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Background !
The enormous technological development of the past 20 years of ultracold atomic 
experiments has led to a great versatility of these systems. This progress was originally 
sprung by the emergence novel laser cooling mechanisms, that allowed to cool gases 
down to temperatures six orders of magnitudes lower than those achievable by the best 
cryostats today, where their quantum degeneracy was reached.  !
Nowadays, many parameters of the gases, including their geometry, interactions and 

chemical potentials are widely tunable. The emergence of optical lattices and synthetic 
gauge fields have allowed one to realize artificial condensed matter environments for the 
atoms. Furthermore, spinful systems and both bosonic and fermionic condensates can 

routinely be created. This progress has promoted these systems to ‘quantum emulators’ 
of several many-body systems from condensed matter theory, particle physics and 

cosmology, providing new insights into their phases and dynamics. However, equally 
importantly, they have also been the source of a number of novel strongly correlated 

phenomena, never observed before.  !
In this thesis, I investigate three different aspects of correlated multicomponent cold 

atomic systems, by using a combination of field theoretical methods and numerical 
simulations. Since it is of primary importance to understand and control the interactions of 
these systems, I first discuss an example of how interactions can be modified and tuned in 

an ultracold system of reduced dimensionality. In the second part of the thesis, I discuss 
an example of how interactions can lead to exotic correlated phases. In particular, I 
investigate the rich superconducting phase diagram of a three-component weakly 
attractive Fermi gas. Finally, I discuss, how strong interactions can be exploited to create 
and stabilize a novel type of topological excitation. !!!!!



Goals !
In the first part of the thesis I investigate how confinement of a two-component gas into a 
bilayer geometry modifies atomic interactions, with the primary aim of proposing new 

experimental tools for controlling interactions in two-dimensional ultracold systems. By 
solving the two-particle scattering problem exactly, I show that confinement leads to 
interaction resonances, related to the emergence of interlayer molecular states. These 
resonances can be sensitively tuned by changing the layer separation, and rather counter-
intuitively, the two components can be made strongly interacting by simply separating 

their layers spatially. Moreover, I point out that the quasi-bound (unstable) molecular 
states can be made increasingly long-lived by increasing the layer separation. They shall 
thus be detectable in commonly used modulation spectroscopy experiments, as I 
demonstrate by determining the system’s absorption spectrum through finite temperature 
field theoretical calculations, and identifying the corresponding peaks. !
In the second part of the thesis, I investigate the superconducting phase diagram of a 
three-component weakly attractive Fermi gas of SU(3) symmetric interactions. This system 

exhibits a number of exotic characteristics, one of them being the interplay between 

magnetism and superconductivity, that is forbidden in case of two components, due to 
symmetry. My goal is to map out the global phase diagram of the system in terms of the 
temperature and chemical potentials, by using the combination of self-consistent equation 

of motion technique and a Gaussian variational approach. These methods take into 
account the interplay between magnetism and superconductivity in an unbiased way, in 

contrast to earlier approaches. I find that the unconventional mechanism of the 
superconducting to normal phase transition, specific to ultracold gases, changes from 

second to first order at low temperatures, and it leads to the emergence of critical points 
of special O(2,2) symmetry. Furthermore, I provide simple energy and symmetry 
arguments to understand the complex shape of this phase diagram. Finally, I analyze the 
terms responsible for the discrete rotational symmetry of the phase diagram at small 
chemical potential differences, based on a Ginzburg—Landau expansion of the free 
energy. !
In the final part of the thesis, I show how it is possible by exploiting optical lattice-
induced strong interactions to create and stabilize a novel type of topological excitation, a 
‘Mott skyrmion’, and to analyze its experimental signatures. Similar stable, three or two 
dimensional topological excitations have never been observed in the cold atomic setting 

due to intrinsic instability problems. In this proposal, I make use of the fact that by 
loading a spin-1 nematic superfluid into a deep optical lattice, a Mott insulating core 
forms in the trap center, surrounded by a superfluid shell. This compact shell can naturally 
host a skyrmion topological excitation, that is indeed extremely stable, as I show by 
numerical simulations. Furthermore, I discuss the possible creation schemes and simulate 
the skyrmion’s signatures in commonly used in-trap absorption imaging and time-of-
flight imaging experiments. Perhaps most interestingly, however, I show how the 
topological winding of the skyrmion significantly modifies the superfluid excitation 

spectrum, and leads to the skyrmion’s unambiguous signature in lattice modulation 

spectroscopy experiments. !



New scientific results !
1. I investigated the interactions of a two-component ultracold gas confined into a quasi-

two-dimensional bilayer structure. By summing up all transversal scattering channel 
contributions to infinite order, I solved the two-particle scattering problem exactly. I 
found strong resonances in the interspecies interaction due to the emergence of 
interlayer bound and quasi-bound molecular states, induced by the confinement. 
These resonances can be tuned simply by changing the layer separation, and thus, 
rather counter-intuitively, the atoms can be made strongly interacting by actually 
separating them in space [T1]. !

2. I showed that these giant interlayer molecules gain a significantly increased lifetime 
upon increasing the layer separation, which makes them detectable through commonly 
used shaking experiments. I calculated the dynamical shaking spectrum of a dilute 
Bose gas in a bubble diagram approximation by incorporating all the ladder diagram 

contributions to the self-energy, and identified the characteristic peaks associated with 

the molecular states in the spectrum [T1]. !
3. I determined the global superconducting (SC) phase diagram of a weakly attractive 

three-component Fermi gas with SU(3) symmetric interactions in terms of the 
temperature and chemical potential differences. Using a combination of a mean-field 

equation of motion method and a Gaussian variational approach allowed me to study 
the interplay between superconductivity and magnetism in an unbiased way, in 

contrast to earlier theoretical approaches. I identified various first and second order 
SC-normal and SC-SC phase boundaries, as well as special tricritical lines with exotic 
O(2,2) symmetry [T2]. !

4. Using symmetry arguments, I demonstrated how the SU(3) symmetry of interactions 
leads to a sixfold rotational symmetry of the phase diagram in case of particle-hole 
symmetry, which is reduced to a threefold symmetry when the particle-hole symmetry 
is broken. Furthermore, I identified the terms relevant for the threefold symmetric 
structure of the phase diagram in a Ginzburg–Landau approach, and determined their 
coefficients numerically. These terms describe the coupling between superconductivity 
and magnetism (as well as chemical potential differences), and are absent in case of 
two-component systems to lowest order, due to symmetry [T2]. !

5. I proposed how a skyrmion topological excitation can be created and stabilized by 
loading a nematic superfluid, such as 23Na into a deep optical lattice. In this case, a 
Mott insulator core forms in the middle of the trap, surrounded by a nematic 
superfluid shell that can naturally host a skyrmion excitation, due to its non-trivial 
order parameter structure. I analyzed the system in the Bose–Hubbard model by 
constructing the free energy functional of the gas in a Hubbard–Stratonovich approach, 
and showed numerically that the proposed ’Mott skyrmion’ is indeed stable [T3]. !

6. I determined the Mott skyrmion’s non-trivial superfluid and density structure 
numerically, and showed how they lead to characteristic fingerprints of the skyrmion in 

time-of-flight and in-trap absorption images of the gas. I also proposed two 



experimental sequences for the creation of the skyrmion, based on commonly used 

experimental techniques [T3]. !
7. Assuming a thin superfluid shell, I constructed a two-dimensional effective model for 

the superfluid fluctuations, and investigated how the topological winding of the 
skyrmion modifies the excitation spectrum: both the energies and the degeneracies of 
the excitations change dramatically, due to topological terms that couple spin and 

charge fluctuations, and shift the superfluid density. In lattice modulation experiments, 
these terms also lead to a characteristic peak in the skyrmion’s low energy excitation 

spectrum. This low energy mode becomes observable due to the extreme stability of 
the Mott skyrmion [T3]. !!
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