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Abstract

The field of quantum simulations in ultra-cold atomic gases has been remarkably successful. In
principle it allows for an exact treatment of a variety of highly relevant lattice models and their
emergent phases of matter. But so far there is a lack in the theoretical literature concerning the
systematic study of the effects of the trap potential as well as the finite size of the systems, as
numerical studies of such non periodic, correlated fermionic lattices models are numerically
demanding beyond one dimension. We use the recently introduced real-space truncated unity
functional renormalization group to study these boundary and trap effects with a focus on their
impact on the superconducting phase of the 2D Hubbard model. We find that in the experiments
not only lower temperatures need to be reached compared to current capabilities, but also system
size and trap potential shape play a crucial role to simulate emergent phases of matter.

1. Introduction

Ultra-cold atomic gases provide a powerful method for simulations of quantum many-body lattice systems
[1-3]. Many models introduced in the context of solid-state physics, like the Hubbard model [3], the
Haldane model [4], the bilayer Hubbard model [5] or even quasicrystalline models [6], can be investigated
in laboratories without the restriction of numerical ambiguities or theoretical approximation errors. Beyond
this, other exciting many-body phenomena that cannot be easily explored in solids could be realized in
optical lattices as well, see [1, 7-9] and references therein, making them a very flexible tool to study
quantum many-body physics.

Especially in the context of the fermionic Hubbard model in optical lattices, there have been great
advances in recent years, including the observation of the Mott insulating phase [10—12] and first sign of
antiferromagnetic correlations [13, 14]. Despite these advances, in the context of correlated fermions
state-of-the-art experiments still do not reach beyond the capabilities of exact numerical methods, like
quantum Monte Carlo (QMC) or exact diagonalization, as all observed phases can also be investigated
quantitatively with the available set of theoretical methods. This may change when the experiments move
towards the exploration of d-wave superfluidity [15], where, e.g., QMC encounters the notorious sign
problem and finite size scaling from exact diagonalization is hopeless. Despite the lack of quantitative
studies of trap or finite size effects in this regard, the current hope is that if the experiments can reach lower
temperatures, the superfluid phase will emerge naturally.

However, the effects of the trapping potential have always been an issue in fermionic [16—24] and
bosonic [25-28] optical lattices, even for the Mott-phase and high temperature properties of one and two
dimensional Hubbard models. In this paper we will focus on fermionic setups. It is not expected that the
observed effects are the same or even similar for bosons and fermions as their behavior is already very
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Figure 1. Schematic visualization of the five different geometries and trapping combinations considered here. In the upper left,
the simple square lattice with open boundary conditions is visualized and in the upper middle plot, the circular open boundary
conditions case is shown. The upper right plot shows the combination of open boundary conditions with a finite height trapping.
The lower plots visualize the two different choices of potentials applied in the circular open boundary conditions case, where the
left is the simple quadratic trap, and the right approximates the experimental trap. The color scale gives the values of the trapping
potential V;.

different for non-interacting particles. Additionally, we concentrate on two-dimensional systems only. In
continuation of these previous results, we investigate the effects of the trapping potential, as well as the
boundary conditions on the Cooper pairing in a Hubbard model. This is of high experimental importance
as one of the current goals is to measure the superfluid phase. A general challenge for Cooper pairing in
finite-size systems can, e.g., be gleaned from the literature for superconductivity (SC) of ultra-small
aluminium grains [29, 30], with a diameter of the order of oc nm. There, it was worked out clearly how the
usual superconducting description is valid as long as the energy gap due to pairing is larger than the energy
spacing due to the confinement but breaks down if the latter scale is the larger one. A similar crossover is
expected to happen also in a Hubbard model. Even from these basic considerations, the question arises
whether there is a minimal number of sites required to unveil superconducting hallmarks. What might add
in the case of d-wave pairing is the question, if the generation of the attractive interaction, at weaker
coupling mainly by spin fluctuations, is somehow altered by the trap confinement. Finally, it is an open
question how the non-trivial d-wave ordering pattern will be influenced by the trapping potential. In the
antiferromagnetic case the trap was not observed to be a significant perturbation [13]. In fact the data
compared well to QMC results obtained for a square lattice with periodic boundary conditions. Here we
want to examine whether this holds true also for the d-wave superconducting phase in a square lattice
Hubbard model. To extrapolate to the bulk case (e.g., to connect to real materials), one should also
understand how closely the finite-size set-up resembles the situation in the thermodynamic limit. Hence, we
will also examine at which size the trapped system approximates the bulk case to high fidelity.

2. Setup

We will simulate five different setups, all are different realizations of the square lattice Hubbard model with
different open boundary conditions. They differ in the lattice confining geometry, which is either a square
box or a circle, and trapping potentials, the different setups are visualized in figure 1. The first setup
investigated is a square lattice Hubbard model with open boundary conditions and without any confining
potentials. The second one is a square lattice Hubbard model with circular open boundary conditions and
without any confining potential. These two cases are investigated to distinguish between the effects
introduced by the open boundary conditions applied in all cases and the ones introduced by the different
lattice shapes. The third case is a square lattice Hubbard model with open boundary conditions in which a
second box potential with finite height is embedded. Thereby the open boundary conditions are smoothed.
As the fourth setup we consider a square lattice Hubbard model with circular open boundary conditions, in
which a quadratic trap is inserted, with Vl-trap = atrapriz, where r; is the radial distance of site i to the center of
the lattice and ay,p gives the curvature of the trapping potential. The fifth and last setup is the same as the
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fourth with a different potential: instead of the simple quadratic one, we reconstruct a potential used in a
recent experiment by Mazurenko et al [13]. There the trap consists of a Gaussian potential created by a
digital micro-mirror device (DMD) with an additional circular quadratic potential, whose superposition
creates a nearly flat disc at the center. For simplicity we approximate it by a piece-wise definition, see
equation (14). The square lattice Hamiltonian in second quantization for all cases reads

H== [ty + (u+ V;™)dijlcl 60 + % > Uijnig, /> (1)

ij,o ijo,o’
with the operators cf? annihilating (creating) an electron on site i with spin o. For the hopping amplitudes
we set t;; = tif i and j are nearest-neighbors and #; = ¢ if i and j are next-nearest-neighbors, where we
define nearest and next-nearest neighbors in terms of the distance on the underlying lattice as the closest
and second closest sites. All other terms are set to zero. For simplicity we choose t = 1 and measure all
quantities in units of ¢. Distances are measured in units of the lattice spacing a which we set to 1. We choose
onsite interactions U;; = Ud;; and fix the “Van-Hove condition’ (VHC) u = 4¢. The Van Hove condition
ensures that our setup is tuned to a van Hove singularity [31] of the thermodynamic limit Hubbard model,
at which the gradient of the energy dispersion is flat and therefore the density of states is large. We neglect
density dependent hoppings as it scales with U, which is comparably small in our setup, and n;, which is
always below half filling, therefore its effect should be negligible [32—34]. We use an extended Hubbard
model as recent numerical studies [35—-37] suggest that in the relevant U parameter range for cuprates there
is no SC in the pure (¥ = 0) Hubbard model.

3. Method

We employ the recently introduced 2D real-space functional renormalization group (real-space TUFRG)
[38], which can be used to study models with broken translational symmetry. It is based on the standard
one-particle-irreducible FRG [39, 40], in a level-2 truncation. Additionally, we will neglect the frequency
dependence of the vertex, as well as the self-energy. With this we obtain a method, which scales relatively
well and is able to predict finite-size precursors to phase transitions and their respective orderings. The
main idea of FRG is the introduction of a cutoff in the bare propagator, enabling an interpolation between a
solvable theory and the full solution of the model. Variations with respect to the cutoff parameter generate
an infinite set of coupled differential flow equations for the Taylor coefficients of the effective action. These
equations must be truncated in order to become numerically tractable, which is well defined in the case of
% < 1, with W being the bandwidth of the model, then only the first few terms in the expansion are
relevant and a truncation at the level of keeping just the self-energy and the effective interaction is justified.
Explicitly the cutoft is introduced in the bare Green’s function by

Goleon) = - = Gy = ) 2)

w, — H iw, — H’
with R(A) being the cutoff function obeying R(0) = 1 and Alim R(A) = 0 in our convention. This reduces
—00

the action in the limit A — oo to the non-interacting, exactly solvable system. By integrating the coupled
flow equations, an interpolation between this solution of the non-interacting problem and the approximate
full solution is calculated. The variations w.r.t. the cutoff parameter generate the single scale propagator
defined as

S ) = - RA) 3)

w, — H
in our approximation.

The scale-dependent two-particle vertex can be separated in three different channels according to the
three different fermionic bilinears or three different diagram types as shown in figure 2. Each of those
bilinears is directly associated to a bosonic field of an effective Hamiltonian®. The particle—particle channel
(P) is associated with the superconducting pairing interactions and therefore a divergence of this channel
at total momentum zero indicates a tendency towards SC. The direct particle—hole channel (DY) is
associated to charge fluctuations and thus indicates, among others, general charge ordering. The crossed
particle—hole channel (C*) can be associated with effective spin—spin interactions, therefore its divergence

> In fact these bilinears are interpreted most easily for the particle—particle (P) and the crossed particle—hole (C = spin) channels, the
direct particle—hole channel (D) is more complex as it contains information on the C-channel. The physical relevant quantity is the
charge channels given by Vi, = 2D — C, which removes the redundant information.
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Figure 2. Diagrammatic representation of the FRG flow equation for the one-particle irreducible interaction vertex in the
level-II truncation, adapted from [39]. The first term on the right-hand side, annotated with P*, represents the flow of the
particle—particle channel P*, while the other terms generate the flow of C* and D*. The dashed internal lines represent a single
scale propagator, see equation (3), and the solid lines represent a propagator, see equation (2). The arrows indicate the direction
of the propagators and fix the order of their arguments. The gray boxes represent the full two-particle interaction. A second class
of diagrams with the scale-derivative on the other internal line contributes as well but is now drawn for simplicity.

is an indicator of magnetic ordering. In typical flows, the effective interaction undergoes a flow to strong
coupling, i.e. diverges at a certain finite RG scale. When this occurs, we stop the flow as soon as an
eigenvalue of one of the three channels surpasses a threshold value. The corresponding RG scale is called the
critical scale A, which defines an energy scale of the breakdown of the weakly interacting behavior and can
be seen as an estimate of an ordering temperature T.. The leading eigenvalue of the diverging channel gives,
by its eigenvector, the expected ordering pattern up to an unknown prefactor. A more precise determination
of the order would follow from the gap equations for each of the channels. In practice we will normalize the
shown ordering pattern from the leading eigenvector such that their maximal absolute value is 1. As we
consider finite-size systems here, the interpretation of the flows to strong coupling as phase transitions is
not strictly valid, as neither a real discontinuity occurs, nor any correlation length truly diverges.
Nevertheless, it can be expected that the finite-size system with a strongly enhanced interaction of a specific
type will locally resemble an infinite system with a truly diverging effective interaction of the same type.
Thus, we use the same vocabulary as for the infinite system and discuss different phases of the finite system
as regimes with qualitatively different flows to strong coupling.

As we do not include self-energy effects, we cannot incorporate possible gap openings, which would
allow us to continue the flow into the symmetry broken region [41-44]. Therefore, lower lying divergences
in other locations of the trap cannot be resolved within our approach. In the case that there are multiple
eigenvalues diverging at once, we can access the sub-leading eigenvalues and could perform a
post-processing mean-field decoupling in order to obtain the expected gap pattern, thereby, resolving cases
in which the dominant eigenvector does not contribute to the order parameter. The results presented here
showed in all cases a clear dominant eigenvector instead of divergences of multiple ones. Therefore the
above described procedure was never needed.

Next, we discuss the spatial dependence of the effective interactions and the respective channels P, C and
D. In principle, each channel can depend on four site indices. Yet, the initial condition in equation (1) is an
onsite interaction, i.e. where all four site indices have to be the same®. Looking at the second-order
correction e.g. in the P-channel as in figure 3, we observe that this adds a non-local, potentially
long-ranged, ’bi-local’ correction that depends on the joint index of the incoming lines 7 and the outgoing
lines j. Like in the P-channel, these RPA-like contributions create a main dependence on different bi-local
pairs of indices in each channel. Contributions beyond these bi-local indices are only generated by the
feedback in between the channels and, thus, come at a higher order in the interaction. The further apart
from the native bi-local indices, the higher is the interaction order [45]. Therefore, these terms can be
neglected in the spirit of the perturbative motivation of the FRG. The bi-local contributions of each channel
on the other hand have to be captured more rigorously, as they are equivalent to the sharp momentum
structures that builds up in the translationally invariant case [40, 46, 47].

Formally, this specific structure of the effective interactions can be exploited by an expansion of the
subleading dependencies in form factors, which form a complete orthonormal basis set, according to

Y iy ) =0un, DS (i () = iy (4)
i br

© This argumentation generalises to non-onsite interactions but we focus on the simplest case for the sake of simplicity.
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Figure 3. Generation of new index dependencies during the flow. A density—density interaction Uj;n;n; ¢ receives corrections in
the P-channel that can be interpreted as an incoming particle pair c;c;¢ scattering to an outgoing pair ¢;¢;y-

The three channels can then be build up from form factors capturing the internal structure of the bilinears
that in turn can mutually interact on longer distances

I‘z i 7 Dfp, (K)f, 5

PITL" = 3 TG ks jy D, (R)f (D), (5)

+C[)" = Zra, ki Dy (Dfy (), (6)
k1

«D[C1" = T, ks j, Dfi, ()fis(K). (7)

k,l

With this at hand we can rewrite the flow equations by an insertion of form-factor unit matrices. The main
idea of the truncated unity approach is to restrict the number of form-factors in these unities to much less
than the lattice sites [38, 40, 48]

> o fi () = Za o (D (1) = 1, 8)

bkEL

where L is the set of all allowed bonds and analogously 5,% = 1 if by € L with bond length up to bpax.

In the form-factor space the flow equations can be rewritten in terms of highly efficient block-matrix
products. Due to the truncation, the full vertex cannot be recovered exactly but instead projections must be
introduced in order to reconstruct the full vertex approximately for the cross-channel feedback. These
projections can be found for example in references [38, 45, 49]. Instead of including the full spin
dependence we will assume an SU(2) invariant problem. This is by no means necessary but simplifies the
presentation. The diagrammatic flow equation for the interaction vertex, for such a SU(2) invariant model,
are displayed in figure 2.

These diagrams translate to

d N ) .
ﬁPA —P[T]* - xXpp - PITTY,
d . ) .
d—ACA —C[T]* - X - CITIA,
d . A
i ADA = 2D[T'* - Xpn - D[T]A (9)

—CIT1* - Xpn - DITIA
—DITI™ - X - CITTA,

with the particle-hole bubble 1, and the particle—particle bubble X, defined as

" b; b
Xont = 20 R (GM @) @)y i0, + G ), (10)
w>0
.b; b
Yonty = 20 R (G @)iS (~whisgnt, + G 8). (an
w>0

For the discussion of the results we will often refer to the s-wave and d,>_»-wave component of the
. . . . . b,‘,b'
leading eigenvector, which we define as follows: the leadlng eigenvector of a channel I}’ depends on a
single site and a bond index, thus it can be written as v . The s-wave, or onsite component is in this

notation defined as vi , where by refers to the bond with zero length. The definition of the d,2_
component follows analogously to momentum space [40], we enumerate next-nearest-neighbor bonds

. . . . .. do_ o
from 1to 4 in a clockwise fashion starting from the up pointing bond, then we define v,* 7 = v/
o
2+ 11 ‘.
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3.1. Numerical implementation

For the integration, an adaptive fifth order Runge—Kutta scheme [50] of the odeint library [51] is used. The
matrix products on the right-hand side of equation (9), which are the numerically most demanding parts,
are performed on GPU’s. To reduce the number of Matsubara frequencies needed for the calculation of the
propagator, we use the Padé-approximation of the Fermi-function [52, 53]. The results are then verified
using a heuristic tangent spacing scheme. Both yield fast convergence of the Bubble terms tested against the
analytical result. In the calculations we incorporate 300 frequencies, which is equivalent to an error of the
bubble calculation of about 1078 at the lowest used temperature (T = 10~°) in comparison to the analytic
result. We use a mapping of the infinite integration range to a finite one A = == to accelerate the
integration [49]. The integration is started from a minimum x = 10~ as smaller starting values yield no
significant difference in the final results. To reduce the load imbalance between the channels we perform a
completion of the square for the D-channel. Thereby we only need to calculate a single matrix product, as
the missing part for the completion is % which needs to be calculated anyway. As a regulator at finite
temperature we choose so-called 2-cutoff, first introduced by Husemann et al [46], given by

w? . —2Aw?
RAw) = e = Rbw) = oy

(12)
It has the advantage of a real IR-divergence regularization but is numerically more challenging as for
example the interaction cutoff [54]. Additionally, no numerical instabilities arise if the Hamiltonian has a
zero eigenvalue. At zero temperature we employ a sharp cutoff, which drastically simplifies the bubble
calculations [45, 55]. In total, the flow equations scale like O(N? - Ni,?) (N is the number of orbitals and Nj,
is the average number of bonds per site) due to the matrix products, the bubble calculation scales like

O(Ng - N? - Ny?) (Nf is the number of Matsubara frequencies included in the summation). Upon including
the self-energy as well as the frequency dependence of the vertex (in the single channel coupling or ECLA
sense [49, 56]) the error scales with U?, this scaling has been checked for the 1D-Hubbard model comparing
to exact diagonalization. Additionally, we verified that our implementation is sufficiently efficient to reach
the thermodynamic limit of the 2D-Hubbard model, where the known FRG results are reproduced.

4. Results

4.1. Open boundary conditions—{inite size effects
We start by an analysis of the finite size effects in a square lattice Hubbard model with open boundary
conditions and without any confining potentials. The VHC is fixed by setting ;» = 4 and we vary ¢’ at
different system sizes to find at which size the critical scales, as well as the occurring phases, are converged.
The finite size effects turn out to be rather smooth except for the smallest linear size [ = 10
corresponding to 100 lattice sites, see the left plot in figure 4. The critical scales do vary only very slightly
close to half filling. We find a superconducting phase even for the smallest system. The superconducting
transition gets shifted to higher values of —Lt/ for larger systems, the largest system investigated shows a
phase diagram roughly matching the thermodynamic limit case. It should be noted that the occurring
superconducting phase is not a pure d-wave divergence, as one would obtain with periodic boundary
conditions, but instead we have mixing between s- and d-wave bond pairing at all sizes at the boundary.
Such an s- and d-mixing behavior has been a topic at the [110] surface of square lattice systems (e.g. [57]),
but here it is more profound as the onsite s-wave coupling is not put in a priori, but generated by the RG
flow. Note that the initial interaction is a repulsive onsite interaction, but the RG flow generates, as a
seemingly diverging tendency, an interaction between pair bilinears that include noticeable s-wave onsite
terms, next to dominant nearest-neighbor pairs with d-wave pattern. Currently it is not clear which
conditions, besides spatial inhomogeneity, are required to obtain this accompanying s-wave component. In
our approach, the phase between the two components is fixed to unity as they arise in a single eigenvector.
The phase could change in the gap equation as this is a non-linear relation that could alter the onsite or
bond pairings independently. Here, we will stick to the notion of d 4+ s mixing without a phase, indicating
the dominant d-character. For a proper verification of this finding, the possible gap opening should be
investigated along the flow, which is numerically very demanding and, thus, is not done in this paper. The
magnitude of the s-wave component relative to the one of the d-wave component decreases with increasing
lattice size. In the largest system, the s-wave component has smaller amplitude than the d-wave component.
It has additionally a stronger site dependence, i.e., it shows its highest values at the boundaries. The
superconducting phase does not fully resemble the thermodynamic limit case due to the visibility of
boundary effects in the whole bulk even for / = 60. In summary, we observe a clear tendency towards an
increased relevance of finite size effects with increasing next-nearest neighbor hopping. Additionally, the
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Figure4. The phase diagram of the square lattice Hubbard model with open boundary conditions and without any confining
potentials is shown on the left and the phase diagram of a square lattice Hubbard model with circular open boundary conditions
and without any confining potential is shown on the right. Simulations are performed at van Hove filling at varying system sizes
and next-nearest-neighbor hopping % We choose U = 3, T = 10~ and include nearest-neighbor correlations. The critical scales
A are encoded in the color scheme, whereas the type of the diverging phase is given by the shape of the data point. The
thermodynamic limit results are given as a reference in the upper part of the plot. We encounter antiferromagnetism (AFM),
charge density waves (CDW), general spin density waves (SDW), SC, ferromagnetism (FM) and no divergence at low scales (N).

superconducting and ferromagnetic ordering vectors we found to deviate substantially from the
thermodynamic limit.

For the experiments, round trapping potentials are easier to generate than sharp square trapping
potentials [5, 13, 14]. Therefore, the second setup under investigation is a square lattice Hubbard model
with circular open boundary conditions and without any confining potential, which can be seen as a
prototypical model for a sharp and very high trap.

Again finite size effects close to perfect nesting in the infinite system, or half filling, are more or less
negligible with only slightly varying critical scales, see the right plot in figure 4. There, no ambiguity in the
resulting phase occurs, an antiferromagnetic divergence is found at all sizes. Even the ordering pattern is not
influenced much by varying the system size. This is in agreement with the observations by Mazurenko et al
[13]. Upon increasing ¢ the critical scales are decreasing. The finite size effects become more pronounced
with increasing . At ¥ ~ —0.26 we find a transition to a pairing divergence for the two largest systems. For
these two, the critical scales are comparable to the ones in the thermodynamic limit. We only encounter SC
for a radius larger than r = 20, additionally the phase transition between AFM and SC is shifted towards
higher values of — ’7/ This already hints at possible complications for the experimental setups. In the round
case we are not able to reach the thermodynamic limit, even for r = 30, as the phase boundaries do not
match the ones from the thermodynamic limit even at the largest radius. As for the square lattice case, no
pure bulk d,>_,» superconductor is recovered, as again in the complete bulk a mixing with the s-wave
component is present.

We observe a strong size dependence for high —t—t, values where, in the infinite model, the ferromagnetic
phase occurs. This can be explained by considering the orderings, see figure 5; whereas the
antiferromagnetic and superconducting phases more or less comply with the circular shape of the lattice
(up to boundary effects and the already mentioned mixing), the ferromagnetic phase does not. In fact, the
resulting magnetization pattern has a square like shape for the largest size. This of course is not matching to
the lattice constraints and therefore ferromagnetic order is suppressed by boundary effects. Before the
formation of the square like pattern, it consists of five localized peaks, one in the center and the others at
the edges of the square, at increasing sizes they become more and more connected and fuse ultimately to the
square-like shape shown. Changing from square to circular open boundary conditions significantly
deteriorates the convergence of the phase diagram with respect to system size, but the way the orderings
change does not differ significantly.

4.2. Effects of the trap potential

We now turn to the third setup, a square lattice Hubbard model with open boundary conditions in which a
second box potential with finite height is embedded. This is realized by an on-site potential at the two sites
closest to the boundary at the upper and the right edge and at the three sites closest to the boundary at the
lower and left edge. By this we can verify that the boundaries existing beyond the box potential do not
influence our finding. The on-site potential is set higher than the bandwidth, i.e. V" = 5.0, suppressing
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Figure 5. Examples for the leading eigenvectors for each phase in the square lattice Hubbard model with circular open boundary
conditions and without any confining potential at r = 30. Calculations are performed using U = 3, T = 10> and including
nearest-neighbor correlations. In the upper row the leading eigenvectors of the C-channel are shown at # = 0 in the left, which is
an antiferromagnet, and ¢ = —0.4 in the right image, forming a bulk square shaped ferromagnet. The lower row shows the
s-wave (left) and symmetrized d,2_» (right) contribution of the leading eigenvector of the P-channel at # = —0.26. The
P-channel eigenvector indicates d + s ordering tendencies.

particles in this region. The difference to straight forward open boundaries is that due to the finite height,
the electronic wavefunctions are allowed to be non-zero at the boundary. Inside the potential well, the
wavefunction decays exponentially. In this case, we are mainly interested in the superconducting phase, thus
we choose —¢ = 0.28. For simplicity we set T = 0 and apply a sharp frequency cutoff. The results are
summarized in the left plot in figure 6.

At the smallest system size, we find a charge divergence. Starting from an effective system length of
I = 12 we observe a P-channel divergence. Again the s-wave component is dominant at small system sizes
and the divergences still show similar patterns as for the open boundary case. But compared to the case
without the embedded potential, the s-components are less pronounced in the bulk; thus, the confining
potential reduced the finite size effects. Thereby, such a potential could reduce the system size necessary to
resolve bulk d,>_»-SC. Such a square box trap potential is of course hard to realize experimentally, therefore
we next proceed with a potential which is closer to experiments.

In experiments, the lattice is generated by a modulated square potential [3], therefore the fourth case
investigated is a square lattice Hubbard model with circular open boundary conditions, in which we insert a
quadratic trap as on-site potential:

H=Hy+ Y auplfil*c],cio- (13)
1,0
The coordinate system is arranged such that its origin coincides with the center of the lattice. The trapping
is embedded in a round lattice with r = 30 and the temperature is fixed to T = 107>, The potential is at first
fixed at the center, meaning that the VHC is only fulfilled there. We now vary the trap curvature gy, to
examine whether SC can still be observed.
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Figure 6. We show the phases of a square lattice Hubbard model with open boundary conditions in which a second box
potential with finite height is embedded on the left. Here, the side length [ of the inner boxes are given on the x-axis. On the right
we show the phases of a square lattice Hubbard model with circular open boundary conditions, in which we insert a quadratic
trap and vary ryyc at different values of ay,,. The y-axis gives the critical scales, and the shape of the data points encode the
resulting phase. In the insets in the left plot, the sand d,»_» component of the leading pairing eigenvector at the largest system
size are shown. Calculations are performed using U = 3, T' = 0 and including nearest-neighbor correlations at / = —0.28. We
encounter AFM, CDW, SC and no divergence (N) at low scales.

At low values of —% the critical scales do not differ much, see the left plot in figure 7. Additionally, the
emergent phase is matching the expectation. With lowering ay.,, the critical scale converges to the same
values observed in figure 6 for the same system size. The phase diagram is cut-off by the temperature for
high —% values. We observe that the parameter regime in which we expect SC is dominated by spin-wave
ordering, which is in line with earlier investigations [20]. The superconducting phase vanishes due to the
confinement of the effective system size in which the VHC is fulfilled. The emergent spin divergences are
pinned to only a very small region close to the center of the lattice, the VHC fulfilling region for which
w; + Vi = 4¢. As we cannot follow the RG flow into the symmetry broken region, we cannot resolve
possibly coexisting states at lower energy scales outside of the VHC fulfilling region. All in all, as in
experiments dy,p cannot be reduced arbitrarily, it is unlikely to observe bulk d-wave SC in this simple setup.
More sophisticated methods of trapping the ultracold atomic gas must be applied. We did not recover SC
for any reasonable trapping curvature. In contrast, enlarging the VHC fulfilling region by shifting the
minima to a ring, leads to a recovery of the superconducting phase which is then bound to this region.
Therefore, this offers a possible way to manipulate the spatial dependence of the order parameter, e.g.
restricting superconducting order to a ring. Here we observed first, that a simple trap smoothens the open
boundary conditions, reducing the finite size effects and second that with vanishing size of the
VHC-fulfilling region the superconducting phase vanishes too.

4.3. Trap-shaped superconductivity

To examine the possibility of shaping the ordering by changing the trapping potential, we change the radius
of the region fulfilling the VHC by changing the potential to dyap(r* — i), thereby the VHC fulfilling
region is now a ring of radius r = rypc and not a point at r = 0 anymore. The slope at the zero crossing is
increasing with increasing ryyc, such that the width of the ring in which the VHC approximately holds
shrinks to zero for large radii. The two effects counteract each other such that an optimal value for ryyc to
promote SC exists. The emergence of ring like pairing correlations were observed earlier [19] in a DQMC
study, we now want to study its radius dependence and stability w.r.t. variations of the trapping curvature
Ayrap. We choose T = 0 combined with a sharp cutoff in order to enlarge the system size to r = 35. We apply
three different trapping curvatures, ay.p = 4 X 10741 x 1072 and 4 x 1073 (note that the smallest value is
still one order of magnitude too large to recover the d-wave superconducting phase in the simple setup
above at a next-nearest-neighbor hopping ¥ = —0.28, where we expect SC). We vary the VHC fulfilling
radius ryyc and track the leading divergences of the channels and their changes.

For the smallest curvature, we find three phase transitions upon increasing the VHC radius ryuc, see
right plot in figure 6. The first occurs between rypc = 0 and ryuc = 4. At rygc = 0 we obtain a localized
spin-divergence of the vertex, which hints at a localized state emerging due to the potential, similar to what
has been observed in [24]. At ryyc = 4 we find a dxz_yz—divergence which vanishes again upon increasing
rvuc further. Between rypc = 4 and rype = 10 we find an antiferromagnet. If we further increase the radius
we obtain a superconductor, which at first has mainly a d,>_ > component, and is circular shaped with no
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Figure 7. The phase diagram of a square lattice Hubbard model with circular open boundary conditions with an embedded
quadratic trap is shown on the left and the phase diagram of a square lattice Hubbard model with circular open boundary
conditions with embedded experimental trap is shown on the right, both at varying nearest-neighbor hoppings ’—; Calculations
are performed using U = 3 and including nearest-neighbor correlations at T = 107> and r = 30 for the left plot and T = 0 and
r = 35 for the right plot. The y-axis gives the curvature of the trapping potential @, in the left and the radius of the constant
particle number disc in the right plot. The critical scales A, are encoded in the color scheme, whereas the type of the diverging
phase is given by the shape of the data point. The thermodynamic limit results are given as a reference in the lower/upper parts of
the plots. We encounter AFM, general SDW, FM, CDW, SC and no divergence (N) at low scales.

clear hole in the center, similar to the upper plots in figure 8. At larger radii, the pairing amplitude is
reduced in the center and has main weight on a thin ring at the VHC-radius, this leads to a slight reduction
of critical scales. Additionally, the s-wave component is increasing due to the weaker screening of the
boundaries, see the lower plots in figure 8. At the largest radii, the s-wave component dominates due to the
proximity to the boundary, which leads to a slight increase of the critical scale. All these findings underline
the importance of the radius and the shape of the VHC fulfilling region. We did not observe a transition to
a disconnected ring, which would require a hole in the gap amplitude at the center. Such a pure ring has a
different topology and might host exotic topological quantum states. Here, the dependence of the critical
scale on ryyc is rather smooth, in contrast to the two larger curvatures. In those systems we mostly obtain
local divergences bound to the VHC fulfilling region. At ryyc = 10 we find a superconducting divergence in
all three setups, where the weight of the s-wave component compared to the d,>_ »-component is increasing
with the trapping curvature.

Remarkably the smooth boundary conditions seem to suppress effects arising due to open boundaries,
see for example the small s-wave component for ryic = 10 in figure 8. Thus it could become easier to
observe a bulk d,>_ > -superconductors with a smooth trap than with a sharp trap. Additionally, we were
able to show that we can shape the superconducting phase to a circle. Inspired by this, an experiment could
try to shape the superconducting phase by applications of specifically designed traps. This could result in
new types of topological SC or designed superconducting currents. For this it would be helpful to create a
particle depletion inside the ring, which is achievable by the application of a Mexican-hat potential
ar* — br* (with a,b > 0) for which the minima is set to fulfill the VHC. To this end, further investigation is
needed either numerically or experimentally. In general, it will be very interesting to investigate the possible
uses of trapping potentials for experimental realisations of exotic phases of matter.

4.4. Experimental trap

The last setup we investigate is a square lattice Hubbard model with circular open boundary conditions, in
which a trap reconstructed from experiments is embedded. The information given by Mazurenko et al [13]
allows for an approximate modelling of their trapping potential. It consists of the square lattice part, which
we discussed in detail above, and an additional DMD potential to create a disk of constant number density.
We use a piece-wise defined function consisting of a constant disk, a Gaussian which emulates the DMD
and a square potential to capture the lattice potential, see equation (14). The parameters are chosen such
that the particle density at half filling as a function of the distance to the center is roughly matching the one
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Figure 8. Superconducting ordering parameters for two different radii of the VHC-fulfilling region at U = 3, T = 0 and
¢ = —0.28. The upper row shows ryyc = 10 at Gy = 1072 and the lower row rypc = 20 at Aurap = 4 X 1074, in the left column
the s-wave contribution of the largest eigenvector is shown and in the right column d,>_ > contribution is shown.

given in [13]

0 ifr<r
(rfrtsz)z %
20 _ p20 1
a(x) = yle 7 e ifrp<r<r,+A (14)
A2
yl1=e¥ | —b-(r—r —A)? ifr>r +A.

In total we have five free parameters, the Gaussian prefactor -, the radius of the disc r;, the Gaussian
regime parameter A, the width of the Gaussian o;, and the quadratic prefactor b. The trap is designed
continuous but has kinks. In the following we vary the trap radius and choose

v = 85, o, = 20, A =5, b =0.016 66.

The VHC is chosen to be fulfilled at all sites within the trap radius. The difference to the radius variation in
the open boundary system lies in the smooth boundaries we obtain due to the Gaussian. Thus, we expect
different finite size effects. For example, we expect a less pronounced s-wave component in the
superconducting phase due to what was observed in the setups investigated above.

The finite size effects are again small for weak to intermediate values of ¢, which is expected in analogy
to the results we obtained for the other models as well as earlier studies employing similar trappings [20].
The critical scale, and thus the critical temperature, is increasing slightly upon increasing the lattice size. At
r=20and ¢ = —0.1 we observe that the critical scale is approaching the known FRG critical scale of
Ac = 0.11 at U = 3 [58]. For increasing values of ¢ the phases are less stable. We encounter a
superconducting divergence at the two smallest system sizes, but they have support on only a few sites, see
figure 9. The occurrence of these P-channel divergences seems to be a fine-tuned problem as increasing ¢ or
the radius can make them vanish and reappear. In the r, = 10 model, there is no superconducting phase

transition observed.
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Figure9. Leading P-channel eigenvector at ¥ = —0.25 for r, = 5 in the upper, and at ¥ = —0.27 for r, = 20 in the lower row.
The left pictures show the on-site component of the eigenvectors whereas the right pictures visualize the symmetrized d,>_ »
component of it. Calculations are performed using U = 3, r = 35, T = 0 applying a sharp-cutoff and including nearest-neighbor
correlations.

Still, the superconducting phases at the lowest system sizes indeed show the expected ordering pattern,
namely d + s. At higher radii, the s-component is again more suppressed in the bulk. The ferromagnetic
phase is hampered most by the potential and is not fully recovered at the largest system size studied. It does
not fill the whole trap region but manifests itself on a square shaped subsection, this behavior is found in all
cases where we applied non-periodic boundary conditions. Thus, it should be observable in experiments.
We observe that the trapping reduces the effects of the open boundary conditions especially concerning the
s-wave component of the superconducting phase. At the largest radius, we obtain a similar distribution of
phases in the ¥ domain as for the thermodynamic limit case [40], with the exception that the transition
between SC and the ferromagnetic phase is shifted to lower values of —t—t,.

The question arises whether a pure bulk d,>_ > SC is observable at the largest system size. In figure 9 the
superconducting order parameters are visualized at # = —0.23 and r, = 20. We observe that the s-wave
component of the eigenvector is vanishing in a small region at the center, such that there, we obtain a local
bulk d,._ > superconductor. With such a setup we thus might be able to recover the thermodynamic limit in
the laboratory at reasonable effort. Comparing the present setup to the simpler trap shapes studied above,
we observe that the two ingredients most important for reaching a fast convergence in system size in the
studied Hubbard model are large sizes of the VHC fulfilling regions in combination with smooth trapping
potentials. An optimal design of the latter will certainly help to reduce the effective system size required in
the future.

5. Conclusions

We studied the finite-size effects in round- and square-shaped fermionic Hubbard models on an underlying
square lattice, as well as the influences of three different trapping potentials on the (finite-size) phase
diagram of the 2D Hubbard model. We found that the application of open boundary conditions leads to a
suppression of the ferromagnetic region of the phase diagram which occurs for larger values of the
next-nearest-neighbor hopping amplitude. The finite-size corrections for the weak next-nearest-neighbor
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hopping are much smaller, which is in line with experiment. The superconducting phase is suppressed at
small system sizes and has in general an d + s form induced by the open boundary conditions, with the
somewhat unexpected admixture of onsite s-wave paring to dominant d-wave nearest-neighbor pairing. For
the square lattices, the superconducting phase is less suppressed. We observed that designing a specific
shape of the trap can tune the divergence encountered, i.e. we were able to create disk like superconductors
with main weight at the outer circle by choosing the VHC fulfilling radius appropriately. Applying the
trapping potential reconstructed from the experiments we observed that the smoothing of the boundaries
leads to a smaller suppression of SC. Thus, we observed a stable transition from AFM to SC already at

r = 15. The s-wave component is observed to be less pronounced compared to standard open boundary
conditions, thus it is likely that the equivalence between such an experimental system and periodic
boundary conditions model is recovered earlier.

To obtain a more complete description of the trapped Hubbard models, a next step is to incorporate the
disorder introduced by the DMD which was neglected here but could lead to further localization effects.
The next steps from the theoretical point of view are the inclusion of self-energy feedback as well as a single
frequency dependence of the vertex [49, 56, 59]. This would allow for predictions correct up to U°.
Especially the effects of the self-energy in open boundary systems could play a crucial role. Predictions for
the realistic cuprates interaction strength % o 1 are not reliable with the real-space TUFRG due to its
perturbative motivation. This issue could be resolved by the combination of dynamic mean-field theory
with real-space TUFRG [60-63].

Our study illustrates that on the experimental side, systems sizes need to be sufficiently large, in addition
to reaching a lower temperature. However, we illustrate that the trapping should not only be understood as
a challenge but can also provide an opportunity to freely shape emergent phases to our needs.

Acknowledgments

The authors acknowledge the input on how to write and optimize a high-performance code by E di Napoli,
D Rohe and S Achilles. We thank J Ehrlich, L Klebl, N Caci and ] Beyer for fruitful discussions. The
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) is acknowledged for support
through RTG 1995 and under Germany’s Excellence Strategy—Cluster of Excellence Matter and Light for
Quantum Computing (ML4Q) EXC 2004/1—390534769. We acknowledge support from the Max
Planck-New York City Center for Non-Equilibrium Quantum Phenomena. Simulations were performed
with computing resources granted by RWTH Aachen University under project rwth0514.

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.
ORCID iDs

J B Hauck © https://orcid.org/0000-0003-3399-1341
References

] Bloch I, Dalibard J and Zwerger W 2008 Rev. Mod. Phys. 80 835—964
] Giorgini S, Pitaevskii L P and Stringari S 2008 Rev. Mod. Phys. 80 1215-74
] Tarruell L and Sanchez-Palencia L 2018 C. R. Phys. 19 365-93
] Jotzu G, Messer M, Desbuquois R, Lebrat M, Uehlinger T, Greif D and Esslinger T 2014 Nature 515 23740
[5] Gall M, Wurz N, Samland J, Chan C F and K6hl M 2021 Nature 589 40-3
] Macé N, Jagannathan A and Duneau M 2016 Crystals 6 124
] Gross C and Bloch 12017 Science 357 995-1001
] Goldman N, Budich J C and Zoller P 2016 Nat. Phys. 12 639-45
] Lewenstein M, Sanpera A and Ahufinger V 2012 Ultracold Atoms in Optical Lattices: Simulating Quantum Many-Body Systems
(Oxford: Oxford University Press) https://oxfordscholarship.com/10.1093/acprof:0s0/9780199573127.001.0001/acprof-
9780199573127
[10] Jordens R, Strohmaier N, Giinter K, Moritz H and Esslinger T 2008 Nature 455 204—7
[11] Schneider U, Hackermuller L, Will S, Best T, Bloch I, Costi T A, Helmes R W, Rasch D and Rosch A 2008 Science 322 15205
[12] Cheuk L W, Nichols M A, Lawrence K R, Okan M, Zhang H and Zwierlein M W 2016 Phys. Rev. Lett. 116 235301
Mazurenko A et al 2017 Nature 545 462—6
Hart R A et al 2015 Nature 519 211-4
Hofstetter W, Cirac J I, Zoller P, Demler E and Lukin M D 2002 Phys. Rev. Lett. 89 220407
Rigol M, Muramatsu A, Batrouni G G and Scalettar R T 2003 Phys. Rev. Lett. 91 130403

13


https://orcid.org/0000-0003-3399-1341
https://orcid.org/0000-0003-3399-1341
https://doi.org/10.1103/revmodphys.80.885
https://doi.org/10.1103/revmodphys.80.885
https://doi.org/10.1103/revmodphys.80.885
https://doi.org/10.1103/revmodphys.80.885
https://doi.org/10.1103/revmodphys.80.1215
https://doi.org/10.1103/revmodphys.80.1215
https://doi.org/10.1103/revmodphys.80.1215
https://doi.org/10.1103/revmodphys.80.1215
https://doi.org/10.1016/j.crhy.2018.10.013
https://doi.org/10.1016/j.crhy.2018.10.013
https://doi.org/10.1016/j.crhy.2018.10.013
https://doi.org/10.1016/j.crhy.2018.10.013
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/s41586-020-03058-x
https://doi.org/10.1038/s41586-020-03058-x
https://doi.org/10.1038/s41586-020-03058-x
https://doi.org/10.1038/s41586-020-03058-x
https://doi.org/10.3390/cryst6100124
https://doi.org/10.3390/cryst6100124
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nphys3803
https://oxfordscholarship.com/10.1093/acprof:oso/9780199573127.001.0001/acprof-9780199573127
https://oxfordscholarship.com/10.1093/acprof:oso/9780199573127.001.0001/acprof-9780199573127
https://doi.org/10.1038/nature07244
https://doi.org/10.1038/nature07244
https://doi.org/10.1038/nature07244
https://doi.org/10.1038/nature07244
https://doi.org/10.1126/science.1165449
https://doi.org/10.1126/science.1165449
https://doi.org/10.1126/science.1165449
https://doi.org/10.1126/science.1165449
https://doi.org/10.1103/physrevlett.116.235301
https://doi.org/10.1103/physrevlett.116.235301
https://doi.org/10.1038/nature22362
https://doi.org/10.1038/nature22362
https://doi.org/10.1038/nature22362
https://doi.org/10.1038/nature22362
https://doi.org/10.1038/nature14223
https://doi.org/10.1038/nature14223
https://doi.org/10.1038/nature14223
https://doi.org/10.1038/nature14223
https://doi.org/10.1103/physrevlett.89.220407
https://doi.org/10.1103/physrevlett.89.220407
https://doi.org/10.1103/physrevlett.91.130403
https://doi.org/10.1103/physrevlett.91.130403

10P Publishing

New J. Phys. 23 (2021) 063015 ] B Hauck et al

(17]
(18]
(19]
(20]
(21]

Rigol M and Muramatsu A 2004 Phys. Rev. A 69 053612

Scarola V'W, Pollet L, Oitmaa J and Troyer M 2009 Phys. Rev. Lett. 102 135302

Chiesa S, Varney C N, Rigol M and Scalettar R T 2011 Phys. Rev. Lett. 106 035301

Cone J D, Chiesa S, Rousseau V R, Batrouni G G and Scalettar R T 2012 Phys. Rev. B 85 075418

Duarte P M, Hart R A, Yang T L, Liu X, Paiva T, Khatami E, Scalettar R T, Trivedi N and Hulet R G 2015 Phys. Rev. Lett. 114
070403

Mendes-Santos T, Paiva T and dos Santos R R 2015 Phys. Rev. A 91 023632

Nigro D 2017 Phys. Rev. A 96 033608

Chanda T, Yao R and Zakrzewski ] 2020 Phys. Rev. Res. 2 032039

Batrouni G G, Rousseau V, Scalettar R T, Rigol M, Muramatsu A, Denteneer P ] H and Troyer M 2002 Phys. Rev. Lett. 89 117203
Wessel S, Alet F, Troyer M and Batrouni G G 2004 Phys. Rev. A 70 053615

Kato Y and Kawashima N 2009 Phys. Rev. E 79 021104

Delande D and Zakrzewski J 2009 Phys. Rev. Lett. 102 085301

von Delft ] 2001 Ann. Phys. 10 219-76

von Delft J, Zaikin A D, Golubev D S and Tichy W 1996 Phys. Rev. Lett. 77 3189-92

Van Hove L 1953 Phys. Rev. 89 1189-93

Meinert F, Mark M J, Kirilov E, Lauber K, Weinmann P, Daley A J and Négerl H C 2013 Phys. Rev. Lett. 111 053003

Dutta O, Gajda M, Hauke P, Lewenstein M, Lithmann D-S, Malomed B A, Sowinski T and Zakrzewski ] 2015 Rep. Prog. Phys. 78
066001

Amadon J C and Hirsch J E 1996 Phys. Rev. B 54 6364-75

Qin M, Chung C M, Shi H, Vitali E, Hubig C, Schollwock U, White S R and Zhang S (Simons Collaboration on the
Many-Electron Problem) 2020 Phys. Rev. X 10 031016

Zheng B-X et al 2017 Science 358 1155—60

LeBlanc J et al (Simons Collaboration on the Many-Electron Problem) 2015 Phys. Rev. X 5 041041

Hauck ] B, Honerkamp C, Achilles S and Kennes D M 2020 arXiv:2008.13667

Metzner W, Salmhofer M, Honerkamp C, Meden V and Schénhammer K 2012 Rev. Mod. Phys. 84 299—352

Lichtenstein J, Sénchez de la Pefia D, Rohe D, Di Napoli E, Honerkamp C and Maier S A 2017 Comput. Phys. Commun. 213
100-10

Salmhofer M, Honerkamp C, Metzner W and Lauscher O 2004 Prog. Theor. Phys. 112 943—70

Eberlein A and Metzner W 2014 Phys. Rev. B 89 035126

Wang J, Eberlein A and Metzner W 2014 Phys. Rev. B 89 121116

Maier S A, Eberlein A and Honerkamp C 2014 Phys. Rev. B 90 035140

Markhof L, Sbierski B, Meden V and Karrasch C 2018 Phys. Rev. B 97 235126

Husemann C and Salmhofer M 2009 Phys. Rev. B 79 195125

Wang W S, Xiang Y Y, Wang Q H, Wang F, Yang F and Lee D H 2012 Phys. Rev. B 85 035414

Eckhardt C J, Honerkamp C, Held K and Kauch A 2020 Phys. Rev. B 101 155104

Weidinger L, Bauer F and von Delft ] 2017 Phys. Rev. B 95 035122

Dormand J R and Prince P J 1980 J. Comput. Appl. Math. 6 19-26

Ahnert K and Mulansky M 2011 arXiv:1110.3397 1586—9

Han X-J, Liao H-J, Xie H-D, Huang R-Z, Meng Z-Y and Xiang T 2017 Chin. Phys. Lett. 34 077102

Ozaki T 2007 Phys. Rev. B 75 035123

Honerkamp C, Rohe D, Andergassen S and Enss T 2004 Phys. Rev. B 70 235115

Klebl L, Kennes D M and Honerkamp C 2020 Phys. Rev. B 102

Reckling T and Honerkamp C 2018 Phys. Rev. B 98 085114

Honerkamp C, Wakabayashi K and Sigrist M 2000 Europhys. Lett. 50 368—74

Lichtenstein J 2018 Functional renormalization group studies on competing orders in the square lattice PhD Thesis RWTH
Aachen, Aachen

Bauer F, Heyder ] and von Delft ] 2014 Phys. Rev. B 89 045128

Wentzell N, Taranto C, Katanin A, Toschi A and Andergassen S 2015 Phys. Rev. B 91 045120

Vilardi D, Taranto C and Metzner W 2019 Phys. Rev. B 99 104501

Katanin A A 2019 Phys. Rev. B 99 115112

Taranto C, Andergassen S, Bauer J, Held K, Katanin A, Metzner W, Rohringer G and Toschi A 2014 Phys. Rev. Lett. 112 196402

14


https://doi.org/10.1103/physreva.69.053612
https://doi.org/10.1103/physreva.69.053612
https://doi.org/10.1103/physrevlett.102.135302
https://doi.org/10.1103/physrevlett.102.135302
https://doi.org/10.1103/physrevlett.106.035301
https://doi.org/10.1103/physrevlett.106.035301
https://doi.org/10.1103/physrevb.85.075418
https://doi.org/10.1103/physrevb.85.075418
https://doi.org/10.1103/physrevlett.114.070403
https://doi.org/10.1103/physrevlett.114.070403
https://doi.org/10.1103/physreva.91.023632
https://doi.org/10.1103/physreva.91.023632
https://doi.org/10.1103/physreva.96.033608
https://doi.org/10.1103/physreva.96.033608
https://doi.org/10.1103/physrevresearch.2.032039
https://doi.org/10.1103/physrevresearch.2.032039
https://doi.org/10.1103/physrevlett.89.117203
https://doi.org/10.1103/physrevlett.89.117203
https://doi.org/10.1103/physreva.70.053615
https://doi.org/10.1103/physreva.70.053615
https://doi.org/10.1103/physreve.79.021104
https://doi.org/10.1103/physreve.79.021104
https://doi.org/10.1103/physrevlett.102.085301
https://doi.org/10.1103/physrevlett.102.085301
https://doi.org/10.1002/1521-3889(200103)10:3&tnqx3c;219::aid-andp219&tnqx3e;3.0.co;2-i
https://doi.org/10.1002/1521-3889(200103)10:3&tnqx3c;219::aid-andp219&tnqx3e;3.0.co;2-i
https://doi.org/10.1002/1521-3889(200103)10:3&tnqx3c;219::aid-andp219&tnqx3e;3.0.co;2-i
https://doi.org/10.1002/1521-3889(200103)10:3&tnqx3c;219::aid-andp219&tnqx3e;3.0.co;2-i
https://doi.org/10.1103/physrevlett.77.3189
https://doi.org/10.1103/physrevlett.77.3189
https://doi.org/10.1103/physrevlett.77.3189
https://doi.org/10.1103/physrevlett.77.3189
https://doi.org/10.1103/physrev.89.1189
https://doi.org/10.1103/physrev.89.1189
https://doi.org/10.1103/physrev.89.1189
https://doi.org/10.1103/physrev.89.1189
https://doi.org/10.1103/physrevlett.111.053003
https://doi.org/10.1103/physrevlett.111.053003
https://doi.org/10.1088/0034-4885/78/6/066001
https://doi.org/10.1088/0034-4885/78/6/066001
https://doi.org/10.1103/physrevb.54.6364
https://doi.org/10.1103/physrevb.54.6364
https://doi.org/10.1103/physrevb.54.6364
https://doi.org/10.1103/physrevb.54.6364
https://doi.org/10.1103/physrevx.10.031016
https://doi.org/10.1103/physrevx.10.031016
https://doi.org/10.1126/science.aam7127
https://doi.org/10.1126/science.aam7127
https://doi.org/10.1126/science.aam7127
https://doi.org/10.1126/science.aam7127
https://doi.org/10.1103/physrevx.5.041041
https://doi.org/10.1103/physrevx.5.041041
https://arxiv.org/abs/2008.13667
https://doi.org/10.1103/revmodphys.84.299
https://doi.org/10.1103/revmodphys.84.299
https://doi.org/10.1103/revmodphys.84.299
https://doi.org/10.1103/revmodphys.84.299
https://doi.org/10.1016/j.cpc.2016.12.013
https://doi.org/10.1016/j.cpc.2016.12.013
https://doi.org/10.1016/j.cpc.2016.12.013
https://doi.org/10.1016/j.cpc.2016.12.013
https://doi.org/10.1143/ptp.112.943
https://doi.org/10.1143/ptp.112.943
https://doi.org/10.1143/ptp.112.943
https://doi.org/10.1143/ptp.112.943
https://doi.org/10.1103/physrevb.89.035126
https://doi.org/10.1103/physrevb.89.035126
https://doi.org/10.1103/physrevb.89.121116
https://doi.org/10.1103/physrevb.89.121116
https://doi.org/10.1103/physrevb.90.035140
https://doi.org/10.1103/physrevb.90.035140
https://doi.org/10.1103/physrevb.97.235126
https://doi.org/10.1103/physrevb.97.235126
https://doi.org/10.1103/physrevb.79.195125
https://doi.org/10.1103/physrevb.79.195125
https://doi.org/10.1103/physrevb.85.035414
https://doi.org/10.1103/physrevb.85.035414
https://doi.org/10.1103/physrevb.101.155104
https://doi.org/10.1103/physrevb.101.155104
https://doi.org/10.1103/physrevb.95.035122
https://doi.org/10.1103/physrevb.95.035122
https://doi.org/10.1016/0771-050x(80)90013-3
https://doi.org/10.1016/0771-050x(80)90013-3
https://doi.org/10.1016/0771-050x(80)90013-3
https://doi.org/10.1016/0771-050x(80)90013-3
https://arxiv.org/abs/1110.3397
https://doi.org/10.1088/0256-307x/34/7/077102
https://doi.org/10.1088/0256-307x/34/7/077102
https://doi.org/10.1103/physrevb.75.035123
https://doi.org/10.1103/physrevb.75.035123
https://doi.org/10.1103/physrevb.70.235115
https://doi.org/10.1103/physrevb.70.235115
https://doi.org/10.1103/physrevb.102.085109
https://doi.org/10.1103/physrevb.98.085114
https://doi.org/10.1103/physrevb.98.085114
https://doi.org/10.1209/epl/i2000-00280-2
https://doi.org/10.1209/epl/i2000-00280-2
https://doi.org/10.1209/epl/i2000-00280-2
https://doi.org/10.1209/epl/i2000-00280-2
https://doi.org/10.1103/physrevb.89.045128
https://doi.org/10.1103/physrevb.89.045128
https://doi.org/10.1103/physrevb.91.045120
https://doi.org/10.1103/physrevb.91.045120
https://doi.org/10.1103/physrevb.99.104501
https://doi.org/10.1103/physrevb.99.104501
https://doi.org/10.1103/physrevb.99.115112
https://doi.org/10.1103/physrevb.99.115112
https://doi.org/10.1103/physrevlett.112.196402
https://doi.org/10.1103/physrevlett.112.196402

	Strong boundary and trap potential effects on emergent physics in ultra-cold fermionic gases
	1.  Introduction
	2.  Setup
	3.  Method
	3.1.  Numerical implementation

	4.  Results
	4.1.  Open boundary conditions—finite size effects
	4.2.  Effects of the trap potential
	4.3.  Trap-shaped superconductivity
	4.4.  Experimental trap

	5.  Conclusions
	Acknowledgments
	Data availability statement
	ORCID iDs
	References


