5.1 Dispersion relations

The system of linearly coupled atoms and phonons is described by the following action
hB 9
SWw* b, = /O dr [ i (x, ) [ - 9+ At (34)
" » 0 272
n /O dT/dX¢(X,T)[—hﬁ—CV}qb(X,T)

+ g\/i/ow dT/dX[’(/J*(X, T) —&—w(x,T)}qb(x, 7).

Here ¢ is a constant and //2m is put equal to one. The phonon field is real, because it originates
from a classical field that describes displacements of atoms. Furthermore, —A plays the role of
a chemical potential. For non-interacting Bose gases the chemical potential is non-positive and
therefore only cases with A > 0 are considered. Notice that there is no chemical potential for the
phonons. This is because phonons can be created or annihilated by random energy fluctuations
and therefore there is no energy cost to add or remove a phonon from the system. Finally, g is
the coupling between the phonons and the atoms, and the factor v/2 is introduced for notational
convenience. Now define

1 .

t — " i(k-x—w,T) ]5

vot) = ey ) akne ’ (85)
1 ,

t) = > by petxTen) 86

¢(X, ) /TBV L k,n€ ) ( )

where w,, = w(2n)/kfS are the bosonic Matsubara frequencies. Then in Fourier space the action
reads

Sla*,a,b%,0] = Y (—ihw, + K>+ Aag ,axn (87)
k,n
+ Y ((hwn)? + A ben + 9V2 D (arenbie  + 0 pbicn)-
k,n k,n

By considering the partition sum we can integrate out the phonons and end up with an effective
action for the atoms. Thus

Zla*,a] = H d[bk}n]e_s[a*’a’b]m (88)
k,n

= H/ /d[bk7n]d[bi’;n]d[bo,o]e_s[a*aa,b*7b]/h

k>0,n>0

—5°%[a* a]/h
¢S la”al/n
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where we used that b_k,—, = b ,,, since ¢ is real. Furthermore, the prime indicates that in the
product there is no term with k and n equal to zero. Now write

1
Sla*,a,b*, b = 5 Z ((—zﬁwn + K+ A)al*(’nakm + (thw, + k2 + A)a*ﬁkﬁna,k),n) (89)
k,n

+ 2 Z/ ((hw7b)2+02k2)blt,nbk,7z
k>0,n>0

’
+ g\/5 Z (akﬂlblt,n + bk7na—k7—n + alt,nbkﬂl + blt,na*—k,—n)
k>0,n>0

+  gV2(ao,0bo,0 + ag obo,o),

where the prime again indicates that we do not sum over the term with k and n equal to zero.
From now on we will neglect this zero mode. Then by performing the Gaussian integral we end
up with

1 /
5" a] = 5 ) ufn G e, (0)
k.n
where
a n
Uk,n = [ o i ] , (91)
Tk—n
and
—i 24N P
Gil(kviwn) = [ o +IEH Agz (heon ) 4%k ) 2(hwn)2+02k2 , (92)
~ ()2 c2K2 ihwn + 1% + A — G

Because we neglected the zero mode, there is no term with k = 0 and n = 0 in the effective
action. Furthermore, there is also a constant coming from the Gaussian integration. However,
in the end we are always interested in thermodynamic quantities which are independent of this
constant. Therefore, this constant is neglected. The poles of this interacting Green’s function
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Figure 11: The dispersions of the atom-phonon model for ¢ = 3, g = 1 and A = 1. The blue
curves correspond to +Aw_ and the red lines denote +hw,. Furthermore, if |k| is smaller than
roughly 0.4 the former becomes purely imaginary.

G(k,w) correspond to energies of the quasiparticle excitations of the many-body system. Thus
the quasiparticle dispersion relations are determined by solving det[G~!(k,w)] = 0 for Aw. The
four solutions are given by

!
T 5 = %\/02k2 + (K24 A)2+0v/32(k2 + A) + (—2K2 + (K2 + A)2)2 = o' hw,, (93)
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where o and ¢’ are equal to +1. The dispersion relations are shown in Figure 11 for certain
values of ¢, g and A.

In the limit of ¢ — 0 there are two phonon dispersion relations hw = =clk| and two
atomic dispersions fiw = +(k? + A). However, for some finite g the situation is different. In
this case, the dispersions for large |k| are close to the dispersion for the decoupled system,
but for small |k| the picture is different. Apart from the avoided crossing that normally
occurs for a system with non-zero coupling between two internal states, there is a region where
the dispersions Aiw_ are purely imaginary. This means that there is some instability in this system.

To understand this instability we first consider the classical situation of a harmonic oscil-
lator which is linear coupled to a free particle. Schematically the potential of that system will
look like

V(I7y) = aIQ + ﬂx Y, (94)

for some non-trivial constants o > 0 and S. Clearly the only extremum of this potential occurs at
the origin. Whether this extremum is a maximum, minimum or saddle point, determines if this
extremum is stable or unstable. By completing the square, the potential in (94) can be rewritten
as

2
V(z,y) =« (:c + By) — B—QyQ. (95)
2a 4o

Thus we end up with two harmonic oscillators. Due to this minus sign in front of the second
term, the potential has a saddle point at the origin and therefore there is instability. In our
field-theoretical model of the atom-phonon model there is a similar situation. The phonons are
harmonic oscillators coupled to some other field, in this case a field describing atoms. By rewriting
(87)

gV?2

Sla*,a,b*,b] = Z {k* + A} |ax,, + mbk,nﬁ + Z — iAWy gy ,, Gk (96)
k,n k,n
2 2
+ Z {(hwn)Z +c’k? — K2 i A} |bic.nl %,
k,n

we observe that if
(k2 + A)?k? < 2¢%, (97)

or equivalently for

1 8g?
2 2 ) _ JA2 429
k<2{ A+ A+c2}’ (98)

there is a minus-sign in front of the harmonic potential of the phonons. As explained before
this corresponds to an instability. Therefore, this explains why for small |k| there are imaginary
solutions. The exact analytic expressions for the dispersions, given by the Aiwy _ in (93), show
that (98) is indeed the criterium for the dispersions to become purely imaginary. Notice that in
the limit of ¢ — 0 the above condition is never satisfied and all dispersions are real. Therefore,
these imaginary dispersions are an effect of the coupling between the phonons and atoms.

5.2 Solving the quantum field theory

From Figure 11 it is clear that there are two different regions. For small |k| there are imaginary
dispersions and for large |k| all dispersion are real. Therefore, we write

1/1(X7 t) = Y< (Xv t) + s (Xv t) (99)
p(x,t) = o<(x1)+ ds(x,1) (100)
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for respectively the atomic and phonon field. Here the subscript < denotes the low-momentum
part with |k| < |kq[, and the subscript > corresponds to the high-momentum part with |k| > |kq|.
Furthermore, k; is the momentum for which fuww_ = 0. Now we first focus on the region where all
dispersions are real.

5.2.1 Real dispersions

In the region where all dispersions are real, the effective action of the atom-phonon model can be
diagonalized by a Bogoliubov transformation. Therefore, new fields dx , and dy ,, are introduced
via the transformation

d - a
. k,n — ;U‘k Uy ) ¢ k,n ) (101)
—k,—n Uk Uk a—k,—n
In the corresponding operator formalism dy , and ax,, are bosonic operators. Therefore, both
should satisfy the standard bosonic commutation relations. Hence,

L= [dindy ) (102)
= [ufixn — VAT g _p, —Vklkn + uk@” ]
= (Juxl® = Jol*)[aren, aZ 4 ]
= Juf* — o]
Thus the fact that the operators must satisfy the normal bosonic commutation relations gives

a normalization condition on the coefficients uyx and vyx. These coeflicients are the non-trivial
solution to the following equation

G (k,w) [ e ] =0, (103)
Uk
where the inverse Green’s function on the left-hand side is evaluated at ifiw, = o'hw,. The
non-trivial solution is given by

Uk oo = ok®+A+0'hw,), (104)

Voo = alk®+A =o' hw,), (105)
where « is a normalization constant. This constant is determined by the normalization constraint
stated in (102). Hence,

2lal?(k* + A) (0’ hw, + o' hw?) = 1. (106)

Clearly, if 0'hw, is negative this normalization equation cannot be satisfied and therefore these
solutions are neglected in first instance. Thus from now on we only consider ¢’ fuw, := hw,. Before
we go to the operator formalism, we need a completeness relation to make a mode expansion.
Therefore we first discuss some properties of uy and vk. Note that uy and vy are found by solving
(103) or

2 2
k2+A+£m)5’W (m)zgw2 [Uk]:m[l 0 :||:Uk:| (107)
(hw)éq*Cka K+ A+ (fzw)ngc2k2 Uk 0 -1 v |’

where Aw is equal to one of the four possibilities of fw, .. Due to the fact that on the right-hand
side of this equation there is a matrix unequal to the identity matrix, an inner product is defined
as

() = [ @it (o)
- e[ T S h]
_ / dx (k5 (%) (%) — K5 (x)12(x)}
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Mathematically this cannot be seen as a proper inner product. This is because (k,k) can be
negative and therefore this inner product is called an indefinite inner product. Also (k, k) can be
zero if k(x) is non-zero. Nevertheless it is convenient for our purposes. Now define

Uk o eik-x

Tro(x) = e | V7 (109)
v¥ e—ikx

o = [#)5%

By using this definition, we observe that if zy ,(x) is an eigenvector with eigenvalue hw,, then
Yk,o(x) is an eigenvector with eigenvalue -fuv’. Furthermore, by using (102) the orthogonality
condition of the eigenvectors reads

(Tx,orUk0) = 0, (111)
(Tr,0, 0 0) = Oki, (112)
(Y00 Uk 0) = —Okie (113)

And the completeness relation equals

zk (x1—x2)

3 {eo(xn)ul o (x2) — 05, (X100 (x2)} = Y © — (114)

K>k | k> [k |

Notice that there is a completeness relation for both pairs of eigenvectors. By integrating out the
phonons, the Fourier transformed Hamiltonian depends on w. However, we switch to a Hamiltonian
where w is replaced by w,. This corresponds to expanding the Hamiltonian in terms of eigenstates.
Because substituting wy or w_ results in different Hamiltonians, there are two Hamiltonians. In
the operator formalism the solution is given by a linear superposition of the eigenstates of both
Hamiltonians. Thus,

[ 7{]> (X, t) ] —
PL(x,1)

Here, dk(I and dT k.o are bosonic creation and annihilation operators. Note that for a complex
field, the operators in front of the two terms do not have to be related. However, in this case
they are related by complex conjugates, which follows from (101). Furthermore, the explicit time

dependence of the creation and annihilation operators is obtained from the Heisenberg equation
of motion, which reads

R S (] Brars BEC e B G

= L[, A, (116)

for any observable A(t) By performing the Bogoliubov transformation the action and thereby the
Hamiltonian of the system becomes diagonal in the new operators dy , and dy .- Thus

Hdh,) = Y g [df dio, b | = hwod),, (117)
k>|k1|
and
H.dpol = Y hw, [JLUCZM,CZW} = —hwydp. o (118)
k>|k1|
Hence
i ,(t) = df, e, (119)
dpo(t) = dpoe . (120)
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k>[ki|,oc€{+,~}

Recall that in this expression

1k-x ik-x
Uko(X) = oro(k®+ A+ ma)e\r = U eﬁ, (122)
9 eik~x eik~x
vko(x) = axe(k —|—A—ﬁw0)f —vk)g\/v (123)
Here
1
(124)

T i, (02 1 &)

such that (106) is satisfied. To solve the whole model we also have to find an expression for
the phonon field operator. However, due to the fact that we integrated out the phonons, this
information is lost. Therefore, we now interchange the role of the atoms and phonons. So we start
from the action given in (87) and integrate out the atoms. By performing this Gaussian integral
we end up with the following effective action for the phonons

1
Seff [b*, b] = 5 Z G;hlbk7nb_k7_n (125)
k,n
= — 2 2k2 o
;{ (Zﬁ(&)n) +c + (Zh&]n)2 _ (k2+A)2 bk,nb k,—n>

where again the constant Tr[log(G™1)] is neglected. Furthermore the poles of Gy, are the same
as the poles of the Green’s function of the theory where the atoms were integrated out. In the
operator formalism

~ 1 A . N .
¢> (X’ t) = T Z Fk,o’ (dk7ael(k'x—w0t) + di’o-e—Z(k*x—w”t)) . (126)
4 k>|ki|,0€{+,~}

Note that in this mode expansion the same operators as in (121), the operator expansion for the
atomic field, are used. This is because in both cases the dispersions are the same, and therefore
both field operators create or annihilate the same excitations. Hence, both mode expansions
consist of the same operators.

5.2.2 Imaginary dispersions

Now we consider the region in which there are two imaginary solutions. Again we switch to
the operator formalism. First recall that for an imaginary dispersion, the normalization constant
Ky oo, which follows from (106), cannot be chosen such that the new operators di’;n and dy ,, still
satisfy bosonic commutation relations. This is because for an imaginary dispersion, the norm of
the eigenvectors xk , — is equal to zero. This fact can be proved mathematically. Namely, solving
our eigenvalue equation corresponds to solving

Wik = 0 hwy 2, (127)
where the matrix Wy is of the form

LM]

Wi = { Y (128)

and

x { e ] (129)

— Uk
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For the exact expression of L and M we refer to (107). We find

(0 hwy) (2, 2) = (W2, 2) = (2, W2) = 0’y (2, 2). (130)

Here we used that
was) = [axweomet| g O s (131)
_ZLH —OlHtl) —01}W11{(1) —Ol]zk (132)
= 2 { (1) _01 } Wiz = (2, W2). (133)

Because o'fiw, # o'hw’ we have that (z,z) = 0. This proves that a normal Bogoliubov
transformation cannot diagonalize our action. Therefore we have to come up with a different
approach, which is based on [6].

For a mode expansion of the field operators we need a completeness relation. To obtain
the completeness relation we adjust the normalization condition as follows

(zk7+,_,zk7_7_) =1. (134)
Recall that the imaginary part of the eigenvalue of the eigenvector zyx  _ is positive, while it is
negative for zi _ _. This implies for the normalization constants Ky o

Ki o K- {4k + A)hw_} =1, (135)

where the definition of 2k, » in (109) is used. So we choose
1 et

VAR Afwo- AR + A |

Ky =Kfi, = (136)

With this normalization condition the completeness relation for the complex modes is given by

23 L e (x2) — v (s (x2) + (137)
k<|k1
’Lk (x1—x2)

e (%1t (%2) = i (K1)t (x2) = D0 © —

k< |k |
Furthermore,
5 30 e G (0) — v e, (x2) + (138)
k<|k1

e, (%10 (%2) = vie (X1 ), (x2) } = 0.

The completeness relation can be checked by subtracting (138) multiplied by vk 4+, — (x2) from (137)
multiplied with uk 4+ _(x3), followed by integration over x3. To verify the whole completeness
relation, we have to do this trick for all different ux o —(x2) and ux o, (x2). Recall that in these
expressions uk o/, —(x) and vk ./ —(x) are given by

ik-x ik-x

Uk —(X) = Kior—(K2+ A+ 0"l )< 7 = o c = e (), (139)
v (X) = Ko (K4 A — 0o ) o o e (%), (140)
o, o, 7 o = Ve
Therefore,
B 0 (%) = 6 F i 0 (%). (141)



Thus the completeness relation can be rewritten as

zk (x1—x2)

—1 Z {’U,kﬂL X1 v_ k,— ( 2) —f)ik’ (Xl)ukJr X2 } Z \/» . (142)

k<|ki| k<|ki|
In addition,
> i (x1) 7 - (%2) = B - (x1) 0+ (x2) = 0. (143)
k<|kq|

For the real dispersions we can just use the Bogoliubov transformation from the last section, so
we can write

De(x,1) = Pearla) + e, ph(T Z Ak[ak ety L (x )+@L62w+tvﬁ+( )] (144)
k<|kq|
+ > B [Bka)ei% e (%) + (e T7 ()]
k<|kq|
dL(x,t) = 1/’<at( )‘H/J<ph Z Ak[akewnuﬁ (X)+dk€_iw+tﬁk7+(x)} (145)
k<|kq|
Y BB T (%) + (e T - (x)].
k<|kq|

Here, Ay and By are constants which are determined by the commutation relations and the
equations of motion. Furthermore 6k and Ay are the operators for the complex modes. These
operators satisfy B = ﬂ « and i = 7T - Furthermore, we impose

[Bi(t), A-p (1)) = —idip, (146)

and all other commutation relations vanish. To obtain the explicit time dependence of the new
operators, we should first determine the part of the Hamiltonian with the complex operators. By
using (144) and (145), we define

[ Ve o 1 [ﬂku)y (147)

¢< ph,—k ()

where

M = { ef:“‘k* ei%ka ] . (148)
e Ty e Ty

Here k4 and 0y, _ are defined in (139) and (140). In momentum space the complex part of the

Hamiltonian is given by

"
] 1 w7p ¢,p
HZQZl <hk]H[ <hk]7 (149)

k<|ki| 1p< ph,—k w< ph,—k
where
[ K+A+T T
H‘[ T k2+A+T} (150)
and
2
T J (151)
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Note that we do not use the Hamiltonian with the frequency-dependent 7. Instead, we use a
Hamiltonian where the fiw in T' is replaced by the quasiparticle dispersions fiw_. To obtain the
part of the Hamiltonian with the new operators Si(t) and Ak (t), we have to calculate

Dy D
MTHM = [ Di DZ } , (152)
where
Din = 2(k*+ A+ 7)1 |* —iT{(G5 4 )* — (G +)?}, (153)
Dyy = (K +A+TD){ag 05+t 0~} — iT{ly | O~ — T+ Oy},
Dy = Dao,
Doy = 2(k*+ A+ T)|0x—|* +iT{(t5 _)* — (0~ )*}-

By using the fact that det[G~!(k,w_)] = 0, where G~1(k,w) is defined in (92), we obtain that
hw_ satisfies

(k* + A)? — (hw-_)* +2(k* + A)T = 0. (154)
Therefore,
_ (R HAFT[(K* +A)? = (hw-)*] + T[(k* + A)* + (hw-)?]
Du = 202 + A)[ho_| (155)
_ —T[k2+A+T]+T[k2+A+T]:O
|| ’
Do (k2 + A+ T)[(k? + A)? — (hw_)?] + T[(k* + A)? + (hw_)?] P
22 = 202 + A)hiw_| =Ltn =Y,
and
K+ A+T) (K + A + (hw-)?] + T[(k* + A)? — (hw-)?]
Dz = 202 + A | (156)
_ AT T (o)
- ol ] e

Here, we used (139) and (140) and the fact that (Aw_)* = —fuww_. By combining these results, the
Hamiltonian in momentum space reads

1 B 1] 0 —lmo [ )] Belt)
R R [Ei])
= 5 2 (Il B e + A0}
k<|kq|
_ _% S |m_|(5_k(mk(t)+v_k(t)ﬁk(t))}
k<|kq|

Notice that this part of the Hamiltonian is hermitian. With this expression for the complex part
of the Hamiltonian, we can determine the time dependence of the complex operators by using the
Heisenberg equations of motion given in (116). Therefore, we calculate

[H, B = hw_pk, (158)
[H, %] = —hw A
The Heisenberg equations of motion are given by
d - ~
20k = w1k (1), (159)
d
“A(t) = — oAt
SAt) = o),
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The solution is

Bi(t) = el-1tfy, (160)
Ae(t) = eIty
where
[Bics - p) = —i0kp- (161)
Furthermore, we can write
N 1 PN N A
H = 5 kz; | { — [Aw_| <5fk'7k + ’Lkﬁk) } (162)
<|ki1

This representation is consistent with the fact that the H is time independent. However, at
this point the meaning of the complex mode operator fx and 4 is not clear. To get a better
understanding of these operators, we introduce bosonic operators by and bL as follows,

B = %(Z}k"'y_k)v (163)
= s (i) (164)

Note that these definitions are in agreement with Bk = Bik and A = &ik. By rewriting,

b = % (ﬁk - Wk) ; (165)
b = % (ﬁ:k + iﬁ’fk) : (166)

By using the fact that Bk and 4 satisfy the commutation relations defined in (161), we obtain
% BL] = Okp, (167)

and the other commutation relations vanish. Thus by and bL are indeed bosonic operators. Now
we can also rewrite the complex part of the Hamiltonian, given in (162), in terms of these bosonic
operators. By using (163) and (164), we obtain
N 1 PUEN PN
o= 53 { oo b+ oy BB ], (168)
k<|kq|

as our expression for the Hamiltonian in terms of the bosonic operators b and EL Here hwg,—
are defined in (93). Furthermore in terms of the complex mode operators, the field operators are
given by

beet) = 3 Al e tu () + ale g L (x)] (169)
k<|ki| )

+ Z By 5k6i1+|“tﬂk,+(x)+%6izwltﬁ*—k,—(x)]’
k<|k1| L

Bty = D Awal - e hu () + dce o ()] (170)
k<|k1| i

+ Y By |Be Tl k,+(x)+@ke—i’i—lwt@,(x)l.
k<|k1|
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And the expression for the phonon field in the operator formalism
1

(/g< (X7 t) = \/V

Z Ci [dk . ei(k~:c—w+t) + le( . e—i(k'x—uurt)} (171)
k<|k1|

1 " . .
o Z Dk [Bkelw [t+ik-x + ,?ke—ku, t+zk~x‘| )
\/V k<|kq|

Note that ¢3<(X, t) is indeed real, because B;L =Bk, *Ayli = 4_k and we assume that D} = D_y.

5.2.3 Normalization constants

For the full solution of this problem, we have to determine the constants Fy ., Fx,., Ak, Bk,

Cx and Dy. To find the constants we use that 1&()(7 t) should satisfy the canonical commutation
relation

[ﬁ(xl,t),ﬁ'w(x%t)] = [@(Xh t),ih’(/A)T(Xg,ﬁ)] = ihé(xl — XQ). (172)

Here in the second step (84) is used to calculate 7ty (xa,t). Also ¢(x, t) should satisfy the canonical
commutation relation. Again by using (84) this commutation relation can be written as

[D(x1,1), Ty (X2, 1)] = [(x1, 1), 2ih%8, (%o, 1)] = ihd(x1 — X2). (173)

Because the low-momentum and the high-momentum parts commute, we can only satisfy these
commutation relations if

. . 1 .
['(/J< (Xl,t),'l/JL (XQ,t)] = ﬁ Z elk‘(x1—xz)7 (174)
k<|k1|
s (x1, ), 9L (x2, 8)] = % ik ba) (175)
k> k1|
~ ~ 1 .
[p<(x1,t),2h0; P (X2,t)] = ﬁ 2 ik (ri=x2) (176)
(65 (x1, ), 21 o (2, 1)] = % il (177)

Furthermore, the field operators should satisfy the equations of motion. The equations of motion
are given by

0 = {haaT —V2+A} D(x,t) + gv20(x, 1), (178)
0 = 2 {—52867_22 - 02v2} b(x,t) + gV2 {1[)()(, )+t (x, t)} . (179)

Thus the low-momentum and high-momentum part completely decouples, and therefore we can
can consider both part separately. For the high-momentum part (175) implies

Evi: = V7 (180)
B = 1- Z. (181)

for some constant Zy. Furthermore by using (177)

Ahwy Fy |+ 4hw F =1 (182)
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By substituting the mode expansions in the first equation of motion we obtain

Wik, = T % (183)

Wik = 1 7 (kijkfj = s (184)
and the constraints due to the second equation of motion

2F + (hw? — k%) = @m, (185)

2F _ (hw? — °k?) = MW. (186)

Due to the fact that Aw, should satisfy
2¢9%(k? + A)
2 2 2 —
I+ B b+ G e =0
the constraints coming from the second equation of motion are the same as the constraints of

the first equation of motion. By combining these constraints with (182) and using the analytic
expression of fiw, , given in (93), we obtain

(K2 + A)? — fw?

(187)

k= (188)
F? —
From the analytic expressions of hw, it follows that 0 < Zx < 1 for non-zero coupling. Hence
(k2 + A)2 — hw?
E = 189
k,+ \/ hw?r ~ h? ) ( )
hw? — (k2 + A)2
Ex_ = - . 190
. hw? — hw? (190)
Furthermore,
(k2 + A k? + A)? — hw?
Fie. S il (191)
g\f 4(k? 4+ A)hw,
1 — (k2 +A)2 (kK + A)? — hw?
Py — S ) (192)

Y53 hwi — hw? A2+ A)hw_

Now we consider the low-momentum part and determine the constants Ay, By, Cx and Dy. First
(174) and (176) imply

AL +BE = 1, (193)
4hwyCF + 4lhw_|DyD_y = 1.
Hence,
Ak = /Y, (194)

B = /1 - Y,

where Y} is some constant. Furthermore, the field operators should satisfy the equations of motion
defined in (178) and (179). By substituting the mode expansion into these equations, we obtain

(k2 + A)? th
e Ny o (195)
(2 + A)? — hw?
gV2Dy = —/1—Yx (196)

4(k2 + A)|hw_|
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as a constraint coming from the first equation of motion and due to the second equation of motion

2 _ 212 — (k* 4+ A)gv2

2Wre(fw? — ?k?) = ‘/Yk—(kuA) - (197)
9 212\ — (k2 + A)gv2

2D (hw? — k) = /1 Yi A=yl (198)

By using all these equation we obtain that Dy = D_y and therefore by defining
D Ey— - (199)
k = Lx—F—,
|hew_|

we have the same equations as when all dispersions were real. Therefore,

A = \/ (kzh:ffh;ghw S (200)
Bx o (th:f) — B, (201)
b o 1 k2+A) (¢ + AP~ h? 03

g\f hwf_ — hw? 4(k? + A)|Aw_|
So the complete expression for the field operators is given by

QZE(X, t) = ¢3< (Xa t) + (ZB> (X7 t) (204)

1 ) )
- Z Ci |:dk . ez(k~w—w+t) + dif( . e—z(k‘z—w+t):|
\/V k<|kq|
o D e|w \tJrlkx_’_ e —|w_ |[t+ik-x
7 T o [ﬁk e
1 . )
+ T Fk,o‘ [dk,ael(kIX7w6t) + dl-i;’o_eil(k‘x*wgw} b
4 k>|k;|,oce{+,-}
where the constants are defined in (192), (202) and (203). Furthermore,
’lZ)(Xa t) = 1Z)< (X7 t) + 1/;> (Xa t) (205)
= Z Ay [o?k ceT Wty (%) + d;r(ei“’*tv{i#(x)}
k<|kq|
+ D B Bkei3+'“'fak,+<x>wkeil'wt@ik,JX)]
k<|kq|
+ Z Fx » [cikﬂe_i“”tuk,g(x) + ciLUei‘*’”tvf;U(x)] ,
k>|k;|,oce{+,—}
ik t) = ¥Lxt) +dl(x1) (206)
= Z Ax {a ety (x) + dke_i“’*tvk#(x)}
k<|kq|
+ Y B Bk6i2+w|tﬂ*k,+(x)+ﬁk€izI‘“'t@k,(x)]
k<|kq|

+ S B e oo (%) + df e i, (%))
k>|ki|,0€{+,~}
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where the constants are defined in (200) and (201). With these expressions for the constants, we
have

[D(x1, 1), P(x2,8)] = [D(x1,1), 9T (x2,8)] = 0. (207)
This result is expected, because creation or annihilation of a atom is uncorrelated to the creation
or annihilation of a phonon. Now we take the limit of g — 0. First note that in this limit |k;| — 0.

Thus ¢« (x,t) = L (x,t) = ¢ (x,t) = 0 as g — 0. Furthermore by using (93) we have

hw, = kK*+A and hw_ = c[k| if (k2 +A)2 > ?k?, (208)
hwy = clk| and fw_ = k*+A if (k2 + A)? < 2k (209)
Hence
Zy =1 if (k? + A)? > 2k?, (210)
Zx = 0 if (k% +A)? < ?k?, (211)
and
uk+ = 1 and w4 = 0 if (k2+ A)? > k2, (212)
uk,— = 1 and v = 0 if (k% +A)? < ?k?, (213)
in the limit of ¢ — 0. Hence,
- 1 . 2
x,t) = —= Y felkx (kA 214
P(x,t) .7 Zk: K (214)
~ 1 . 2
fx,t) = —=Y @l e ilkx—(+a)) 215
in the limit of zero coupling. Here,
. fodkr = ay if (K2+A)?2 >k
G = { de- = ar_ if (K +A)2 < 2K (216)
This is the result of an homogeneous quantum gas. Furthermore, in the limit of g — 0
1
B+ = 0 and By _ = ——— if (k% +A)? > c?k?, (217)
24/ c|k|
1
By + and Bx_ = 0 if (k% + A)? < k2. (218)
2/clk|
Thus in the limit of zero coupling
- 1 1 . .
xt) = —S — {A eillex—clk|t) | ATefi(kAxfc\k\t)}7 219
where
. —dk- = —ax - if (K2 +A)? > 2K
Prc = { des = aes I (KR+AR <K (220)

Note that the minus sign in front of dyx _ is unimportant as for physical quantities one always
calculates products of an even number operators. So the sum of the number of rj;(x, t) is even and
therefore the minus sign disappears in physical quantities. Hence, in the limit of g — 0 we get the
expected results.

5.3 Physical quantities

Now that we have the full expressions for the field operators, we can perform some calculations to
obtain physical quantities.
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5.3.1 The spectral-weight function

To calculate some physical quantities we have to determine the spectral-weight function, which
is defined in (82). But first we have to determine the retarded Green’s function. In the operator
formalism, the retarded Green’s function is defined as

Gret(Xl, tl, X2, tz) = i@(tl — tg)([z/;(xl, 751)7 ’(/AJT (XQ, tQ)D. (221)
By using the (205) and (206), we can write
G™*(x1,t1,0,0) = (222)

i0(t1) Y AL{Jup, 4 P71 = fup ¢ 2l e
) o

+ i0(t) > Bpflup,-[Pe " — Jup, [Peitietp
p> k|

+ O(t1) Y Biipip el —ar o emle-ltiyeira
p<|ki|

where without loss of generality we set to = o = 0. In this expression for the retarded Green’s
function, there is a part with exponential growth. Because the Fourier transform of a function is
only well-defined if a function is absolute integrable, we have a problem to calculate the retarded
Green’s function in momentum space. However, to compare with the spectral function obtained

80| -

_20’ 1 1 1 1
-2 0o, 2 4

Figure 12: The atomic spectral function of the atom-phonon model for k? = 0.3, ¢ = 5, g = 1,
e =10"% and A = 1. The four peaks corresponds to the four dispersions hw,’ ;.

from (92), we define

Ui, + Uk, —

o0 00
/ dtl / X1 ’l'lp +’57p 7e\w,|t1 ezp~x1€—zk~x1 elwtl—eh P : (223)
—oo —oo ’ lw_| +iw — €
Hence,
ret + > > dX1 ret —ik-x1 iwt, —ety
G (k, w ) = dtl 7G (Xl7 tl, 0, 0)6 e (224)

. 1
= i {u

1
( — — |1)1<-,Jr|2 - —
W—wi)—€ (w4 wy)—e¢

1 1
— iO(lk| = |k NB2 2 _ -
0| B {5~ P
1 1
— O(ki| - IKNB2 w0y . —m— - — o, —— %
(el = KB {0 s~ e T
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Note that in the limit of € — 0 the last term is real. So the complex dispersions do not contribute
to the spectral function. Furthermore, by using

. €

the spectral function can be written as
plkw) = Ai{lue 6w —ws) = o+ [P0(w + wy )} (226)
+ Biflu-[?0(w — w-) — |vk,— [*8(w + w-) }O (k| — [ki ).

Because w, > 0, it is clear from this result that the spectral function is larger than zero for positive
frequencies and smaller than zero for negative frequencies. Also,

/dwp(k, w) = Ai{lue? = oY+ Biflu - P = o7} (227)
= Ai+Bi=1,

if |k| > |ky|. Thus in this region the frequency sum rule for atoms is satisfied. However, if
ISRSIISY

/ dwp(k,w) = A} # 1. (228)

Thus for small momentum, the frequency sum rule is not satisfied. Instead of using the field
operators, we can also use (92) to obtain the spectral function. First write

_qtire

Gnllew?) = T (229)
where
¢ = ¢*+ K+ A+ hw)((hw)? - *k?), (230)
o= 2wk + A+ hw) + (hw)? — 2k, (231)
s = 20°(k" + A) + [(7w)® — Rk + A)? — (hw)?], (232)
t = 2mw[cPk® + (k* + A)? — 2(hw)?]. (233)

Note that we are interested in G11(k,w™), since this corresponds to the normal average. By using

80f ]

60[ -

_20’ 1 1 1 1

-4 -2 0 o 2 4

Figure 13: The atomic spectral function of the atom-phonon model for k? = 0.15, ¢ = 5, g = 1,
e =10"% and A = 1. The two peaks corresponds to the two real dispersions hw,_ ;.

(225) the imaginary part of G11(k,w™) can be rewritten as

TGk w®)] = 26(s/0) ~ LG (234)

= —%5(5/0.
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Here we use that the density is obtained by integrating the spectral function multiplied with the
Bose function and therefore the term with s - §(s/t) can be neglected. Furthermore, by using

Bglay) = 3 20— x0) (235)

g @l
where the summation is over all real roots of g, we have that
1
—Im[Gn (K, whHl= > {Creb(w—w,) = Copd(w +ws)}, (236)
O'E{-‘r,—}
with
o = &+ (K2 + A+ hw)((hw)? — ?k?) ‘ (237)
BT 2hw(2k? + (K2 + A)2 — 2(hw)?) | hw—hwy .o
9> + (K + A + hw) ((hw)? — °k?)
Oy = ‘ , (238)
’ 2hw(c?k? + (k2 + A)? — 2(hw)?) hw=hw_ ,
if |k| > |kq], and otherwise
1
aIm[Gu(k, w*)] = {Cly+5(w — w+) — CQ)+5(CU + W+)}. (239)
Because
Ai‘Uk’+|2 = CL+7 (240)
Aploe > = Cay, (241)
Bllu |2 = Ci, (242)
Bilo_|? = Co_, 243
klVk, .

we have that the spectral function for the atoms obtained from the operator formalism is the same
as the spectral function obtained from the Green’s function in (92). Numerical plots of the spectral
function in the high-momentum and low-momentum region, are given in respectively Figure 12
and Figure 13. Furthermore for the phonon field

plk,w) = By {6(w — wi) = 8(w +wi)} + BY_{8(w —w_) — 8(w +w_ ) }O(IK| — ki) (244)

which can be verified by using the calculation of the spectral function for the atoms for uyk , =
vk, = 1. Hence, we find for the phonon field,

/dwp(k, w) =0. (245)

By using (172) and (173), the analogy of the frequency sum rule of the atoms is given by

/dwp(k, ww = 1. (246)

This rule is only satisfied if all dispersions are real. In analogy with the previous case, where the
atoms are integrated out, we can also use the action from (125) to calculate the spectral function
for the phonons. By doing this, we can verify our expressions for By , as the spectral functions
should be the same in both formalisms. First write

a+1ife

Gpn(k,w™) = rice (247)
where

a (hw)? — (k* + A)?, (248)

B = 2hw, (249)

vo= 220°(K2+ A) + (PR = (hw)?) (w)? = (K2 + A)%)], (250)

¢ 4hw(c®k® + (kK* + A)? — 2(hw)?]. (251)
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Hence

%Im[Gph(k,er)] - f‘a(”) (252)

Here we used (235). Because

o 2

Tl = By o (253)
we have that the spectral function obtained from the field-theoretical approach is the same as the
one obtained from the operator formalism. However, we still do not satisfy the frequency sum
rule if there are imaginary dispersions. To obtain a spectral function that satisfies this sum rule,
we should find a generalized Fourier transform of the exponentially growing function. But since
we have the explicit expression for the atomic and the phonon field operators, which satisfy the
commutation relations and the equations of motion, we can switch to the operator formalism to
calculate physical quantities.

5.3.2 Correlations

Because we have the explicit expression for the atomic and the phonon field, and written the
complex mode operators in terms of bosonic operators, we can calculate some correlations. To
calculate these expectation values we need an orthonormal set. Therefore, consider the set
{N,N)} = {IN) @ [N)} = {|...., Nig, ....) @ ... ...)}. Here, |N,N) corresponds to a state
with N excitations with energy 77w+ and N exc1tat10ns with energy Aw_. Here the single-particle
occupation numbers Ny and N, are such that >on Ny = N and >« Nk = N. By relaxing these
constraints, this set becomes an orthonormal basis for the Hilbert space of all symmetric many-
body states. This space is known as Fock space. We define the annihilation operators ém, bm,
d + and dn _ acting on a Fock state [N, N) by

N, NY = /N (|....,Nm L) ® \N)) , (254)

dn+|N,N) (255)

\/ﬁ(|N>® e N >) (256)
dn_|N,N) = ﬁ(\N>®|....,Nn_1,....>).

where |m| < [k;| and |n| > |k;|. Because ay, b and dy, are bosonic operators this implies
i (Jooos Mo o) @ [N)) = V/T5 N (Joros N 41,0} @ [N) ) (258)
di <|....,Nn,....> ® \N)) 1+ Ny (| Na+1,..) ®|N) ) (259)
P <|N> ® [eery Nens >) V14 N (|N >) (260)
(N @ M) = 14N (IN) 2 c))

Furthermore the vacuum state |0) is defined by

I
Z
=
®
z

b [N, N)

:
\

(257)

(261)

10) :=[0)a @ [0)p. (262)

Observe that the vacuum state with zero particles |0) is the tensor product of the vacuum of the
bosonic operators &y, and by,. Note that the operators by, and dy,,— have the same vacuum. The
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only difference between both is that Z)In creates excitations with low-momentum and d __ creates
excitations with high-momentum. The same arguments also hold for the bosonic operators JII 4
and &} . Hence,

m|0) = 0, (263)
Bm|0> = 0,
dn,|0) 0,
da0) = 0

for all m < |k;| and n > |k;|. From (258),(259),(260) and (261), it follows that any state |N, N)
in Fock space can be expressed as product of bosonic creation operators

. 1
N,N) = (&} )Nk
N kym \/Nk!,/Np!\/Nn!\/Nm!( 2

B A SR UREIU VRO MOV
" kpmn VNIV NV Nalv/ Ny !

Note that the order of the creation operators is unimportant since we have bosonic creation
operators. Furthermore we have the constraints

> Nm+ > Na = N, (265)

(dh )N (bh) Ve (dh, )Mmj0)  (264)

m<|k | n>|ki|
> M+ > N, = N (266)
1<|k1| p> k|

Furthermore, the inner product between two states is given by

- 0 o (0] (Gs) N (dp+ ) Ve (dl, ) Ve (6], )N [0)q

(N,N|N',N') = A VNN Ny VN ! (267)
T b 01(bn) ¥ (dm )" (A, ) N (Bl ) ¥ 0)
om0’ e VNeo! VN '/ NV N !
Hence,
(N,N|N',N') = 6n,n 0 507 (268)

where we used (258) and (259). Thus our basis is indeed orthonormal and therefore it is clear that

(WB(x,1)) = (W (x, 1)) = ((x,1)) =0, (269)

by using the explicit expressions of the phonon and atomic field operators given in (169), (170),
(171). We also used the expressions of the complex operators in terms of the bosonic operators
given in (163) and (164). This result can also be understood classically as the expectation value of
the field operators is such that the potential has an extremum. Furthermore, classically we should
expect that the particles remain in this metastable equilibrium. However, due to quantum fluctu-
ations we get a non-zero probability of finding a particle at a different position. To illustrate this,
let us determine some correlation functions. Therefore, we first need to calculate the expectation
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value of products of two complex operators
P 1 A . . . -
(Bafm) = SONN] (b + 0 ) (b +01, ) N N) (270)
1 - fn A ST -
- (NN (bmbi bl mbm,) IN,N)

1 - -
= 76m,—m/ (1 + Nm + N—m) )

2
Gimme) =~ 5 (NN (b~ ) (b = b ) 1N, R) = (i), (211)
Beoar) = %(N,N\ (ém + éim) (Bm/ - Bim/) IN,N) (272)

_ _%<N,N| (b s = 5L b ) [N, )

= _Eémfm/ <1+Nm_N7m)v
2 il
A5 { < (G - - - < 5 -
GimBenr) = SN (b = 5n) (B + 6T ) NN = = (B ) (273)
where Ny, is the occupation number of excitations with energy Aw_. Furthermore, for the bosonic

operators &y and dlt

(dmal ) = (14 Nu) O (274)
<dInOA‘m’> = Nm6m,m’7 (275)
(Ambm) = (@l ) =0. (276)

Here Ny, is the occupation number of excitations with energy fw,. Note that there are similar
expressions for the expectation values of products the bosonic operators dAk,g. By using the ex-
pressions of these expectation values, we can determine all kinds of correlation functions. First,
we calculate

Wiy, t) = > [Ai{(1+Nk)uk,+(x)u;+(y)+Nkv;;+(x)vk,+(y)}} (277)

k

1 2 ) L oottty 02+ A2 = (B )? ek (x=)
+ Qk;q B (1+Nk){ h(2lw_|t) 20+ Al | +1} =

~ 2 2 2 eik*(xfy)

+ % > |BiNx {cosh(2w_|t)(k2(;2AﬁA)|ézw‘|) _ } =

k<|ki| -
+ ) [Bi{(1+f\7k)uk,f(x)u;,(y)+Nkv;,(x)vk,,(y)}},

k> k|

where we also used the explicit expressions for ik »(x) and Uk »(x) given in (139) and (140). This
expression gives the probability for finding a single atom at time ¢ and position x that was added
at position y at the same time ¢. For completeness, we will also give the expression for the other
correlation functions

WD, 000,0) = D7 [AR(+ Mt (x)vi 1+ (7) + Nievie 4 () (v)} (278)
k
i 6ik‘(x—y)
+ 5 Z BﬁMk{emwt&k#ﬁkﬁ + 6_2w|t7~)*k’1~);7}v
k<|kq|
Y [BHO+ Ndue- (v (v) + Micvie (s (v)}].
k> |k |
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Note that the expression for (1(x, )i (y,t)) can be obtained by taking the complex conjugate
of ((x,t)Y(y,t)) and interchanging x and y. Also

ik-(x—y)
A ~ o 2 (&
@60d.0) = 3 GO+ N+ N ] (279)
ik-(x—y) ik-(x—y)
+ 0y lDﬁ cosh(z\w,u)MkeT + Y FfﬁMke |
k<|ki| k> k|
and finally,
R R . eik~(x7y)
WGeDo. 1) = Y [AGd O+ N + Noww' s }——| (280)
k
1 . ik (x—y)
+ 3 Z e's BkaMk{GQw_ltﬂkd. +6_2|w_t’l~)ik7_}ev
k<|kq|
1 L [ ik (x—)
+ = ByDy [1+ Ny — N_k
2k<zk1 ( ) 4(k? + A)|hw_| 14
1 ~ ~ * eik'(x_}’)
+ 5 Z Bka’,{(l =+ Nk)uh, + ka”—k,—}T R
k> k|
where
My = (1 + Ny + N_k) . (281)

All these correlation functions show the same behaviour. Namely, if time increases the correlation
functions exponentially increase. Furthermore, the expectation value of the number of particles,
which for respectively atoms and phonons is defined as

(Na)(t) = / de (i (3, ) (%, 1)), (252)

(Non)(t) = / dx(B(x, ) d(x, 1)), (283)

also increases exponentially in time. The growth of the number of phonons is a consequence of
the instability for the phonons discussed in section 5.1. Furthermore due to the linear coupling
between the atomic and the phonon field, also the number of atoms grows in time. This model can
also be compared with a laser. In a laser the number of photons grows in time due to stimulated
emission. Therefore, our coupled atom-phonon model can schematically be compared with a laser,
where the role of the photons is played by the phonon. However, in our model also the number
of atoms increases, while in a laser, the number of atoms should remain constant. To obtain a
more realistic model for a laser, we should change the coupling term in our model. For example
we should have a term

hB
g/o dT/dxw (x, M) (x, T)o(x, 7). (284)

Then instead of the linear coupling where an atom is annihilated and a phonon created and visa
versa, we have the processes that describes emission. Namely, this coupling term describes the
process where an atom is annihilated and a phonon and an atom are created. The reversed process
is of course also described by these terms. By incorporating this coupling term, we would have a
more realistic model of a laser.
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6 Conclusions and discussion

In this thesis we considered a gas of ultracold bosons at unitarity. First we discussed a many-body
theory that correctly describes the two-atom physics near a Feshbach resonance. In addition, this
effective theory is used to make a prediction of the energy per particle in the unitarity limit. By
using a mean-field theory, we end up with a divergence of the chemical potential and therefore
also the energy per particle is infinite. Besides this experimental relevant solution of an atomic
condensate, we also found that this mean-field theory incorporates the actual groundstate which
consists of a condensate of molecules.

In the mean-field calculations we neglected the depletion of the condensate. However, for
reliable results, we should also include these fluctuations. In this thesis we started to incorporate
these fluctuations in the theory. However, by using the Bogoliubov approximation we end up with
an ill-behaved spectral function. Namely, for some momenta the spectral function is negative for
w > 0 and positive for w < 0. Furthermore, this spectral function does not satisfy the sum rule.
The latter is caused by the poles of in the spectral function in the upper complex plane.

To get a better understanding of these complex dispersions, we also considered another
model where poles with positive imaginary part exist. We showed that these complex dispersions
always occur with a linearly coupled harmonic oscillator, and therefore we studied a model consist-
ing of linearly coupled atoms and phonons. In the operator formalism both fields, which describe
the atoms and phonons, are quantized. To get full expressions for the atomic and phonon field
operators, which satisfy the canonical commutation relations and the equations of motion, we have
to incorporate all dispersions. The fact that we satisfy the commutation relations and nonetheless
violate the sum rule, is caused by the fact that we cannot simply Fourier transform exponentially
growing functions. In this model the imaginary parts are related to the instability of the model,
and therefore we also obtain that correlations and the number of particles are not constant in time.

In the near future, we will continue on incorporating depletion into our theory. For fermions it
is already known how to incorporate the fluctuations [8]. Hopefully, by doing similar calculations
for bosons, we can in the future obtain a more physical result for the energy per particle in the
unitarity limit.
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