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This thesis focuses on experimental studies of strongly correlated
fermionic superfluids in the crossover from a Bose-Einstein conden-
sate (BEC) of molecules to a Bardeen-Cooper-Schrieffer (BCS) su-
perfluid of weakly bound Cooper pairs. In the first part of the the-
sis we prepare homogeneous 3D ultracold Fermi gases and probe the
full momentum-resolved low-energy excitation spectrum with Bragg
spectroscopy. This allows us to directly observe the smooth cross-
over from a bosonic to a fermionic superfluid that takes place in the
BEC-BCS crossover. Furthermore, we use the excitation spectra to ex-
tract key quantities of the many-body system, the speed of sound and
the pairing gap, which provide quantitative benchmarks for theoret-
ical predictions. In subsequent experiments, we study Fermi gases
with a strong vertical confinement to probe the excitation spectrum
of 2D Fermi gases, allowing us to compare the stability of 2D and 3D
fermionic superfluids.

In the second part of the thesis we present the creation of spin-
imbalanced ultracold Fermi gases in box potentials. They are close
to the 2D regime ( B , ) and we achieve temperatures
about a factor of 2 lower than in previous works for 2D harmonically
trapped gases for spin-imbalances smaller than . We experi-
mentally observe that the gases are locally imbalanced with a nearly
constant imbalance over the entire cloud. We do not observe any ex-
perimental indication of phase separation predicted by most theoreti-
cal works, which expect a first-order phase transition at very low tem-
peratures resulting in formation of balanced domains and domains
hosting the majority excess.





Diese Arbeit konzentriert sich auf experimentelle Studien von stark
korrelierten fermionischen Suprafluiden im Übergang von einem
Bose-Einstein-Kondensat (BEC) von Molekülen zu einem Bardeen-
Cooper-Schrieffer (BCS) Suprafluid von schwach gebundenenCooper-
Paaren. Im ersten Teil der Arbeit präparieren wir homogene 3D ul-
trakalte Fermigase und untersuchen das vollständig impulsaufgelö-
ste niederenergetischeAnregungsspektrummit Bragg-Spektroskopie.
Dies ermöglicht es uns, den graduellen Übergang von einem bosoni-
schen zu einem fermionischen Suprafluid, der im BEC-BCS-Übergang
stattfindet, direkt zu beobachten. Darüber hinaus verwenden wir die
Anregungsspektren, um wichtige Größen des Vielteilchensystems,
die Schallgeschwindigkeit und die Energielücke, zu extrahieren und
diese mit theoretischen Vorhersagen quantitativ zu vergleichen. In
anschließenden Experimenten untersuchen wir Fermigase mit einer
starken vertikalen Einschließung, um das Anregungsspektrum von
2D Fermigasen zu untersuchen. Dies ermöglicht es uns, die Stabili-
tät von 2D und 3D fermionischen Suprafluiden zu vergleichen.

Im zweiten Teil der Arbeit präsentieren wir die Erzeugung von
spin-unausgeglichenen ultrakalten Fermigasen in Boxpotentialen. Sie
befinden sich nahe dem 2D-Regime ( B , ), und
wir erreichen Temperaturen, die um den Faktor 2 niedriger sind als
in früheren Arbeiten mit 2D harmonisch eingeschlossenen Gasen für
Spin-Ungleichgewichte kleiner als . Wir beobachten expe-
rimentell, dass die Gase lokal unausgeglichen sind und das Spin-
Ungleichgewicht über die gesamte Wolke nahezu konstant bleibt.
Wir beobachten keine experimentellen Hinweise auf eine Phasentren-
nung, die von den meisten theoretischen Arbeiten vorhergesagt wird.
Diese erwarten einen Phasenübergang erster Ordnung bei sehr nied-
rigen Temperaturen, der zur Bildung von ausgeglichenen Domänen
und Domänen, die den Überschuss beherbergen, führt.
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1
When studying systems of many quantum particles, it is intriguing
that adding more particles can lead to emergent phases with sponta-
neously broken symmetries which simplify the description of many-
body systems [1]. Prominent examples are ferromagnetism or super-
fluidity: In ferromagnets the ground state spontaneously breaks the
rotational spin symmetry and the new order parameter emerging is
themacroscopicmagnetization. In fermionic superfluids the fermions
form a macroscopic wavefunction , serving as the new order param-
eter. The fixed phase of the order parameter breaks the
U(1) symmetry.

Spontaneous symmetry breaking can show striking experimental
consequences such as amacroscopic magnetic moment or an abruptly
vanishing viscosity. We would also like to understand why this hap-
pens. For that microscopic theories are needed. Bardeen, Cooper, and
Schrieffer (BCS) put forward amicroscopicmechanism explaining su-
perfluidity: a weak attractive interaction leads to correlations between
fermions with opposite momentum and spin, resulting in the forma-
tion of so-called Cooper pairs [2]. These Cooper pairs, in turn, form a
new macroscopic quantum state which is protected by a pairing gap.

The power of this microscopic theory is that it quantitatively pre-
dicts the emergent property of the broken symmetry phase, the value
of the pairing gap, which turns out to be the amplitude of the order
parameter, . The gap protects the system against Cooper pair break-
ing and from external perturbations and thus allows for dissipation-
less flow of the fluid around an impurity moving slower than a critical
velocity [3].

However, for strongly correlated many-body systems, solving the
microscopic theory exactly becomes excessively hard and often im-
possible because of the large Hilbert space. In some cases, this can
make it extremely challenging to even find the qualitative nature of the
ground state (e.g. high-temperature superconductors), and in other
cases it only leads to quantitative errors with respect to approximate
theories.

For s-wave superfluids in the strongly correlated regime, several
open questions remain, which we will address in this thesis. One
concerns the size of the pairing gap for strongly correlated superflu-
ids, where advanced theories are available, but further experimental
input is needed. Another open question raised by the field of high-
temperature superconductors is the effect of enhanced quantum fluc-
tuations on the pairing gap in two-dimensional (2D) systems. Fur-
thermore, the introduction of spin-imbalance in 2D Fermi gases gives
rise to numerous qualitative questions regarding the phase diagram.
These concern the stability of predicted phases, the order of phase



transitions between them, and the potential existence of exotic phases
with spatially varying order parameters.

In recent years, a new approach used to address such questions is
the concept of quantum simulations [4]. These try to solve complex
problems in physics using well-controlled quantum systems and ide-
ally should provide qualitative and quantitative answers to the raised
questions.

In this thesis, we perform quantum simulations using ultracold
Fermi gases [5–7]. These gases consist of neutral fermionic atoms
that interact via contact interactions, which can be controlled using
Feshbach resonances [8]. This allows us to realize superfluids in
the BEC-BCS crossover [9–11]. The crossover is characterized by
a transition from the bosonic limit, where fermions form weakly
interacting bosonic pairs, to the fermionic limit, where they form
Cooper pairs. Within the crossover region, the fermions create a
strongly correlated many-body system.

In the first part of this thesis, we prepare homogeneous 3D Fermi
gases in the BEC-BCS crossover and measure their excitation spec-
trum. For that, we probe the systemswith a two-photon process called
Bragg spectroscopy. We observe both collective and single-particle ex-
citations, showing how the superfluid is protected by a pairing gap
and how a collective mode emerges. When the interaction strength is
changed, the excitation spectrum reveals very clearly how a repulsive
Bose gas transforms into an attractive Fermi gas. Furthermore, we ex-
tract quantitative values for the speed of sound and the pairing gap in
the strongly interacting regime, allowing for a benchmark to theories.

In a next step, we study the effect of reduced dimensionality by
preparing homogeneous 2D Fermi gases in the BEC-BCS crossover
and probe their excitation spectrum. This allows us to extract the crit-
ical velocity, the speed of sound, and the superfluid gap. We compare
the pairing gap of the 2D Fermi gases to the 3D counterpart and ob-
serve very comparable values of the gap for similar interactions, sug-
gesting that the impact of the interaction strength is more significant
than the influence of dimensionality.

In the second part of this thesis, we study spin-imbalanced 2D
Fermi gases. If a spin-imbalance is introduced, the underlying pairing
mechanism in BCS theory, Cooper pairing, is challenged, which can
trigger a phase transition into the normal phase ormore exotic phases.
We prepare spin-imbalanced Fermi gases close to the 2D regime in
a box potential at significantly lower temperatures than previously
achieved. Interestingly, we do not see a phase separation, indicating
that no first-order transition is present at the achieved temperatures
and spin imbalances. These experiments are accompanied by an
in-depth discussion of the theoretical phase diagram for 2D spin-
imbalanced Fermi gases.



Part I

BALANCED FERMI GASES
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After the discovery of superconductivity in 1911 [12], explaining the
phenomenon by finding a microscopic theory proved to be very diffi-
cult. One reason were that electrons are fermions, which do not allow
for condensation into a single-particle state, thereby excluding simple
Bose-Einstein condensation. In 1957, however, Bardeen, Cooper, and
Schrieffer (BCS) [2] formulated a theory which was ground-breaking
for explaining superconductivity in various materials. They showed
that pairing in momentum space of electrons with opposite momen-
tum into so-called Cooper pairs is the central mechanism to form a
macroscopically occupied quantum state. This state is protected in
energy, allowing for a dissipationless flow of electrons. In the limit of
weak attractive interactions between the fermions, the corresponding
size of the Cooper pairs is much larger than the interparticle spacing.

Visualization of the cross-
over from a BCS gas of large Cooper
pairs (top) to a BEC of tightly bound
dimers (bottom).

However, if the attractive interaction becomes stronger, these pairs
transform into tightly bound dimers that can form a Bose-Einstein
condensate (BEC) (Fig. 2.1). Fascinatingly, the crossover from BCS
to BEC is already included in the BCS theory [13, 14].

In this thesis, we study a phenomenon closely related to super-
conductivity, superfluidity, where the dissipationless flow of neutral
atoms instead of electrons can occur, and we examine the BEC-BCS
crossover. For that we use fermionic lithium atoms, tune their attrac-
tive interaction using a Feshbach resonance, and probe the excitation
spectrum.

In this chapter, we first discuss how two-body interactions can be
tuned using a Feshbach resonance. Then, we progress to the many-
body problem and review the mean-field BEC-BCS theory with a
particular emphasis on the excitation spectrum. In a next step, we
discuss possible methods for probing the system and extracting the
excitation spectrum. Lastly, we review previous measurements of the
excitation spectrum for both BECs and Fermi gases.

For ultracold Fermi gases, pairwise interactions between atoms reduce
to contact interactions in the s-wave channel. The reason for this is that
the spatial extent of the interatomic vanderWaals interaction potential
becomes much smaller than the de-Broglie wavelength dB and the
interparticle distance which follows the inverse Fermi wavevector
F . For Fermi gases s-wave scattering between particles in the same

spin state is excluded because the relative pair wavefunction must be
antisymmetric. Thus, interactions are only possible between different
spin states.



The ground state of
splits into six hyperfine states. They

are labeled in ascending energy from
to . For large fields, the coupling to
the electron spin dominates,
resulting in two triplets of high- and
low-field seeking states.

The interaction strength can be parameterized by a single param-
eter, the scattering length [5]. Its sign is positive (negative) for a
repulsive (attractive) interaction.

Experimentally, the scattering length of a spin mixture can be
changed using a Feshbach resonance [8]. It is based on themechanism
that two atoms collide in an entrance channel at an energy that
becomes resonant with a molecular bound state in a closed channel.
By applying an external magnetic field, the energy of these two
channels can be tuned with respect to each other. If the energy of the
closed channel is above the entrance channel, the fermions interact
attractively. If both channels become resonant, the scattering length
diverges to , marking the unitary point. Below the unitary
point a two-body bound state enters the system such that bosonic
dimers form. These dimers, in turn, interact repulsively with .

In this way, the Feshbach resonance smoothly tunes the inverse
scattering length F from (weakly repulsive) to
(weakly attractive), allowing the crossover from a BEC of molecules
to a fermionic BCS state. To first approximation, the resonance of the
scattering length follows the expression [8]

bg (2.1)

where bg is the background scattering length, the width of the
resonance and the resonance position.

In our experiment, we use the broad Feshbach resonance of Li be-
tween the lowest two hyperfine states (see Fig. 2.2). For the experi-
ments in the first part of this thesis, we prepare of the atoms in
the lowest hyperfine state and of the atoms in state . The
scattering lengths between the lowest three hyperfine states were pre-
cisely measured in Ref. [15] (Fig. 2.3) and resulted in bg ,

G and G for the interaction between
and .



The scattering length
quantifies the interaction strength be-
tween the lowest three hyperfine state.
The sign determines if the interaction is
repulsive (positive) or attractive (nega-
tive). In this thesis, wewill usemixtures
of hyperfine states and which has
a broad resonance at 832G. Amore
narrow pole at 543G is not visible
in the data. The scattering lengths are
taken from [15].

After discussing two-body interactions, we address the many-body
problem, where fermions are equally distributed into two hyperfine
states denoted in the following with spin up ( ) and spin down ( ).
For that we review the wavefunction of the many-body system in the
mean-field BEC-BCS crossover at .

If both spin states do not interact, we can obtain the ground state
by minimizing the total kinetic energy. The many-body wavefunction

r r is then created using second quantization by popu-
lating the vacuum with fermions of both spin states up to the Fermi
wavevector ,

F
k k

k k (2.2)

where k and k are the creation operators of fermions with mo-
mentum and spin up and spin down, respectively. If we introduce
an interaction between both spin states, this wavefunction does not
coincide with the ground-state wavefunction anymore. If we assume
a contact interaction and thus a momentum independent interaction,
the Hamiltonian is

k

k k k

k k q
k q k k q k (2.3)

where the first term contains the kinetic energy k
k , and the

second term the contact interaction1 parameterized by its strength
1 Weuse here the definitionwhere has
units of energy. There is also a definition
used, for example, in Ref. [6] where the
interaction strength scales with the vol-
ume of the system , then the factor
is replaced by .

. Reading the interaction term from right to left, a spin-up fermion
withmomentum and a spin-down fermionwithmomentum
scatter into a spin-up fermion with momentum and spin-down
fermion with momentum .

In order to find the BCS ground state, wewill nowperform a drastic
simplification: We only take scattering events with center-of-mass
momentum into account2. This approximation retains the most

2 Although this is not obvious, this ap-
proximation turns out to be a mean-
field approximation, setting fluctuations
in the Cooper pair number and pairing
gap to zero.



relevant scattering processes, i.e. all the scattering processes that occur
between particles on the Fermi surface. These processes have by far
the highest phase space since even when including interactions most
states inside (outside) the Fermi surface are occupied (empty). This
so-called reduced Hamiltonian is given by

k

k k k

k k
k k k k (2.4)

As it turns out, the exact ground state of this simplified Hamilto-
nian can be found by starting with the BCS ansatz

BCS
k

k k k k (2.5)

It contains for each momentum k a superposition of creating two
particles of opposite spin and opposite momentum (k and k ) or
not creating such a (k k ) pair at all. Both scenarios are weighted
by the variational parameters and , respectively. The solution
for these parameters describing the ground state can be found in the
grand canonical ensemble, where the chemical potential is fixed, by
minimizing the free energy of the system. One obtains [2]

k
k

k

(2.6)

k
k

k

(2.7)

where we introduce the equations k k and

k k (2.8)

k
k k (2.9)

with the chemical potential and the parameter . Later, we will see
that the quantity k we just introduced corresponds to the energy to
create a single particle excitation (e.g. pair breaking). The minimum
of k, the parameter , is therefore the excitation gap3.3 Which is also called gap or

gap. Fascinatingly, the solutions given for k and k (Eq. 2.6 and Eq. 2.7)
are valid throughout the BEC-BCS crossover. Only two parameters,
the gap and the chemical potential , change with the strength of
the interaction , which in turn can be parameterized by the inverse
s-wave scattering length4 . For a given interaction strength,4 For that Eq. 94 in [6] must be used.
solutions for and can be found by solving a set of two equations,
the number and the gap equation, in a self-consistent way [16] which
can be done numerically using elliptic integrals [17].

The solutions for the gap and the chemical potential are plotted
in Fig. 2.4. In the BCS limit, the chemical potential approaches the
chemical potential of a non-interacting Fermi gas and the
gap the limiting value BCS exp . The gap here
corresponds to the minimal energy required to break a Cooper pair
(see Sect. 2.3.1).



Behavior of the chemical
potential (black solid line) and the
gap (blue solid line) in the mean-
field description of the BEC-BCS cross-
over. The chemical potential smoothly
connects the two-body binding energy

(black dashed line) in the BEC
limit to the Fermi energy in the BEC
limit. We can remove the binding en-
ergy to obtain a reduced chemical po-
tential (red dashed) that corresponds
to the energy needed to add a paired
fermion. The gap approaches the limit

(green dashed line) in the BCS
regime. In the BEC limit the quantity

(gray solid line) converges
to the mean-field shift of a fermion in-
teracting with the bath of dimers (gray
dashed line).

In the BEC limit, repulsively interacting dimers with two-body
binding energy5 form. The chemical 5 Throughout this thesis we define two-

body binding energies to be positive.potential approaches6 B where characterizes the
6 Each dimer contains two fermions re-
sulting in factors .

bosonic interaction strength. The energy scale given by the gap
has no physical meaning in the BEC limit, but rather the combination

which is the energy required to add an fermion to
the system of dimers [6]. The energy required to add a fermion7 7 To do that we have to add a second

fermion paired to the first fermion at the
same time. Therefore, it is also useful to
consider the bosonic chemical potential
which gives the energy required to add
a whole dimer. It is twice the reduced
chemical potential, d .

is given by the reduced chemical potential

B

where we remove the binding energy such that only the contribution
from interactions between the dimers remain (red line in Fig. 2.4).
The reduced chemical potential smoothly connects the BEC limit with
weak repulsive interactions between dimers ( ) to the BCS
limit with weak attractive interactions between fermions ( F).

Equipped with solutions for the gap and the chemical potential
throughout the crossover, we now look at the BCS wavefunction in
more detail (Fig. 2.5). We plot the quantity which corresponds to
the probability of having a (k k ) pair and the quantity which
is the probability of not having such a pair. Hence, the number of pairs
is . In addition, the fermionic momentum distribution of
both spin states follows .

In the BCS limit (Fig. 2.5 d), the momentum distribution resem-
bles a Fermi-Dirac distribution broadened by F F at the
Fermi surface. We will show now that this broadening is essential to
achieve condensation, a macroscopic occupation of a single-particle
state. This is required to have off-diagonal long-range order and thus
superfluidity [18].

The broadening of the momentum distribution is caused by the
superposition of the absence and the occurrence of (k k ) pairs
around the Fermi surface. This superposition can be quantified by
the correlation function k k k (red curve in Fig. 2.5 d). The
available phase space due to this superposition allows a (k k )



Behavior of the particle oc-
cupation and hole occupa-
tion in the BEC-BCS crossover (a-
d). In the BEC limit (a), the parti-
cle occupation number becomes very
small signaling the formation of deeply
bound molecules. Here, the correlation
wavefunction responsible for Cooper
pair formation (red) and the fermionic
pair wavefunction of bound dimers
(blue) collapse. Towards the BCS
limit (d) Pauli blocking becomes im-
portant and the occupation number be-
low approaches unity. Around
both holes and particles are part of
the ground state in a momentum range

F F. Here, pairs can scatter
and form Cooper pairs marked by the
peak of the correlationwavefunction .

pair to interact by scattering into a (k k ) pair (Fig. 2.6). These
(k k ) pairs, which can scatter at the Fermi surface, are Cooper
pairs. However, the (k k ) pairs deep within the Fermi sea
cannot scatter because all states are fully occupied such that they do
not contribute to Cooper pairing.

At the Fermi surface, a (k
k ) pair can scattering into a (k
k ) pair.

The Cooper pairs are described by a macroscopically occupied
single-particle state. This state is given by the two-particle correla-
tion we obtain when summing over all correlations in momentum
space8 [19, 20],

8 This single-particle wavefunction is the
complex order parameter [19] and re-
lated to the excitation gap by

(cf. Eq. 2.9.)

r r r BCS r r BCS

k
BCS k k BCS

k r

k
k

k r

(2.10)

The number of Cooper pairs is given by
k k [21] which

corresponds to the area under the red curve in Fig. 2.5 d.
Towards the BEC regime, the extent of the correlation function in

the momentum space becomes broader and this total area increases
(Fig. 2.5 c-a). Therefore, the number of Cooper pairs increases which
we can quantify by normalizing it with the total number of (k k )
pairs to obtain the condensate fraction [5, 22, 23],

k
k

k
k k

The condensate fraction is F in the BCS regime and increases
to 1 in the BEC regime (Fig. 2.7).

The condensate fraction in
the BEC-BCS crossover approaches
in the BEC limit and F

in the BCS limit [22].

An complementary explanation why the condensate fraction ap-
proaches 1 in the BEC regime is that the system crosses over to a
bosonic condensate where all fermions form dimers. To form local
pairs, the fermions paired in real space have to occupy a large region
inmomentum space. Thus, the occupation number ismuch smaller
than 1 and is distributed over awidemomentum range (see Fig. 2.5 a).



The condensed dimers can be described with a bosonic creation oper-
ator

k
k k (2.11)

where the fermionic creation operators are weighted by the Fourier
transform of the fermionic pair wavefunction9 [13], which differs 9 Expressed in the variational parame-

ters we used above, one obtains
[6].

from the correlation function . We see in Fig. 2.5 a that and
collapse, which shows that the correlations that create Cooper pairs
evolve into the momentum distribution of fermions bound within
dimers.

With that, we now have a good understanding of how the ground
state crosses from a BCS state to a BEC of dimers. However, the
truly interesting region lies in between, where the system cannot be
clearly regarded as a fermionic or bosonic system: In this crossover
regime, the mean-field theory presented here neglects strong many-
body correlations between pairs of fermions [10] such that it yields
quantitatively incorrect results, as we will see for the pairing gap in
Chap. 3. The so-called unitary point10 located at falls into 10 For detailed reviews please refer to

[24] and Chap. 5 in [9].this regime and we would like to briefly discuss it.
At this point the two-body binding energy of the dimers becomes

zero and the positive s-wave scattering length diverges. Therefore, the
scattering length disappears from the many-body problem, and only
the interparticle distance sets the relevant length scale. By expressing
everything in Fermi units, e.g. Fermi energy or Fermi wavevector, the
properties of the many-body system become universal and apply also
to other unitary limited systems, e.g. dilute neutron matter which has
a scattering lengthwhich is about 10 times larger than the interparticle
distance, such that [25].

The name or comes from the fact that, in gen-
eral, the scatteringmatrix (Smatrix)must be unitary to conserve prob-
ability during a scattering event. The unitarity of the S matrix results
in an upper limit of the s-wave scattering cross section of ,
which is reached in the unitary limit [26]. Its strong interactions com-
bined with its universality make the unitary Fermi gas an interesting
system to study [27–34]. The first studies concentrated on universal
thermodynamic quantities [27, 28], which revealed a sudden change
in the specific heat at the transition temperature from the normal to
superfluid phase, analogous to the lambda peak observed in He.
In later studies, the density-density response [29], contact parameter
[31], collective modes [32–34], and the highly spin-imbalanced case
[30] were investigated.

After this brief discussion of the ground state, we will now address
possible many-body excitations of the BCS state. There are two kinds
of excitations: Excitations of single atoms and collective excitations in
which multiple atoms are involved.



In a non-interacting Fermi gas single-particle excitations are given by
hole excitations formomenta where a fermion inside the
Fermi sea is removed from the system and particle excitations
for momenta where a fermion is added to the system. When
inspecting the BCSground state (Eq.2.5), wenotice that these hole and
particle excitations are already partly present at allmomentaweighted
by and . Therefore, the BCS ground state is not the vacuum
state with respect to these excitations, i.e. BCS and

BCS .
Instead, we will derive new single-particle excitations as linear

combinations of and which are orthogonal to the BCS ground
state. To do that, we transform the Hamiltonian in Eq. 2.4 such that
it only contains diagonal terms . If this is the case, the excitation
number is conserved over time, i.e. the excitations are long-lived.
However, this transformation is not possible because the interaction
term contains four single-particle operators of the form .

Here, a mean-field approximation comes to our rescue: We have
seen above that the BCS ground state consists of pairs of states (k

k ) that are occupied or unoccupied such that there is a finite
expectation value k k [6]. We now perform the mean-
field approximation by taking four operators and replacing two of
them with these expectation values. This results in the mean-field
Hamiltonian

k

k k k

k k
k k k k

which only contains terms with two single-particle operators.
Now we can diagonalize the Hamiltonian into

const

by using the Bogoliubov transformation [35, 36]

(2.12)

(2.13)

and the excitation energy

k k (2.14)

Similarly to the ground state, which is created by a superposition
of fermionic excitations, these excitations are also superpositions of
fermionic excitations weighted by the same parameters and that
are also found in the definition of the ground state in Eq. 2.5.11 We11 The creation operators of these

excitations are superpositions of
fermionic creation and annihilation
operators. Such an excitation that does
not conserve the number of fermions
is allowed because we are in the grand
canonical ensemble and can remove or
add fermions from a reservoir.

can recover the bare fermionic hole and particle excitation if we take
the non-interacting limit by setting for and

for . As the BCS ground state does not contain
excitations, we obtain

BCS BCS
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