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Unconventional pairing
in few-fermion systems at finite
temperature

Daniel Pecak'?** & Tomasz Sowirski3

Attractively interacting two-component mixtures of fermionic particles confined in a one-dimensional
harmonic trap are investigated. Properties of balanced and imbalanced systems are systematically
explored with the exact diagonalization approach, focusing on the finite-temperature effects. Using
single- and two-particle density distributions, specific non-classical pairing correlations are analyzed
in terms of the noise correlations—quantity directly accessible in state-of-the-art experiments with
ultra-cold atoms. It is shown that along with increasing temperature, any imbalanced system hosting
Fulde—Ferrel-Larkin-Ovchinnikov pairs crossovers to a standard Bardeen-Cooper-Schrieffer one
characterized by zero net momentum of resulting pairs. By performing calculations for systems with
different imbalances, the approximate boundary between the two phases on a phase diagram is
determined.

The appearance of non-classical correlations collectively induced by attractive interactions between fermions is
one of the most spectacular macroscopic manifestations of quantum mechanics. As justified by Bardeen, Cooper,
and Schrieffer in' (BCS), it is directly responsible for the remarkable phenomenon of superconductivity—a
flow of an electric current without any resistance—discovered by Onnes over a hundred years ago® In the case
of homogeneous bulk systems, an existence of pairing induced by attractions is explained on fundamental
grounds by showing that for any non-vanishing attractions the system is forced in a nonperturbative manner to
rebrand its ground state and minimize energy by forming pairs (called Cooper pairs) composed by opposite-
spin fermions having exactly opposite momenta®*. Later it was argued that this argumentation is rigorously
valid only for perfectly balanced systems, i.e., when both components have exactly the same Fermi spheres. In
a more general scenario, when the system is no longer symmetric with respect to the exchange of components,
pairing correlations are still favored but resulting pairs may have non-vanishing center-of-mass momentum, as
explained independently by Fulde and Ferrel® and Larkin and Ovchinnikov® (FFLO). This observation triggered
many investigations aimed to understand different properties of such systems (see for example’'® and citations
within) and in consequence to unquestionably confirm that such pairs do exist. Unfortunately, indisputable
experimental evidence is still lacking. In three-dimensional cases, one of the recognized obstacles is the fact that
the final FFLO signal is much less noticeable since any non-zero value of finite net momentum has no unique
direction in space. In consequence, the condensation of pairs is spread among different two-particle orbitals and
the FFLO phase is stable in a quite small region of the phase diagram'?. It is argued that systems with reduced
dimensionality (particularly one-dimensional systems) may serve as a promising bypassing platforms for FFLO
detection??’. For recent reviews see*>?’. The universal nature of such correlations in different number of spa-
tial dimensions can be seen through the variety of physical systems that are studied. From nuclear matter and
neutron stars®*~*, through organic superconductors®-** and heavy-fermion systems in solid state physics**-%,
up to ultracold gases®.

Significant experimental progress on ultracold atomic systems has opened many interesting and non-obvious
paths for exploration. One of them is related to the ability of very precise control of the number of particles in a
system. Pioneering experiments of this type**-*! have opened an alternative route to study quantum many-body
systems from the side of mesoscopic phenomena*>*. Amidst a flurry of different ideas related to such small quan-
tum systems, recently it has been theoretically spotted that small mixtures of attractively interacting fermions may
host correlations very similar to pairing known for bulk systems**-*. Depending on inter-component imbalance,
they may serve as suitable platforms for observing unconventional pairing mechanisms®'. Very recently, these
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theoretical considerations have taken on new importance since innovative methods for detecting and measur-
ing inter-particle correlations in such systems have been just developed®*~*. The majority of previous works
have mainly focused on different ground-state properties or some specific dynamical scenarios of such systems
with repulsive interactions. In this work, we aim to go beyond these schemes and to extend recent discussion
on pairing (the conventional BCS as well as the unconventional FFLO) to the situation when the system is pre-
pared in a mixed state of a given temperature. In this way, we want to establish another theoretical link between
few-body problems and finite-temperature results obtained recently for a large number of particles. Particularly,
we want to make a correspondence with previously obtained Monte Carlo predictions and solutions based on
the Bogoliubov-de Gennes method for harmonically trapped mixtures of fermions®~’. It is worth noticing
that on the repulsive branch of interactions some theoretical analyses of the impact of finite temperatures were
presented already®® . Although finite-temperature effects for attractively interacting few-fermion systems were
not deeply studied, they can be important from the experimental perspective, since BCS-like correlation has
been already measured®?.

The system studied

We consider an effectively one-dimensional mixture of two fermionic components o € {?, |} consisting of N}
and N particles of the same mass m, and trapped in an external harmonic oscillator potential of frequency w.
We assume that on a time scale of considered experiments there are no relevant physical channels causing spin
flips, thus the numbers Ny and N are independently conserved quantities. In the case of experiments with ultra-
cold alkaline atoms, this assumption is well-justified. In the second-quantization formalism the Hamiltonian
of the system reads:

2
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where the fermionic field operator ‘-TJUA(x) annihilates a particle from a component o at position x. It obeys
standard anti-commutation relations {W (x), \IJ;,(x’ )} = 8568 (x — x') and {¥, (x), Wy (x')} = 0. The dimen-
sionless parameter g is related to the one-dimensional interaction strength. In the effective one-dimensional
model studied, it can be obtained from the three-dimensional counterpart, by assuming that transverse motion
is completely frozen (for example by very strong confinement) and thus it can be integrated out®. It means that
the value of g depends on the transverse width of the system. This gives one of possible ways to tune its value.
Another possibility is granted thank to internal electronic structures of particles, which, although completely
irrelevant for spatial dynamics, give a tool for controlling inter-particle scattering via the Feshbach resonances***,
Since the Hamiltonian does commute with number operators N, = [ dx U)W (x) we analyze its properties in
subspaces of fixed N4 and N. To get better correspondence with standard description in the large system limit,
we introduce an intensive quantity characterizing imbalance between components, i.e., the global polarization

_ AN Ny - N,
P= = —. )
N Ny + N,

Note, that the Hamiltonian (1) is fully symmetric under exchange of components. It means that systems
with opposite global polarisations (P and —P) have exactly the same properties provided that labels 1 and |, are
adequately exchanged. Therefore, without losing generality, we can limit ourselves to cases with P > 0.

Many-body spectrum
To get a better understanding of the properties of the system at finite temperature, let us first discuss spectral
properties of the many-body Hamiltonian (1) on the attractive branch of interactions. In contrast to the repul-
sive one’®®, this has not been extensively studied in the literature. It is quite natural that in the case studied the
spectrum is not bounded from below when attractive g is increasing. In fact, the model (1) is not appropriate for
sufficiently large attractions since it completely neglects the possible formation of molecules. However, for finite
and reasonable g, the model appropriately captures the system’s properties*¢ and is experimentally relevant*.

To present fundamental features of the many-body spectrum of the system studied, we take as an example
the system containing N = 8 particles with different imbalances AN and we perform numerically exact diago-
nalization of its many-body Hamiltonian (1) to obtain its eigenstates|i) and corresponding eigenenergies &’;
(see Appendix for numerical details). Then we plot the lowest energy gaps &; — &9 as functions of interaction
strength ¢ (see Fig. 1a). It is clear that for any attraction the many-body ground state is rather isolated. Indeed,
for any number of particles and attractive interactions, the gap to the first excited state is never smaller than
the energy of a single excitation in the harmonic confinement. It means that any pairing correlations present
in the ground-state of the system probably remain stable against small thermal excitations. It is also clear that
along with increasing attractions the degeneracy of the first excited state (existing for vanishing interactions
due to the fundamental independence of components) is lifted. Note, however, that only for perfectly balanced
systems (AN = 0) one of the first excited states rapidly gains energy and very quickly become unimportant for
low-energy physics. That suggests that the thermal resistivity of the system could be strongly dependent on the
imbalance, thus may be of fundamental importance for experimental discrimination between standard BCS and
FFLO pairing hosted respectively by balanced and imbalanced systems.

In the following, we assume that the system studied is prepared in a stationary state of a given absolute tem-
perature T. We do not settle whether thermalization occurred as a result of interactions with an external ther-
mostat or as a consequence of self-thermalization. The latter may be challenging due to the intrinsic properties
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Figure 1. (a) The energy gaps between the many-body ground state and excited states for systems with N = 8
particles and different particle imbalances AN (polarization P = 0, 0.25, 0.5, 0.75, respectively). Independently
on the case, two of the lowest excited states are always degenerate at ¢ = 0 and the degeneracy is lifted for finite
attraction. Note, however, that the lift strongly depends on the polarization. (b) the Boltzmann probabilities

2 as functions of rescaled temperature for two extreme imbalances (P = 0 and P = 0.75, respectively) and
interaction strength ¢ = —3. Note that for sufficiently low but finite temperatures (due to the finite gap in the
spectrum) the system is robust and rather remains in its many-body ground state. All energies and temperatures
are expressed in natural units of the problem, i.e., iw and hw/kp, respectively.

of the system—its lowered dimensionality and mesoscopic character. Nevertheless, we anticipate that the state
of the system can be well-described with a density matrix of the Boltzmann form:

pr=7_ Zili)il, 3)
1

where 2; = % ~'e~Ei/ksT gre the Boltzmann distribution probabilities and 2 = SeEi /ksT is the correspond-
ing partition function (kg is the Boltzmann’s constant). Of course, in the limit of vanishing temperature, T — 0,
the state of the system is represented by its many-body ground state |0). However, even for finite temperatures,
due to the mentioned finite gaps to the excited states, the system is quite robust and may remain in the ground
state. This property is clearly visible when partitions 2; are plotted as functions of temperature (Fig. 1b). Since it
will be crucial for the discussion of experimental attainability of pairing phases for realistic systems let us relate
this observation to the experiments in Selim Jochim’s group. From Fig. 1b it is clear that the lowest excited states
start to contribute at a temperature around T =~ 0.5fw/kp. Taking experimentally typical frequency of the trap
o = 27 x 1.488 kHz and lithium ®Li atom mass m = 1.15 x 1072 kg it corresponds to temperature 35.7 nK.
Thus, we see that the temperature effects definitely have to be taken into account in the modeling when predict-
ing the system properties.

Two-body correlation and pairing

There are many ambiguities in translating concepts suitable for many-body description into the few-body regime.
Mostly, they originate from the fact that in a large number of particles limit one does not care much about their
precise counting and therefore performs analysis in the grand canonical ensemble approach. This gives a rise to
define mean-field order parameters (pairing fields) as expectation values of appropriately defined annihilation
operators®. Unfortunately, for small systems we rather focus on properties of the system when the number of
particles is well-defined, thus we work in the canonical ensemble framework. Therefore, in the case of meso-
scopic systems studied here, instead of considering order parameters, which in fact are not directly measurable,
we focus on quantities straightly capturable in experiments that may quantify non-classical pairing correlations
in the system. When two-component systems are considered, then the natural quantity describing two-particle
correlations collectively induced between particles is the reduced two-particle density matrix. However, from
the experimental point of view, measuring its off-diagonal elements (encoding two-body coherence) is not
easy if possible at all. Therefore, we focus only on its diagonal part Tr[Ar 714 (p1)71y (p2)], i.e., the two-particle
momentum distribution in the thermal state 5. The density operator in the momentum domain 7, (p) is defined
straightforwardly as 715 (p) = \I/; (P) Vs (p), where W, (p) = [ dx W, (x)exp(—ipx/T).
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Figure 2. The noise correlation 4 (p1, p;) calculated for the balanced system of N = 8 particles. Consecutive
rows correspond to different attractions g, while columns to different temperatures T. Note that along with
increasing interactions anti-diagonal correlations are enhanced. Contrary, increasing temperature blurs the
noise correlation meaning that the pairing is diminished. All momenta and temperatures are expressed in
natural units of the problem, i.e., v/ himmw and hiw/ kg, respectively.

It is clear that the two-particle momentum distribution defined above encodes not only non-classical cor-
relations forced by interactions but also accidental correlations originating in single-particle distributions®.
Therefore, to filter out the latter from the description, we go along previous experience®7° and we define the
so-called noise correlation encoding pure two-body correlations between particles

Gr(p1,p2) = {y (p)Ay (p2)) 1 — (g (1)) {1y (P2)) T (4)

where we use a short notation (e) 7 = Tr[dr e | for averaging over the many-body mixed state 1 of the system of
given temperature T. Let us point here, that in the case of ground-state properties, the noise correlation concept
has been extremely useful to study two-body correlations in general’!, but the pairing in particular?” 407273 T
turned out that, at least for the ground-state properties, this measurable quantity can be quite easily adopted as
a direct indicator of pairing correlations signaling not only standard Cooper pairs but also unconventional pairs
with non-vanishing center-of-mass momentum (FFLO)*. In the following, we extend this analysis to thermal
mixed states of the system.

Balanced systems

Let us start the analysis from the simplest case of balanced system (polarization P = 0) containing in total N par-
ticles. In Fig. 2 we show the dependence of the noise correlation (4) on the interaction strength and temperature
for N = 8 particles. When the system is purely in its many-body ground-state (T = 0), strong anti-correlations
between opposite spin momenta are enhanced with increasing interactions. This signals a strong BCS pairing
mechanism studied recently®. It is also clear that this enhancement is reduced by increasing temperature. One
can quantify these competing behaviors by integrating the nose correlation close to its anti-diagonal part. For
example, it can be done by calculating the pairing intensity 21 expressed as integration with appropriately local-
ized filtering function

91 = /dpldpz Gr(p1,p2)Z (p1 + p2)s (5)
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Figure 3. The pairing intensity 27 for the balanced system of N = 8 particles as a function of temperature

T (left) and interaction strength g (right). It is clear that decreasing attractions and/or increasing temperature
reduce the intensity of pairing. Temperature is expressed in its natural units, fiw /kp.

where the function # (p) has a gaussian form

2
F (p) = ! exp (—P—2> (6)
ST 2k

We checked that the final results do not depend on the particular shape of the filter function %, nor on its
width « that should be of reasonable value compared to the resolution of the noise correlation and size of the
system. In our calculations we set k. = 0.04+/imw. In Fig. 3 we display the intensity 27 as a function of tempera-
ture for different interaction strengths and as a function of attractions for different temperatures. These results
confirm that increasing attractions in the system enhances pairing correlations between opposite spin fermions.
At the same time, by increasing temperature, these correlations are suppressed. Note, however, that for some
small but finite range of temperatures pairing correlations are almost insensitive to the temperature. This fact is
a direct consequence of the finite gap to the excited many-body states mentioned previously.

Polarized systems

The situation is more interesting when imbalanced mixtures are considered. In these cases, although inter-
component attractions force the system to form correlated pairs, their center-of-mass momentum is not van-
ishing. In the limit of vanishing temperature (T — 0) the situation was studied already with all details in*®. It
was argued that the effect is a direct manifestation of the FFLO mechanism originating in a mismatch of Fermi
momenta of interacting components. It was shown that in the case of harmonically trapped particles center-
of-mass momentum of the FFLO pair qo is related to the difference of quasi-Fermi momenta pry — pry, being
defined through the Fermi energies er, as

Pro = N2mep, = \/2mho (N, — 1/2). 7

In the following, we aim to generalize these findings for finite temperatures.

The analysis starts by displaying noise correlations for different imbalances and temperatures. In Fig. 4 we
show examples for the system containing N = 8 and for quite strong attraction g = —3. The first row (results
for the balanced system) corresponds directly to the middle row in Fig. 2 (note the different range of the scale).
The first column, on the other hand, corresponds to the zero-temperature results obtained earlier in*. Indeed,
we see, that particle imbalance between components leads directly to a specific splitting of the anti-correlation of
opposite-spin momenta and force correlated pairs to have finite center-of-mass-momentum. Along with increas-
ing imbalance, we notice that areas of enhanced pairing keep moving away from the anti-diagonal p; + p, = 0.
When the temperature is increased they are not only substantially diminished but also some tiny reversal shift
towards the ani-diagonal is visible. To quantify this quite complicated behavior we generalize the pairing intensity
(5) to make it center-of-mass dependent

21(q) = /dPIdPZ Gr(p1,p2)F (p1+p2 + 9. (8)

The quantity 27(g) can be understood as a distribution of the net momentum of correlated pairs. For vanish-
ing temperature, the definition (8) is identical with the corresponding quantity introduced in*®. Such a construc-
tion of 27(g) gives an insight into the most probable center-of-mass momenta of correlated pairs since they are
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Figure 4. The noise correlation 41 (p;, p2) calculated for the system of N = 8 particles at strong attraction
g = —3. The consecutive rows (columns) correspond to increasing imbalances AN (temperatures T). All

0.03
0.02
0.01

-0.01
-0.02
-0.03
0.03
0.02
0.01

-0.01
-0.02
-0.03
0.03
0.02
0.01

-0.01
-0.02
-0.03

momenta and temperatures are expressed in natural units of the problem, i.e., ~/fimw and hw/kg, respectively.

encoded in its maxima. Note that due to the general symmetry of the problem studied, 27(q) = 21 (—q). Thus
in the following, without losing generality, we display results only for non-negative momenta, g > 0.
As a working example, in Fig. 5a we show the pairing intensity distribution 27 (g) for the system of N = 8
particles and the highest imbalance AN = 6, obtained for different temperatures T. For zero temperature a
clear maximum at gy &~ 2.9+/mhw corresponds directly to the difference of quasi-Fermi momenta predicted
by (7) and signals strong FFLO pairing with appropriate center-of-mass momentum. When the temperature is
increased, the amplitude of the maximum at qq is reduced and its position is shifted toward the second maximum
at g = 0 representing standard BCS pairs which are also present in the system. Since, the maxima for zero and
finite momentum coexist for any temperature, it is hard, if possible at all, to witness correlation of a given type
in the system independently. As a consequence, for sufficiently large temperature, the distinction between FFLO
and BCS pairs is no longer possible. Especially since both pair formation mechanisms are already very weak
at this point and it is difficult to refer to any significant existence of correlated pairs. More importantly, as the
temperature increases, there is an initial increase in the amplitude of BCS pairs and a simultaneous decrease for
FFLO pairs. Finally, for sufficiently large temperatures both maxima melt to a single, very wide plateau meaning
that any pairing correlations in the system are not detectable by the noise correlation means. Between these two
extreme cases, i.e. strong FFLO signaled at T = 0 and lack of any pairing at high T limit, we observe that maxi-
mum at go drops much faster than the one in the center at ¢ = 0. In consequence, for some range of temperatures,
their amplitudes are comparable and the system undergoes crossover from unconventional FFLO-like pairing
to the standard BCS-like mechanism. A very similar effect has been shown in terms of Bogoliubov-de Gennes
formalism®’, and with Monte Carlo calculations for one-dimensional systems of many fermions confined in
optical lattice®. Our result can be viewed as a few-body precursor of this many-body behavior.
To quantify the mutual relation between the FFLO pairing and the BCS pairing in the system at a given
temperature, we introduce the simplest possible measure related to the difference of corresponding maxima

§(T) = 21(qo0) — 21(0).

©)

We checked that this simple definition gives qualitatively the same predictions as some more sophisticated
ones introduced recently®. Since a concrete value of £(T) has no direct interpretation, in the following we
always normalize it to its zero-temperature value, £(T) /£ (0). With this normalization, value 1 means that FFLO
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Figure 5. Thermal properties of the system with N = 8 particles and interaction ¢ = —3. (a) Distribution of
the net momentum of correlated pairs 27(g) for system with a very large particle imbalance AN = 6 calculated
for different temperatures T. Note that increasing temperature reduces the intensity of the maximum and

shifts its position towards zero momentum g = 0. (b) The measure &£(T)/£(0) as a function of temperature for
different particle imbalances AN = 2,4, 6. All momenta and temperatures are expressed in natural units of the
problem, i.e., v/ hmw and hw /kp, respectively.

correlations carried by the finite-momentum pairs are the same as at T = 0. The temperature at which the quan-
tity starts to drop quickly indicates the moment at which the FFLO phase looses its stability.

In Fig. 5b we show how this dependence looks for systems with N = 8 particles and different imbalances AN.
It is clear that for higher imbalances larger temperature is needed to destroy finite-momentum pair correlations.
Dependence of £(T) /£(0) on temperature supports our previous findings that the transition from FFLO to BCS
pairing induced by temperature has clear features of a crossover rather than a sharp transition as predicted for
one-dimensional systems of many particles®. Alike for 27 in balanced systems, £(T)/£(0) does not change
much for very small temperatures. We define the characteristic temperature T¢ of the crossover as a point when
£(T)/&(0) drops below 90% (dashed line in Fig. 5b). Such definition captures adequately the moment at which
the FFLO-type correlations start decaying and the system is quickly driven towards the BCS regime. We want to
emphasize that the chosen threshold 90% is to some extent arbitrary. Therefore the exact value of T will depend
on our criterium. However, we checked that the particular definition does not affect the general connection
between polarization and temperature which seems to be universal.

From our numerical results, it follows that the characteristic temperature T slightly increases with attractions
g What is more, for a fixed interaction strength g we found that increasing the imbalance AN makes the tail of
&(T)/&(0) thicker. The reason is simply that the correlations in the system are much more complex than just one
of the two types BCS or FFLO, and thus they are beyond noise correlation analysis. Therefore, for sufficiently
large imbalances the function £(T')/£(0) does not drop exactly to zero anymore and after reaching its minimal
value starts to grow. However, since the ground state of any imbalanced system is always FFLO-like correlated at
T = 0, our definition of characteristic temperature T captures appropriately the physics of the crossover even if
pure BCS-like correlation at large temperatures cannot be reached for a given interaction g.

Few-body phase diagram

Having all previous results and observations in hand we can repeat all the reasoning for different numbers of
particles and different imbalances. In this way, we are able to form a provisional bridge between few-body systems
and the many-body counterparts. We assume that in the limit of large systems appropriate description of the
system is served by intensive properties which are independent of the size of the system. In the system studied
the polarization (2) plays such a role. Therefore, we suspect that for large enough systems we should approach
the many-body limit if properties of the system are presented as functions of polarization P and temperature T.
It is worth noting that sometimes different many-body properties might saturate unexpectedly quickly (see for
example experiments reported in”*).

To make the first view on this problem, in Fig. 6 we display characteristic temperatures of the transition T¢
for systems having different polarizations P. To make it systematic, we performed calculations for all possible
distributions of particles among components with up to N = 12 particles in total. Different points correspond
to systems with different numbers of particles shown in parenthesis. Note, that there are families of points giving
the same polarization P. We find that points having the largest number of particles align on a quite regular and
characteristic curve forming a border between FFLO and BCS pairing. We see that the characteristic temperature
Tc grows with the polarization up to P = 0.5 and then starts to decrease. Due to a numerical limitation of our
approach based on the exact diagonalization, we are not able to study systems with P > 0.84 (separated by a
horizontal dashed line). At this point, it should be noted also that some points evidently stand out from the border
predicted. These points correspond mainly to polaronic systems containing only one particle in a selected com-
ponent. Of course, these systems, independently on the polarization P and the total number of particles N cannot
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Figure 6. Phase diagram of the attractively interacting few-fermion system at ¢ = —3. Different points

correspond to different systems with the number of particles (N4, N ) indicated in parenthesis. Apart from the
points (1, N — 1) corresponding to the polaronic-like systems, the other points are clearly arranged along the
boundary between the two phases. Critical temperature T¢ is expressed in its natural unit, 2w/ kg.

be viewed as limiting in the sense that both components have many particles. Due to their polaronic nature, one
should not suspect that they may display all typical properties of systems hosting the FFLO-like correlations.
The phase diagram obtained is surprisingly very similar to the phase diagram obtained earlier with Monte
Carlo calculations for many fermions in a one-dimensional optical lattice®. Although some quantitative differ-
ences are visible, qualitatively the results obtained for these two substantially different systems are compatible.

Conclusions

In this work, using the exact diagonalization approach, we have examined how finite-temperature effects impact
two-body correlations in two-component fermionic systems containing few particles with attractive interac-
tions. We focused on correlations encoded in the so-called noise correlation—the quantity which in principle is
directly accessible in experiments. We have shown that as the temperature increases, the correlations are initially
insensitive (due to the energy gap) and from a certain moment they vanish very quickly.

Importantly, for imbalanced systems hosting the FFLO pairing in their many-body ground state, before
pairing correlations are lost, we have observed the transition from the FFLO-like to the BCS-like phase. This
transition has features of a crossover rather than a rapid phase transition and can be well characterized by the
characteristic temperature T interpreted as a temperature when the FFLO-like phase loses its stability.

By systematic studies of systems having different numbers of particles, we determine the approximate bor-
der in the phase diagram between the two phases. Our predictions qualitatively agree with previous results
obtained for larger systems confined in periodic potentials and in harmonic traps. As a side result, we showed
that polaronic systems containing a single particle in one of the components have typically substantially different
properties and should be studied separately.

Data availability
All data generated or analysed during this study are available from the corresponding author on reasonable
request.

Appendix: The numerical method used

Our numerical method is based on a numerically exact diagonalization of the many-body Hamiltonian (1) with
applied energetic cut-off of the many-body basis’~7%. First we consider a corresponding single-particle problem
of a one-dimensional harmonic oscillator whose eigenstates are well-known and represented by wavefunctions

_ mo _mw
¢k (x) = Ny Hy P eXP( o~ ) (10)

where Hy (x) is k-th Hermite polynomial and Ny, = (Zk kl\/mh/mo) 245 a normalization constant. Correspond-
ing eigenergies are equal Ex = hw (k 4- 1/2). Having these solutions in hand, for a fixed number of particles Ny
and N we consider all possible Fock states of the form
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S N
|Fo) = aj, ol bj, ~--ijL [vac), (11)
where o = (i1, .. .,iny; j1, - - -» N, ) is a set of (sorted in descending order) indices of occupied single-particle

orbitals (10) while fermionic operators 4; (b;) annihilate 1-particle (}-particle) in corresponding states ¢; (x).
A non-interacting energy of a Fock state |F) is simply a sum of single-particle energies of occupied orbitals

8a=Ei1+-~-+EiNT+Ej1+"'+EjN¢- (12)
By decomposing field operators in the basis of these annihilation operators

IOEDPUTAORE HOEDPTAC (13)
k k

one can easily represent the many-body Hamiltonian (1) as a matrix in the basis of Fock states {|F¢)}. Corre-
sponding matrix elements can be calculated straightforwardly as

Hoap = (Falf}?ﬂFﬂ) = £40ap + Z Uzjkl<Fa|i’ja}&ki'l|Fﬂ)’ (14)
ikl

where interaction integrals are expressed as

A3
Uikt = g 1/ 760 /dx &7 ()¢5 (x) i (x) 1 (x). (15)

These integrals can be calculated numerically on a dense spatial grid or analytically by using specific proper-
ties of Hermite polynomials’®”.

Naturally, in practice, we are not able to consider all possible Fock states since their number grows exponen-
tially with the number of particles and number of single-particle orbitals. Thus some limitation of the Fock basis
is required. Since we are interested in the low-lying spectrum of the Hamiltonian (1) and not too far from the
non-interacting case (g = 0) we select from a whole basis the states with the lowest non-interacting energy, i.e.,
only these Fock states whose energies 4 are not larger than some energetic cut-off Ec. Since in the case studied
single-particle energies are equally distributed and proportional to their occupation indices, this requirement
technically means that we pick to the basis only these Fock states |F ) for which

i1+...+l’NT+j1+...+leSEc—ﬁa)(N¢+N¢)/2. (16)

A detailed numerical algorithm for quick generation of the Fock basis in this form (also for other confine-
ments) was presented recently”’. In our calculations, we select the cut-off E¢ to provide well-converged final
results. In practice Ec/hw — (N4 + N )/2 is never less than 20.

After all these preparations the resulting matrix # g is numerically diagonalized using the Arnoldi
alghoritmso. As a result one obtain the lowest eigenenergies &’; and corresponding decomposition coefficients

! representing many-body eigenstates|1i) in the cropped Fock basis:

1) =D _fIFa). (17)

o

With this decomposition, one can easily calculate the expectation value of any many-body operator expressed
in terms of the field operators W, (x) by decomposing them according to (13).

Received: 11 July 2022; Accepted: 14 October 2022
Published online: 19 October 2022

References
1. Bardeen, J., Cooper, L. N. & Schrieffer, J. R. Theory of superconductivity. Phys. Rev. 108, 1175-1204. https://doi.org/10.1103/PhysR
ev.108.1175 (1957).
2. Onnes, H. K. The resistance of pure mercury at helium temperatures. Commun. Phys. Lab. Univ. Leiden 12, 120 (1911).
3. Cooper, L. N. Bound electron pairs in a degenerate fermi gas. Phys. Rev. 104, 1189-1190. https://doi.org/10.1103/PhysRev.104.
1189 (1956).
4. Fetter, A. L. & Walecka, J. D. Quantum Theory of Many-Particle Systems (McGraw-Hill, 1971).
5. Fulde, P. & Ferrell, R. A. Superconductivity in a strong spin-exchange field. Phys. Rev. 135, A550-A563. https://doi.org/10.1103/
PhysRev.135.A550 (1964).
6. Larkin, A. & Yuri, O. Inhomogeneous state of superconductors. Sov. Phys. JETP. 20, 762 (1965).
7. Gruenberg, L. W. & Gunther, L. Fulde-Ferrell effect in type-ii superconductors. Phys. Rev. Lett. 16, 996-998. https://doi.org/10.
1103/PhysRevLett.16.996 (1966).
8. Takada, S. & Izuyama, T. Superconductivity in a molecular field. I. Progress Theor. Phys. 41, 635-663. https://doi.org/10.1143/PTP.
41.635 (1969).
9. Micnas, R., Ranninger, J. & Robaszkiewicz, S. Superconductivity in narrow-band systems with local nonretarded attractive interac-
tions. Rev. Mod. Phys. 62, 113-171. https://doi.org/10.1103/RevModPhys.62.113 (1990).
10. Burkhardt, H. & Rainer, D. Fulde-Ferrell-Larkin-Ovchinnikov state in layered superconductors. Ann. Phys. 506, 181-194. https://
doi.org/10.1002/andp.19945060305 (1994).
11. Casalbuoni, R. & Nardulli, G. Inhomogeneous superconductivity in condensed matter and QCD. Rev. Mod. Phys. 76, 263-320.
https://doi.org/10.1103/RevModPhys.76.263 (2004).

Scientific Reports |

(2022) 12:17476 | https://doi.org/10.1038/s41598-022-22411-w nature portfolio


https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.104.1189
https://doi.org/10.1103/PhysRev.104.1189
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRevLett.16.996
https://doi.org/10.1103/PhysRevLett.16.996
https://doi.org/10.1143/PTP.41.635
https://doi.org/10.1143/PTP.41.635
https://doi.org/10.1103/RevModPhys.62.113
https://doi.org/10.1002/andp.19945060305
https://doi.org/10.1002/andp.19945060305
https://doi.org/10.1103/RevModPhys.76.263

www.nature.com/scientificreports/

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

30.
31.

32.
33.
34,
35.
36.
37.

38.
. Cheinet, P. et al. Counting atoms using interaction blockade in an optical superlattice. Phys. Rev. Lett. 101, 090404. https://doi.

40.

41.
42.

43.
44,
45.
46.
47.
48.
49.
50.
51.
52.

53.

Matsuda, Y. & Shimahara, H. Fulde-Ferrell-Larkin-Ovchinnikov state in heavy fermion superconductors. J. Phys. Soc. Jpn. 76,
051005. https://doi.org/10.1143/]PS].76.051005 (2007).

Ptok, A. The Fulde-Ferrell-Larkin-Ovchinnikov state in quantum rings. J. Supercond. Nov. Magn. 25, 1843-1847. https://doi.org/
10.1007/s10948-012-1574-5 (2012).

Ptok, A., Cichy, A., Rodriguez, K. & Kapcia, K. J. Critical behavior in one dimension: Unconventional pairing, phase separation,
bec-bcs crossover, and magnetic lifshitz transition. Phys. Rev. A 95, 033613. https://doi.org/10.1103/PhysRevA.95.033613 (2017).
Ptok, A., Cichy, A., Rodriguez, K. & Kapcia, K. ]. Phase transitions in quasi-one-dimensional system with unconventional super-
conductivity. J. Supercond. Nov. Magn. 31, 697-702. https://doi.org/10.1007/s10948-017-4366-0 (2018).

Magierski, P., Tiizemen, B. & Wlaztowski, G. Spin-polarized droplets in the unitary fermi gas. Phys. Rev. A 100, 033613. https://
doi.org/10.1103/PhysRevA.100.033613 (2019).

Zdybel, P. & Jakubczyk, P. Quantum lifshitz points and fluctuation-induced first-order phase transitions in imbalanced fermi
mixtures. Phys. Rev. Res. 2, 033486. https://doi.org/10.1103/PhysRevResearch.2.033486 (2020).

Magierski, P, Tiizemen, B. & Wlaztowski, G. Dynamics of spin-polarized impurity in ultracold fermi gas. Phys. Rev. A 104, 033304.
https://doi.org/10.1103/PhysRevA.104.033304 (2021).

Parish, M. M., Marchetti, E M., Lamacraft, A. & Simons, B. D. Finite-temperature phase diagram of a polarized fermi condensate.
Nat. Phys. 3,124-128. https://doi.org/10.1038/nphys520 (2007).

Yang, K. Inhomogeneous superconducting state in quasi-one-dimensional systems. Phys. Rev. B 63, 140511. https://doi.org/10.
1103/PhysRevB.63.140511 (2001).

Orso, G. Attractive fermi gases with unequal spin populations in highly elongated traps. Phys. Rev. Lett. 98, 070402. https://doi.
org/10.1103/PhysRevLett.98.070402 (2007).

Feiguin, A. E. & Heidrich-Meisner, F. Pairing states of a polarized fermi gas trapped in a one-dimensional optical lattice. Phys. Rev.
B 76, 220508. https://doi.org/10.1103/PhysRevB.76.220508 (2007).

Batrouni, G. G., Huntley, M. H., Rousseau, V. G. & Scalettar, R. T. Exact numerical study of pair formation with imbalanced fermion
populations. Phys. Rev. Lett. 100, 116405. https://doi.org/10.1103/PhysRevLett.100.116405 (2008).

Rizzi, M. et al. Fulde-Ferrell-Larkin-Ovchinnikov pairing in one-dimensional optical lattices. Phys. Rev. B 77, 245105. https://
doi.org/10.1103/PhysRevB.77.245105 (2008).

Zapata, I, Wunsch, B., Zinner, N. T. & Demler, E. 7 phases in balanced fermionic superfluids on spin-dependent optical lattices.
Phys. Rev. Lett. 105, 095301. https://doi.org/10.1103/PhysRevLett.105.095301 (2010).

Liao, Y.-A. et al. Spin-imbalance in a one-dimensional fermi gas. Nature 467, 567-569. https://doi.org/10.1038/nature09393 (2010).
Rammelmiiller, L., Drut, J. E. & Braun, J. Pairing patterns in one-dimensional spin- and mass-imbalanced Fermi gases. Sci. Post
Phys. 9, 14. https://doi.org/10.21468/SciPostPhys.9.1.014 (2020).

Kinnunen, J. J., Baarsma, J. E., Martikainen, J.-P. & Térm4, P. The Fulde-Ferrell-Larkin-Ovchinnikov state for ultracold fermions
in lattice and harmonic potentials: A review. Rep. Progress Phys. 81, 046401 (2018).

Dobrzyniecki, J. & Sowinki, T. Simulating artificial 1d physics with ultra-cold fermionic atoms: Three exemplary themes. Adv.
Quant. Technol. 3,2000010 (2020).

Alford, M., Bowers, J. & Rajagopal, K. Colour superconductivity in compact stars. J. Phys. G 27, 541 (2001).

Cirigliano, V., Reddy, S. & Sharma, R. Low-energy theory for superfluid and solid matter and its application to the neutron star
crust. Phys. Rev. C 84, 045809 (2011).

Sedrakian, A. & Clark, J. W. Superfluidity in nuclear systems and neutron stars. Eur. Phys. J. A 55, 167. https://doi.org/10.1140/
epja/i2019-12863-6 (2019).

Uji, S. et al. Vortex dynamics and the Fulde-Ferrell-Larkin-Ovchinnikov state in a magnetic-field-induced organic superconduc-
tor. Phys. Rev. Lett. 97, 157001. https://doi.org/10.1103/PhysRevLett.97.157001 (2006).

Lortz, R. et al. Calorimetric evidence for a Fulde-Ferrell-Larkin-Ovchinnikov superconducting state in the layered organic
superconductor. Phys. Rev. Lett. 99, 187002. https://doi.org/10.1103/PhysRevLett.99.187002 (2007).

Mayaffre, H. et al. Evidence of andreev bound states as a hallmark of the fflo phase in -(bedt-ttf)2cu(ncs)2. Nat. Phys. 10, 928.
https://doi.org/10.1038/nphys3121 (2014).

Bianchi, A. et al. First-order superconducting phase transition in CeColns. Phys. Rev. Lett. 89, 137002. https://doi.org/10.1103/
PhysRevLett.89.137002 (2002).

Bianchi, A., Movshovich, R., Capan, C., Pagliuso, P. G. & Sarrao, J. L. Possible Fulde-Ferrell-Larkin-Ovchinnikov superconducting
state in CeColns. Phys. Rev. Lett. 91, 187004. https://doi.org/10.1103/PhysRevLett.91.187004 (2003).

Kenzelmann, M. et al. Coupled superconducting and magnetic order in CeColn;. Science 321, 1652-1654 (2008).

org/10.1103/PhysRevLett.101.090404 (2008).

Zirn, G. et al. Pairing in few-fermion systems with attractive interactions. Phys. Rev. Lett. 111, 175302. https://doi.org/10.1103/
PhysRevLett.111.175302 (2013).

Serwane, F. et al. Deterministic preparation of a tunable few-fermion system. Science 332, 336-338 (2011).

Blume, D. Few-body physics with ultracold atomic and molecular systems in traps. Rep. Progress Phys. 75, 046401. https://doi.org/
10.1088/0034-4885/75/4/046401 (2012).

Sowinski, T. & Garcfa-March, M. A. One-dimensional mixtures of several ultracold atoms: A review. Rep. Progress Phys. 82, 104401.
https://doi.org/10.1088/1361-6633/ab3a80 (2019).

Matveev, K. A. & Larkin, A. L. Parity effect in ground state energies of ultrasmall superconducting grains. Phys. Rev. Lett. 78,
3749-3752. https://doi.org/10.1103/PhysRevLett.78.3749 (1997).

Sowinski, T., Gajda, M. & Rzazewski, K. Pairing in a system of a few attractive fermions in a harmonic trap. EPL Europhys. Lett.
109, 26005. https://doi.org/10.1209/0295-5075/109/26005 (2015).

D’Amico, P. & Rontani, M. Pairing of a few fermi atoms in one dimension. Phys. Rev. A 91, 043610. https://doi.org/10.1103/PhysR
evA.91.043610 (2015).

Hofmann, J., Lobos, A. M. & Galitski, V. Parity effect in a mesoscopic fermi gas. Phys. Rev. A 93, 061602. https://doi.org/10.1103/
PhysRevA.93.061602 (2016).

Pecak, D. & Sowinski, T. Signatures of unconventional pairing in spin-imbalanced one-dimensional few-fermion systems. Phys.
Rev. Res. 2,012077. https://doi.org/10.1103/PhysRevResearch.2.012077 (2020).

Lydzba, P. & Sowinski, T. Unconventional pairing in one-dimensional systems of a few mass-imbalanced ultracold fermions. Phys.
Rev. A 101, 033603. https://doi.org/10.1103/PhysRevA.101.033603 (2020).

Dobrzyniecki, J., Orso, G. & Sowinski, T. Unconventional pairing in few-fermion systems tuned by external confinement. Phys.
Rev. Res. 3,043105. https://doi.org/10.1103/PhysRevResearch.3.043105 (2021).

Sowinski, T. Few-body perspective on fermionic pairing in one spatial dimension. Europhys. Lett. 134, 33001. https://doi.org/10.
1209/0295-5075/ac0f0e (2021).

Cheuk, L. W. et al. Observation of spatial charge and spin correlations in the 2d fermi-hubbard model. Science 353, 1260-1264.
https://doi.org/10.1126/science.aag3349 (2016).

Bergschneider, A. et al. Spin-resolved single-atom imaging of °Li in free space. Phys. Rev. A 97, 063613. https://doi.org/10.1103/
PhysRevA.97.063613 (2018).

Scientific Reports |

(2022) 12:17476 | https://doi.org/10.1038/s41598-022-22411-w nature portfolio


https://doi.org/10.1143/JPSJ.76.051005
https://doi.org/10.1007/s10948-012-1574-5
https://doi.org/10.1007/s10948-012-1574-5
https://doi.org/10.1103/PhysRevA.95.033613
https://doi.org/10.1007/s10948-017-4366-0
https://doi.org/10.1103/PhysRevA.100.033613
https://doi.org/10.1103/PhysRevA.100.033613
https://doi.org/10.1103/PhysRevResearch.2.033486
https://doi.org/10.1103/PhysRevA.104.033304
https://doi.org/10.1038/nphys520
https://doi.org/10.1103/PhysRevB.63.140511
https://doi.org/10.1103/PhysRevB.63.140511
https://doi.org/10.1103/PhysRevLett.98.070402
https://doi.org/10.1103/PhysRevLett.98.070402
https://doi.org/10.1103/PhysRevB.76.220508
https://doi.org/10.1103/PhysRevLett.100.116405
https://doi.org/10.1103/PhysRevB.77.245105
https://doi.org/10.1103/PhysRevB.77.245105
https://doi.org/10.1103/PhysRevLett.105.095301
https://doi.org/10.1038/nature09393
https://doi.org/10.21468/SciPostPhys.9.1.014
https://doi.org/10.1140/epja/i2019-12863-6
https://doi.org/10.1140/epja/i2019-12863-6
https://doi.org/10.1103/PhysRevLett.97.157001
https://doi.org/10.1103/PhysRevLett.99.187002
https://doi.org/10.1038/nphys3121
https://doi.org/10.1103/PhysRevLett.89.137002
https://doi.org/10.1103/PhysRevLett.89.137002
https://doi.org/10.1103/PhysRevLett.91.187004
https://doi.org/10.1103/PhysRevLett.101.090404
https://doi.org/10.1103/PhysRevLett.101.090404
https://doi.org/10.1103/PhysRevLett.111.175302
https://doi.org/10.1103/PhysRevLett.111.175302
https://doi.org/10.1088/0034-4885/75/4/046401
https://doi.org/10.1088/0034-4885/75/4/046401
https://doi.org/10.1088/1361-6633/ab3a80
https://doi.org/10.1103/PhysRevLett.78.3749
https://doi.org/10.1209/0295-5075/109/26005
https://doi.org/10.1103/PhysRevA.91.043610
https://doi.org/10.1103/PhysRevA.91.043610
https://doi.org/10.1103/PhysRevA.93.061602
https://doi.org/10.1103/PhysRevA.93.061602
https://doi.org/10.1103/PhysRevResearch.2.012077
https://doi.org/10.1103/PhysRevA.101.033603
https://doi.org/10.1103/PhysRevResearch.3.043105
https://doi.org/10.1209/0295-5075/ac0f0e
https://doi.org/10.1209/0295-5075/ac0f0e
https://doi.org/10.1126/science.aag3349
https://doi.org/10.1103/PhysRevA.97.063613
https://doi.org/10.1103/PhysRevA.97.063613

www.nature.com/scientificreports/

54.

Bergschneider, A. et al. Experimental characterization of two-particle entanglement through position and momentum correlations.
Nat. Phys. 15, 640-644. https://doi.org/10.1038/s41567-019-0508-6 (2019).

55. Casula, M., Ceperley, D. M. & Mueller, E. ]. Quantum monte carlo study of one-dimensional trapped fermions with attractive
contact interactions. Phys. Rev. A 78, 033607. https://doi.org/10.1103/PhysRevA.78.033607 (2008).

56. Wolak, M. J. et al. Finite-temperature quantum Monte Carlo study of the one-dimensional polarized fermi gas. Phys. Rev. A 82,
013614. https://doi.org/10.1103/PhysRevA.82.013614 (2010).

57. Machida, K., Mizushima, T. & Ichioka, M. Generic phase diagram of fermion superfluids with population imbalance. Phys. Rev.
Lett. 97, 120407 (2006).

58. Sowinski, T., Grass, T., Dutta, O. & Lewenstein, M. Few interacting fermions in a one-dimensional harmonic trap. Phys. Rev. A
88, 033607. https://doi.org/10.1103/PhysRevA.88.033607 (2013).

59. Yao, H., Clément, D., Minguzzi, A., Flo, P. & Sanchez-Palencia, L. Tan’s contact for trapped lieb-liniger bosons at finite temperature.
Phys. Rev. Lett. 121, 220402. https://doi.org/10.1103/PhysRevLett.121.220402 (2018).

60. Plodzien, M., Demkowicz-Dobrzanski, R. & Sowinski, T. Few-fermion thermometry. Phys. Rev. A 97, 063619. https://doi.org/10.
1103/PhysRevA.97.063619 (2018).

61. Capuzzi, P. & Vignolo, P. Finite-temperature contact for a su(2) fermi gas trapped in a one-dimensional harmonic confinement.
Phys. Rev. A 101, 013633. https://doi.org/10.1103/PhysRevA.101.013633 (2020).

62. Holten, M. et al. Observation of cooper pairs in a mesoscopic 2d fermi gas. http://arxiv.org/abs/2109.11511 (2021).

63. Olshanii, M. Atomic scattering in the presence of an external confinement and a gas of impenetrable bosons. Phys. Rev. Lett. 81,
938-941. https://doi.org/10.1103/PhysRevLett.81.938 (1998).

64. Chin, C., Grimm, R., Julienne, P. & Tiesinga, E. Feshbach resonances in ultracold gases. Rev. Mod. Phys. 82, 1225-1286. https://
doi.org/10.1103/RevModPhys.82.1225 (2010).

65. Gharashi, S. E. & Blume, D. Correlations of the upper branch of 1d harmonically trapped two-component fermi gases. Phys. Rev.
Lett. 111, 045302. https://doi.org/10.1103/PhysRevLett.111.045302 (2013).

66. Sedrakian, A., Clark, J. W. & Alford, M. Pairing in Fermionic Systems (World Scientific, 2006). https://doi.org/10.1142/6194.

67. Altman, E., Demler, E. & Lukin, M. D. Probing many-body states of ultracold atoms via noise correlations. Phys. Rev. A 70, 013603.
https://doi.org/10.1103/PhysRevA.70.013603 (2004).

68. Mathey, L., Vishwanath, A. & Altman, E. Noise correlations in low-dimensional systems of ultracold atoms. Phys. Rev. A 79, 013609.
https://doi.org/10.1103/PhysRevA.79.013609 (2009).

69. Mathey, L., Altman, E. & Vishwanath, A. Noise correlations in one-dimensional systems of ultracold fermions. Phys. Rev. Lett.
100, 240401. https://doi.org/10.1103/PhysRevLett.100.240401 (2008).

70. Folling, S. et al. Spatial quantum noise interferometry in expanding ultracold atom clouds. Nature 434, 481-484. https://doi.org/
10.1038/nature03500 (2005).

71. Brandt, B. B., Yannouleas, C. & Landman, U. Two-point momentum correlations of few ultracold quasi-one-dimensional trapped
fermions: Diffraction patterns. Phys. Rev. A 96, 053632. https://doi.org/10.1103/PhysRevA.96.053632 (2017).

72. Liischer, A., Noack, R. M. & Lauchli, A. M. Fulde-Ferrell-Larkin-Ovchinnikov state in the one-dimensional attractive hubbard
model and its fingerprint in spatial noise correlations. Phys. Rev. A 78, 013637. https://doi.org/10.1103/PhysRevA.78.013637 (2008).

73. Pecak, D. & Sowinski, T. Intercomponent correlations in attractive one-dimensional mass-imbalanced few-body mixtures. Phys.
Rev. A 99, 043612. https://doi.org/10.1103/PhysRevA.99.043612 (2019).

74. Wenz, A. N. et al. From few to many: Observing the formation of a fermi sea one atom at a time. Science 342, 457-460 (2013).

75. Haugset, T. & Haugerud, H. Exact diagonalization of the Hamiltonian for trapped interacting bosons in lower dimensions. Phys.
Rev. A 57, 3809-3817. https://doi.org/10.1103/PhysRevA.57.3809 (1998).

76. Plodzien, M., Wiater, D., Chrostowski, A. & Sowiniski, T. Numerically exact approach to few-body problems far from a perturbative
regime. http://arxiv.org/abs/1803.08387 (2018).

77. Chrostowski, A. & Sowinski, T. Efficient construction of many-body fock states having the lowest energies. Acta Phys. Pol. A 136,
566-570. https://doi.org/10.12693/ APhysPolA.136.566 (2019).

78. Rojo-Francas, A., Polls, A. & Julia-Diaz, B. Static and dynamic properties of a few spin 1/2 interacting fermions trapped in a
harmonic potential. Mathematics 8, 1196 (2020).

79. Rammelmiiller, L., Huber, D. & Volosniev, A. G. A modular implementation of an effective interaction approach for harmonically
trapped fermions in 1d. http://arxiv.org/abs/2202.04603 (2022).

80. Lehoucq, R. B., Sorensen, D. C. & Yang, C. Arpack Users Guide: Solution of Large-Scale Eigenvalue Problems With Implicityly
Restorted Arnoldi Methods (Society for Industrial & Applied Mathematics, 1998).

Acknowledgements

T.S. acknowledges fruitful discussions and hospitality at the UPV in Valéncia. This work was supported by the
(Polish) National Science Centre Grants No. 2016/22/E/ST2/00555 (T.S.) and 2021/40/C/ST2/00072 (D.P.).

Author contributions
D.P,, and T.S. equally contributed in all stages of the project. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:17476 | https://doi.org/10.1038/s41598-022-22411-w nature portfolio


https://doi.org/10.1038/s41567-019-0508-6
https://doi.org/10.1103/PhysRevA.78.033607
https://doi.org/10.1103/PhysRevA.82.013614
https://doi.org/10.1103/PhysRevA.88.033607
https://doi.org/10.1103/PhysRevLett.121.220402
https://doi.org/10.1103/PhysRevA.97.063619
https://doi.org/10.1103/PhysRevA.97.063619
https://doi.org/10.1103/PhysRevA.101.013633
http://arxiv.org/abs/2109.11511
https://doi.org/10.1103/PhysRevLett.81.938
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/PhysRevLett.111.045302
https://doi.org/10.1142/6194
https://doi.org/10.1103/PhysRevA.70.013603
https://doi.org/10.1103/PhysRevA.79.013609
https://doi.org/10.1103/PhysRevLett.100.240401
https://doi.org/10.1038/nature03500
https://doi.org/10.1038/nature03500
https://doi.org/10.1103/PhysRevA.96.053632
https://doi.org/10.1103/PhysRevA.78.013637
https://doi.org/10.1103/PhysRevA.99.043612
https://doi.org/10.1103/PhysRevA.57.3809
http://arxiv.org/abs/1803.08387
https://doi.org/10.12693/APhysPolA.136.566
http://arxiv.org/abs/2202.04603
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022) 12:17476 | https://doi.org/10.1038/s41598-022-22411-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Unconventional pairing in few-fermion systems at finite temperature
	The system studied
	Many-body spectrum
	Two-body correlation and pairing
	Balanced systems
	Polarized systems
	Few-body phase diagram
	Conclusions
	References
	Acknowledgements


