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Abstract

We analyze a system of fermions in a one dimensional harmonic trap with attractive
delta-interactions between different fermions species, as an approximate description of
experiments involving atomic dimers. We solve the problem of two fermion pairs numer-
ically using the so-called “coboson formalism” as an alternative to techniques which are
based on the single-particle basis. This allows us to explore the strongly bound regime,
approaching the limit of infinite attraction in which the composite particles behave as
hard-core bosons. Our procedure is computationally inexpensive and illustrates how the
coboson toolbox is useful for ultracold atom systems even in absence of condensation.
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1 Introduction

The possibility to engineer atomic and molecular many-body systems by controlling and as-
sembling simpler components has made enormous progress thanks to Feshbach resonances.
In this way, molecular Bose-Einstein condensates have been formed starting from ultracold
atomic gases [1,2]. Similar setups have been used for the controlled observation of relevant
phenomena in statistical physics such as Wigner crystals [3] and the BEC-BCS crossover [4,5].
Within the field of ultracold Fermi gases, one-dimensional systems are known to exhibit very
peculiar properties [6]. In particular, strongly bound fermion pairs reach a limit in which they
behave as hard-core bosons, which in turn are related with non-interacting fermion models [ 7].

We consider a one-dimensional scenario, with fermions of two different kinds in a har-
monic trap and an attractive contact interaction leading to fermion pairing. The first steps
towards the exact solution of the one-dimensional Fermi gas with contact interactions in a
ring are due to Gaudin and Yang in 1967 [8,9]. For the trapped case most of the analytical
work focuses on the strongly repulsive case, see [10] and references therein. Numerical ap-
proaches for this system include multiconfigurational time-dependent Hartree method [11],
quantum diffusion Montecarlo [12], density matrix renormalization group [13] and a variety
of quantum-chemical treatments such as coupled-cluster methods [14], among others. The
vast body of literature in this field has been reviewed for instance in [6,15].

Even though much effort has been devoted to this system, the usual numerical treatment
takes as a basis the harmonic oscillator eigenstates, making computations very costly for strong
attraction [14, 16-20]. Alternative procedures which are more efficient for strong attraction
have been proposed in [21,22]. Here, as a different approach, we tackle the problem of
two pairs with two fermions each in the context of coboson theory [23,24]. This theoretical
framework, originally developed for excitons in semiconductors [23-25], has by now been
applied to a variety of systems, including Bose-Einstein condensates [26], superconductors
[27,28] and Feshbach molecules [29].

A very useful simplification often encountered in this treatment is the so-called coboson
ansatz, which is analogous to a condensate formed by composite bosons and is the canonical-
ensemble counterpart of the BCS ansatz [23,28]. Using tools from the coboson formalism, we
show that the coboson ansatz does not provide a good approximation of the true ground state
for the case of two pairs in the limit of strong interaction. This is to be expected in the light
of previous results [30,31] and also because the limit of infinitely bound pairs corresponds
to hard-core bosons which are known to form only a quasi-condensate in 1D traps [32-34].
However, the coboson formalism also provides tools to describe the state beyond the coboson
ansatz [27,28]. We thus develop a representation of the problem in the coboson basis, i.e. in
terms of the eigenstates of one pair of interacting fermions in the trap.

This basis is specially convenient and expected to work better for the regime of strong
attraction, which is difficult to address numerically (see for instance Ref. [16]) and has been
not studied exhaustively as the repulsive regime [6,15]. In this respect, our method is related
with the perturbative approach in [35]. The case of two pairs is of particular relevance within
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the coboson formalism, however, the method we propose can be extended to larger systems.
The motivation of our work can then be stated as i) to show that even if the coboson ansatz
fails the correct ground state for this system can be recovered using the complete toolbox of
the coboson formalism ii) to show that the two-body coboson basis is useful in the strongly
attractive limit where the single-particle basis is not convenient.

Besides the numerical convenience of using the coboson basis, studying this system within
the coboson formalism leads to semi-analytical reliable results that can provide a safe ground
to quantify the fractional statistics [36,37] of the one-dimensional Fermi gas [38-40]. This is a
good starting point to analyze the relationship between anyonic statistics and the entanglement
of the constituent particles of the composite boson, which has been pointed out to be the key
to understand composite effects and ideal bosonic behavior [41-43].

The basic steps of our procedure to tackle the problem of two trapped fermion pairs are
the same as in [31] and are as follows:

1. We solve the problem of a pair of interacting fermions in the trap. The operators B;;
that create each single-pair eigenstate, and the corresponding energies E,, will be the
starting point of the treatment. We truncate the basis considering the states with the
lowest energies, up to some quantum number n .

2. From the single-pair basis operators B;; we form the two-coboson basis generated by the
action on the vacuum of operators of the kind B;BL.

3. We calculate the form of the Hamiltonian in this truncated coboson basis.

4. Solving the corresponding generalized eigenvalue problem, we estimate the ground state
for two pairs and analyze its properties.

This method allows us to interpolate from the interaction strengths for which the single-particle
basis is suitable [17-20], all the way to very strongly bound pairs approaching the limit of
hard-core bosons. Using coboson-theory tools combined with Taylor expansions, we calculate
several quantities of interest, including the energy and two-particle correlators.

The work is presented as follows: in Sec. 2 we review how to write the problem in the
coboson framework. Section 3 is devoted to analytical considerations for infinite attraction.
In Sec. 4 we discuss our numerical results. A summary and conclusions are given in Sec. 5.
Finally, several appendices with detailed calculations are included.

2 The procedure, step by step

2.1 Single-pair solution

For definiteness we will assume that both fermion kinds, which we call a and b, have the same
mass, and that the creation and annihilation operators corresponding to different fermion
species commute (this last choice does not affect the final results). We also assume that the
trapping potential is the same for both species.

The first step requires the solution of the single-pair problem, with a Hamiltonian given

by:
y P2 mw?x?
H, = E 24— %) _¥5 — . 1
1 a=a,b(2m 2 ) Y (xa xb) ()

This problem can be solved by separation of the center-of-mass and relative variables. The
center-of-mass solution is given by the harmonic oscillator eigenfunctions corresponding to
mass 2m. The relative motion has been solved in the general case in Refs. [44, 45] but for
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simplicity we focus only on strongly bound pairs, so that the relative motion has a wavefunction
of the form of an exponential,

W (x,) = VA e, )
and the energy associated with the relative motion can be approximated by:
n2)2 my
E, =— , Ax—. 3
¥ - e, (3)

In this regime, the single-pair eigenfunctions are then approximately of the form:

Xq +Xx —Alx.—x
wn(xa:xb)z Pn (Tb) ﬁe Alxa bl; (4)

where ¢,, are the harmonic oscillator eigenfunctions for a particle of mass 2m. The corre-
sponding energies are:

1
En=ﬁw(n+§)+Ey. (5)
From these solutions, we define the coboson creation operators BZ such that:

i) = B!

n

V), 6)

where |fi) is the n-th single-pair eigenstate, and |v) is the vacuum. In particular, the coboson
operators B! can be written in terms of field operators as:

BIQJ‘dxadxblpn(xa:xb)wi(xa)\llz(xb)' )

For consistency, neglecting states where the internal motion is excited implies also a trun-
cation in the center-of-mass states, so that the basis includes all single-pair eigenstates up to a
certain energy cutoff. In particular, we keep only states where the index n associated with the
center-of-mass motion is such that the excited internal states are well above the energy scales

considered, i.e.:
|E, | 2
n< — =(Ax,)". (8)
heow

For convenience here we have defined a spatial scale x,, associated with the harmonic oscil-
lator,

xy =\ - ©
maw

The inequality in Eq. (8) stresses once more the fact that our restricted basis is only appropriate
for strong attraction, when the size of each bound pair is very small compared with the spatial
scale of the trap and thus Ax,, is large. It is also important to note that since Eq. (2) and
therefore Eq. (4) are valid for A x,, & 5 all of our results rely on this condition [46].

2.2 Basis for two pairs

From the set of states corresponding to the lowest energies of the single-pair Hamiltonian, one
can form states of the form:

5o\ _ pipt

liim) =B,B) |v), (10)

with n < m (we note that the coboson creation operators commute) and |v) the vacuum.
Because of the fermionic character of the constituent particles, states generated in this form
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are neither normalized nor orthogonal [23]. We truncate this two-pair basis with the condition
n+m < np,y, and then approximate the ground state in the form:

1GS) = D Caliiri). (11)

m<n

An often useful approximation for the ground state of dilute systems of N pairs with short-
range interactions is given by what we call the “coboson ansatz” [23]. This corresponds to the
state obtained from the repeated application on the vacuum of the operator B, that creates a
single pair in its ground state:

_ By
VN!lxn

where yy is a normalization constant. However, this can only provide a good approximation
of the true ground state in systems which are expected to exhibit condensation at zero tem-
perature. This is not the case in the problem we analyze [30,31, 33,34]. In order to quantify
the quality of the approximation, we study the fidelity F between the true ground state for
two pairs, |GS), and the coboson ansatz:

IN) v), (12)

T2 2
o LGB MP s)
(VIB2(BD?Y)

where the true ground state |GS) is approximated numerically using the coboson basis given
in Eq. (10) for two-pairs (N = 2).

Even if the coboson ansatz is not a good approximation, one can still compute the ground
state by means of the coboson formalism. In order to do this, we will work with the space
generated by the coboson operators as in Eq. (10). First, we compute all overlaps between the
relevant states from the expression:

Sktmn = (VIBkBiB! BI|v) = 6 118 1n+ 6,1 Sxm— [ (k| ® (11X, 1) ® |71) + (k| @ (11X, [1) ®|71) | . (14)

Here X, with a = a, b is an operator that exchanges the states of the two fermions of kind «,
and it acts on a fictitious space where fermions of equal kind are treated as distinguishable.
Since our goal is to find the ground state, instead of building an orthonormal basis, we keep
the overlap matrix S to solve the corresponding generalized eigenvalue problem.

The matrix S can be calculated following different strategies. In the coboson literature
[23], the overlaps are evaluated in terms of matrix elements of the change of basis between
single-pair eigenstates and the separable single-fermion basis. However, this procedure can
be numerically costly and lead to large errors when many coefficients are non-negligible and
no analytical expression exists for the sums required. Thus, we resort to a different form of
evaluation. Plugging the explicit form of the operators BT'1 given by Eq. (7) in all formulas, and
using (anti)commutators, we can obtain an expression for the elements of the overlap matrix
as:

Sin,jk [5mj6nk —AZJ dxdy,dy,dysdy, 6(y1 +Y2—Y3—Y4)

+ — — =22l
me(X)son(X+y3—y12y2)wj(X+y32yl)wk(X+y32y2)e ! l]

+ same with j <> k. (15)

Since we are interested in the case of strong attraction, the factors of the form e~*! allow
us to perform a Taylor expansion in 1/(x,A) for the harmonic oscillator functions ¢,,. This
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is possible given the truncation of our basis in Eq. (8), which implies that the spatial scale
associated with the center of mass is much longer than the pair size A~!. In this form one can
find approximate expressions for S from a lengthy but straightforward evaluation of spatial
integrals. This procedure is explained in detail in Appendix A.

2.3 Construction of the Hamiltonian

We now need to compute the Hamiltonian in the coboson basis. The Hamiltonian can be split
in two parts, corresponding to the non-interacting terms and the interactions. The interaction
part is quartic and can be written in terms of field operators as:

Hipe = —Yf dox Uf ()] ()W (X)) (x). (16)

The Hamiltonian matrix elements in the coboson basis can be obtained from the expres-
sion:
(VlBkBlHB,'nBrTllv) = (En + Em)skl,mn + (VlBkBl[[Hint’B,rn], B:li“v) » (17)

which is just a rewriting of the formulas in [23]. Notice that when using the coboson formal-
ism the one-body term which contains the kinetic energy and trap potential is absorbed by
quantities that were calculated when solving the single-pair case (first term on the right-hand-
side in the above equation). In a similar spirit as for the calculation of the overlap matrix S,
instead of following the standard expressions in [23] we estimate the Hamitonian elements
using a Taylor expansion of spatial integrals.

In particular, the last line of Eq. (17) can be written as:

(v1ByBy| (i, B} 1, B ||v) ~

’ /
ykz[f dxdydy’ e YYDy (x)e, (x +y' - %) ¥; (x +2 5 Y ) @ (x + y_)

2

/
_J dxdx'dydy’e 2 Do, (), (x e (x)pi(x)5 (x —x L J;y ) }
+same with n < m + same with j < k + same with {j, k} < {m,n}. (18)

The details of the procedure involving the Taylor expansion of the Hamiltonian elements are
also provided in Appendix A.

3 Analytical considerations for infinite attraction

Before presenting the results of our numerical approach, we note that the case of infinite
attraction can be solved exactly. In this limit, fermions of different species are so strongly
bound that they behave as point-like hard-core bosons of mass 2m, and the problem can be
solved by means of fermionization [7]. According to this procedure, one must first consider
the ground state of two identical non-interacting fermions of mass 2m in the trap. This state
is given by:

Yor(x1, X)) = ?T:E_mw(xfﬂg)/h(h —X3), (19)
and corresponds to the antisymmetric combination of having one fermion in the trap ground
state and another in the first excited state. Then, one obtains the wavefunction of the hard-core
bosons as the symmetrized form of the previous expression, i.e.:

2mow

hyT

_ 2, .2
Yhelx1,X2) = e MMy, — x|, (20)
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where the subindex “hc” stands for “hard-core”.

From these expressions we can calculate all properties of the ground state for A — co. For
instance, the asymptotic ground-state energy, excluding the binding energy E, of each pair,
is found to be given by the sum of the two lowest energies of the harmonic oscillator. Thus,
the total ground-state energy for very large A is approximately 2E, + 2ficw. We can define
an effective interaction energy between pairs as AE = E, — 2E;, where Ey is the ground-
state energy of N = 1,2 pairs. Considering that a single pair has a ground-state energy of
E, + iw/2, we then obtain an effective interaction energy which for very large attraction
approaches AE = Aw.

Using the ground-state wavefunction as expressed above, one can also analytically calcu-
late the fidelity between the true ground state and the coboson ansatz for infinite attraction.
We find an asymptotic fidelity of Fo, = 2/7 ~ 0.64, which is lower than the one obtained in
the same regime for two fermion pairs in translationally invariant models [30,31].

Following the same lines, one can find the joint density of composite particles at positions
x and x’ for the limit of infinite attraction. This is of the form:

8 (x—x"\ _yv
Dix,x) = = (Xx—x) e 2RO, 21)
w

One can also write down the conditional probability P(x’|x) of finding a composite point-like
particle at position x’ provided that another one was found at position x:

1.2 (x=xD? /v
P / —_~ 1\ 2 2(x"/x,,) ) 29
W=\ S (22)

Furthermore, one can calculate the asymptotic values of the coefficients in the expansion
of the ground state in the coboson basis, Egs. (10-11), obtaining for A — oo:

(D)2 01 () 1 1
Jmin! m (m/2+n/2)! 2t m+n—1"

This expression is valid for even and nonzero n + m, and here 6,,, is the Kronecker delta. For
symmetry reasons the coefficients c,,, vanish for odd n 4+ m, and for n = m = 0 we find:

C(oo) = _(2 - 6mn)

mn

(23)

(c0) _ 4|1
o =\ 5 (24)
Since the coboson ansatz corresponds to the repeated application of the coboson operator B!,
and for A — oo the wavefunctions associated with the different B; become orthogonal, the
asymptotic value of ¢y, determines the asymptotic fidelity between the correct ground state
and the coboson ansatz. The additional factor +/2 in the fidelity comes from the definition of
the coboson basis in Eq. (10), which does not include a prefactor 1/ V2 for m =n.

Before tackling the numerical treatment of the problem for strong but finite attraction,
we note that also the limit of infinitesimal attraction can be treated analytically. For y = 0,
the ground state of the system is separable, with the two lowest oscillator levels occupied
for both kinds of fermions. Then, the energy AE approaches 2hw. It is very important to
notice that in this separable limit, the coboson normalization factor y, in Eq.(12) vanishes,
and thus the coboson ansatz is not defined for y = 0. Nevertheless, using perturbation theory
together with analytical results for the Schmidt coefficients [46] one can calculate the limit
value of the fidelity between the true ground state and the coboson ansatz, and find that as the
attractive interaction strength approaches zero, F approaches a value of approximately 0.37.
Indeed, for y ~ 0 we obtain y, ~ 0.34262 and F ~ 62/8y, with 6 ~ y/+/2nhwx,,. We note,
however, that the weakly bound case is not within the scope of our present study, and it has
been extensively analyzed before [17-20].
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4 Numerical study of the ground state for strong attraction

In the following we perform a numerical study of the ground state according to the procedure
outlined in Sec. 2. A delicate point in the calculation is the choice of the number of basis
states. A very small number leads to a poor description of the system, whereas for a very large
number it becomes unjustified to leave out the excited states of the relative motion, and it
can also lead to numerical problems if the overlap matrix becomes worse conditioned. As a
compromise, we choose the maximum center-of-mass energy included in our description to
grow linearly with A.

In Fig. 1 (a) we show our results for the interaction energy AE = E, — 2E; using a Taylor
expansion for the calculation of both the overlap and the Hamiltonian matrices. We also plot
in Fig. 1 (b) the fidelity F between the ansatz and the true ground state as a function of A
when choosing the energy in the truncated basis to be given by n,, = Ax,,. We note that our
results show reasonable agreement with the known behaviour for infinite attraction. Notice
that the difference between the numerical AE obtained for Ax, ~ 200 and the asymptotic
value fiw presented in Fig. 1 (a) is of about 4%, whereas the binding energy for this case is so
large that AE is five orders of magnitude smaller than the total energy.

1.12 0.65
110f * 0.64
1.08 * 0.63
3 Ta '
=106 "a N 0.62
> k. 0.61 o
<1 1.04 Lk T ‘l‘,n-‘ '
0.60 a*
1.02 ™
0.59 ¥
1.00 .
0.58
0 50 100 150 200 0 50 100 150 200
AT, AT,
(a) (b)

Figure 1: a) Energy for two pairs, excluding the trivial contribution equal to twice the
single-pair energy, as a function of A. b) Fidelity between the coboson ansatz and the
numerically found ground state as a function of A. The results are obtained from the
lowest non-trivial order of the Taylor expansion (green stars) and the next non-zero
higher-order corrections (black circles) as reported in Appendix A. The horizontal
dashed red lines indicate the asymptotic values for A — oco.

As can be seen in the comparison provided in Fig. 2, for Ax,, = 30 the coefficients c,, ,
of the ground state in the form of Eq. (11) are already very close to the ones obtained from
the hard-core boson limit given in Egs. (23-24). This also hints at a procedure to perform
approximate computations more efficiently: instead of taking the full basis as in Fig. 2, one
can use a truncation inspired by the asymptotic values of the coefficients in Egs. (23-24). One
can also directly approximate the state by taking the coboson basis in Eq. (10) to be a function
of A but the coefficients in this basis to be given by the asymptotic values, which gives a fast
and compact approximation for the ground state. Indeed, the ground state found numerically
for Ax,, = 30 has a fidelity of 0.993 with the state obtained taking the asymptotic values of
the coefficients and truncating the basis in the same form.

From the numerical solution of the problem one can characterize the ground state through
several key properties. In particular, in Fig. 3 (a) we illustrate the spatial correlations between
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Figure 2: Coefficients in the coboson decomposition from the numerical resolution
of the problem based on a Taylor expansion for Ax,, = 30, in black circles. The index
k here refers to a particular ordering of the m, n coefficients using a single label. For
comparison we show the values according to the asymptotic expression in Egs. (23-
24) as red four-pointed stars, which overlap with the numerical resuls within the size
of the symbols. The basis was truncated with n,,, = Ax,. The coefficients in the
plot are normalized taking c‘Sc = 1. The vertical dashed light-gray lines delimitate
sections of the basis containing states B;Bilv) with a fixed value of m + n.

fermions of equal kind through the joint density distribution
Daa (3, x") = (P10 (VW] ()%, ()W (X)) , (25)

evaluated for the case Ax,, = 30. The details of the calculation are provided in Appendix B.
This plot displays clear signatures of Pauli exclusion as a sharp diagonal feature. Two identical
fermions are most likely found apart from each other at a distance which is set by the spatial
scale of the harmonic trap.

For comparison, Fig. 3 (b) displays the joint density for fermions of different kinds:

Dap (¢, x") = (W] (o YT ()W, () (x)1h) - (26)

This plot exhibits a strong diagonal correlation corresponding to particles that form a bound
pair, with additional much broader peaks corresponding to particles belonging to different
pairs. The calculation of D, is explained in Appendix C.

Another quantity that reflects the spatial correlations present in the ground state is the
conditional probability P,,(x|0) to find one fermion of kind a at position x given that an-
other identical fermion was found at the origin. This function is plotted in Fig. 4 (a), for the
numerical solution with Ax, = 30. For comparison we also show the conditional probabil-
ity P,,(x|0) obtained from the hard-core limit of A — oo and from the coboson ansatz of
Eq. (12) evaluated for Ax,, = 30. The corresponding formulas are given in Appendix B. The
plots show qualitative agreement between the numerical results and the point-like hard-core
boson limit, in sharp contrast with the coboson ansatz in its standard form. Indeed, the form
of the conditional probability P,,(x|0) is similar to the probability distribution corresponding
to the first excited state of the harmonic oscillator, the maxima of which are indicated with
dotted vertical lines in the figure.

In a similar manner one can compare the predictions for the spatial correlations of fermions
of different kinds. To this aim, we consider the behaviour of the conditional particle density
D,p(x|x") indicating the density of fermions of kind a at position x conditioned on having
found a fermion of kind b at position x’. We plot this quantity with x’ = 0 for the numerical

9
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(a) (b)

Figure 3: a) Joint density distribution D,,(x, x’) in units of x;z, for two fermions of
kind a at positions x and x’ simultaneously. b) Joint density distribution D, (x, x"),
in units of xo_)z, for finding a fermion of kind a at position x and one of kind b at
position x’ simultaneously. Both densities were obtained from the numerical solution
for Ax,, = 30. Details of the calculations are given in Appendices B and C.

Figure 4: a) Conditional probability P,,(x|0) to find a fermion of kind a at position
x when another fermion was already found at the origin. b) Conditional density
D, (x|0) indicating the density of fermions of kind a at position x conditioned on
having found a fermion of kind b at the origin. In both plots the solid black curve is
the numerical result with Ax,, = 30 and n,, = Ax,. The dashed red curve is the
analytical result for the probability obtained for the point-like hard-core boson limit,
and the blue dash-dotted line is the probability predicted by the coboson ansatz in
Eq. (12) for N = 2 and Ax,, = 30. Details of the calculations are given in Appendices
B and C. The vertical light-gray lines indicate the positions =+ x,,/+/2, which are the
locations of the maxima of the conditional probability for A — oo.

10
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solution corresponding to Ax,, = 30 in Fig. 4 (b), where we also plot the predictions of the
point-like hard-core boson limit and the coboson ansatz for Ax,, = 30. The derivation of the
corresponding formulas is shown in Appendix C. All three curves have a narrow peak around
the origin, associated with the probability to find a fermion paired with the first one detected
(in the limit A — oo this peak is a delta function). The curves however differ strongly in the
behaviour related with the probability to find the remaining particle of kind a. This second
contribution to the conditional density has the same shape as P,,(x|0), and closely resembles
the probability distribution for the first excited state of the harmonic oscillator of mass 2m, a
behaviour which is not properly described by the standard coboson ansatz.

1.0

0.9

~— 0.8

0.7

0.6
0.0 0.5 1.0 1.5 2.0

= >
S 0.8 { = 12 ANy

T 04t 1 To6
o 5 0.4
= .
QU

= 02

0.0 0.0 -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Figure 5: a) Off-diagonal correlation function g,(x), b) off-diagonal matrix elements
and c) diagonal matrix elements of the reduced density matrix p,;. Black solid lines
correspond to numerical results for Ax,, = 30, red dashed ones to point-like hard-
core bosons and blue dash-dotted lines correspond to the prediction of the coboson
ansatz for N = 2 and Ax, = 30. Details are provided in the main text and in Ap-
pendix D. Notice that the vertical axis of subplot (a) does not begin at zero.

Figures 3 and 4 were concerned with density distributions in space, associated with diago-
nal terms of the system’s density matrix in space representation. Figure 5 a) shows in contrast
an off-diagonal feature, namely the off-diagonal correlation function [17]:

pab(o: 0; X, x)
VPab(0,0;0,0)p45(x, x5, x)

where p,; is the reduced density matrix for two fermions of different kind. The quantity g,
is an indicator of spatial two-particle coherence, and the coboson ansatz predicts a constant

go(x) = 27
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value g,(x) = 1 in the limit of infinite attraction. The numerical results (in black) show that
this coherence decays within the typical scale set by the harmonic oscillator, but it stays high
for all values with non-negligible particle densities. Nevertheless, the off-diagonal correlation
we find is always smaller than the one corresponding to the hard-core limit, depicted in red
for comparison. This is not due to a variation in the decay of the spatial coherence, as can be
seen in Fig. 5b). Rather, the difference between our numerical results and the limit A — ©co
is given by a different density profile, since the particle density at the origin is lower for finite
A than in the limit of infinite attraction.

510741073 51071072

Figure 6: Joint density distribution 75ab(k, k'), in units of xi, for finding a fermion
of kind a with momentum k and one of kind b with momentum k’ simultaneously,
obtained from the numerical solution for Ax,, = 30. Details are provided in the main
text and in Appendix E.

For the same numerically found ground state one can also characterize the properties in
momentum space using similar techniques. In Fig. 6 we show the joint probability distribution
for fermions of different kinds in momentum space. This plot displays a strong anti-diagonal
peak which is the counterpart of the diagonal peak found for the joint probability distribution
in position space, shown in Fig. 3 (b). The remaining features of the plot do not ressemble the
state of two identical trapped fermions of mass 2m; this difference in the behaviour of position
and momentum is typical of hard-core bosons [7,32,47]. The calculation of the joint density
in momentum space is similar to the one of D,;,(x, x), but involves a Fourier transform of the
coboson basis. The details are explained in Appendix E.

5 Summary and conclusions

We have tackled the problem of two identical composite particles, each made of two distin-
guishable fermions, inside a harmonic trap and with contact attractive interactions between
fermions of different species. We explored the strongly bound regime using the coboson for-
malism to build a compact basis of states, greatly reducing the computational requirements
associated with the usual description in terms of single-particle eigenstates.

We have studied the approach of the interaction energy to the limit of infinite attraction,
corresponding to point-like hard-core bosons, and we have confirmed that the coboson ansatz
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in its standard form does not provide an accurate description of the ground state for any of the
interaction strengths within our analysis. Since the energy of the coboson ansatz for N pairs
can be approximated from the energy for one and two pairs [23] the coboson ansatz cannot
provide a good estimation for the energy of a system made of N pairs. We have also shown that
the point-like hard-core boson limit provides a good approximation of the coefficients when
writing the ground state in the coboson basis. Furthermore, we have used the numerical
results to characterize spatial correlations present in the ground state, both between fermions
of different and equal kinds, complementing previous work [17].

The composite-boson procedure presented can be generalized to higher numbers of parti-
cles and different forms of the trapping potential. Most importantly, we expect this approach
to provide an additional tool to the ones usually applied for the description of experiments in-
volving bosonic Feshbach molecules made of fermionic constituents in quasi one-dimensional
settings.
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A Calculation of Hamiltonian and overlap matrix in position basis

In the limit of very strong interaction, it makes sense to use that the wavefunctions for the
center of mass vary over a scale which is much larger than the one for the relative motion.
Thus, we start from Eq. (15) for the elements of the overlap matrix, use that all y; are of the
order of ™!, and perform a Taylor expansion in these small displacements. The lowest orders
give:

5

7
Smn,jkﬁ5mj6nk+5nj5mk_zlmn,jk+@Jdx(ZLPmSOnSO;(p]i—i_(pm(p;wjtpli'i_go;ntpn(pj(/)]/(

+ Om P PPk + P Pn Pk + 20, 000501) . (A1)

Here, all functions are evaluated at position x, the primes mean that a first derivative must be
taken, and I, ; is an integral of a product of four single-particle harmonic-oscillator eigen-
states:

Ligim = f dx ¢ (x)er(x) 1 (x)ppm(x). (A.2)

These integrals are evaluated using known properties of the Hermite polynomials. In turn, the
integrals with derivatives of the eigenfunctions can be written in terms of the elements I, ji
using the relation:

= B (VA — VI T 9pa), (A3)

=V
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keeping in mind that the ¢ are defined as the eigenfunctions of the harmonic oscillator with
mass 2m.

In the same way one can write an expression for the part of the Hamiltonian involving the
commutator, Eq. (18). The dominant contributions give, after some manipulations:

<V|BmBn[Vj.' ;B£]|V> =~ 2}/Imn,jk

Y
oz dx [9mPn®; @)+ 3(OmPn P Pi + PmPrP Pk T PrPn®i i+ P Pner) + 110, ) 0501 ]
Y
+ T3a1e f dx{21(@me, P10 + PmPn®] Pr + @ PnP 0L + PP} 1) (A.4)

/ /s

+4(PmPn @) + PmPy P Pkt O Pn P} + 0 Pn® Pi) +27(Pm ey 010+ P Pn®r)

/

— 220050001 PL + P P1) + 570, 00 0Pk + Pmen] P}

where again all functions are evaluated at position x and the double primes mean that a second
derivative must be taken. This formula can be calculated using similar steps as before. Putting
this together with the part from (E; + Ei)S,,, jx We can find a consistent expansion for the
Hamiltonian up to this order.

For our numerical calculations, we include the orders reported for S and H. One could
improve this evaluation by considering higher orders of the Taylor expansion. However, we
checked that for the parameter regimes studied the results obtained with these formulas are
not significantly altered by excluding the higher order, as can be seen in Fig. 1.

B Spatial correlations for two fermions of equal kind

We first consider the joint density distribution for fermions of equal kind:
Daa(x,x") = (W] (X WWF ()T, () (X)), (B.1)

of course, taking two fermions of kind b leads in our model to the same result. We note that
this definition means that:

ff dx dx’ Dg,(x,x")=2. (B.2)

We now show how we calculate this joint density for the numerically found ground state.
Starting from the expansion of the state in the coboson basis, Eq. (11), we find:

Daa(X,X/) — Z Zcmn ¢t [Jijm)(X)Jiln)(X/) _Jéjn)(x, x')Jéml)(x,x’)]

m<n j<I

+same with n <> m, j <> [, and {n,l} < {m,j}. (B.3)

The result for the standard coboson ansatz corresponds to setting all c;; to zero except for cq.
In the formula above we have introduced auxiliary integrals given by:

Jgjm)(x) = J dx’4p (o, x" Y (2, x7), (B.4)

and

J9™ e, %) = f x4 06, X" Y (', x7) . (B.5)

14


https://scipost.org
https://scipost.org/SciPostPhysCore.6.1.012

Scil SciPost Phys. Core 6, 012 (2023)

The integrals J, account for fermion-exchange terms and are negligible unless x and x’ are
close together within a distance of order 1/A.

From these formulas one can recover the vanishing of the conditional probability for x = x’
for arbitrary states. For the limit A — o0, the joint density D,, tends to the expression given in
Eq. (21) which was calculated from the ground state of two point-like hard-core bosons. In the
limit of very large but finite attraction, one can resort to a Taylor expansion for the calculation
of the integrals, in the same spirit as the calculations in Appendix A. For J; we obtain:

TIM(x) 2 @0 + —— 20100, + ¢ 0 + 0 01]

16)»2

" 3

(607 o +40 00! +4070% + 0P, + 0,01, (B.6)

1
" 25607
Here, all functions are evaluated at position x and we are using primes (double primes) over
the functions to denote derivatives (second derivatives), whereas derivatives of higher order
are indicated with superindices between parenthesis. We remind the reader that the ¢, indi-
cate the oscillator eigenfunctions for mass 2m.
The integral for J, can be expanded as:

I e, x) 2 e ()i (x )1+ Al =)

= [/ 60en () = 000007, (ALK = )1+ Alx =D

+6AZ[ cp](x)gom(x )(3+37L|x x| = A3x — x|)

+%(<p;.’(x)cpm(x') +¢;()pln(x))(3+3Ax —x'| +30%(x —x'P +223x —xP) |} B.7)

From the joint density D,,(x,x’) one can also calculate the conditional probability
Paa(x|x’) of finding a particle of kind a at position x when another of the same kind was
found at position x’. This can be computed from:

, Dya(x,x")
Paa(xlx ) = ) (BS)
(W1 ()W (X))
so that:
J dx Po(x|x)=1 Vx'. (B.9)

For the limit A — oo, the conditional probability P,, tends to the expression given in Eq. (22)
calculated from the ground state of two point-like hard-core bosons.

On the other hand, the standard coboson ansatz predicts for A — oo a behaviour of the
form:

2 "2
D, (e.x') = {Zwo(x) Po(x'Y if x #x' 5.10
ﬂxzx,
so that
2
Paa(x|x’) = {%(x) ifx 7 x (B.11)
ﬁx—x.

C Spatial correlations for fermions of different kinds

We now calculate spatial correlations between fermions of different kinds. In particular, we
are interested in the joint particle density

Do (x,x") = 4p a5 (X g, Xp; Xg5 Xp) - (C.1)
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Here, p,p is the reduced density matrix of two different fermions in position basis and is given
by [17]:

1 .
Pab(Xa, Xp; X0, X)) = ZW’|‘1’;(Xa)‘l’,',(Xb)q’b(xg)q’a(X;)W) : (C.2)

In the following we proceed to the calculation of the joint density for the general numerical
solution. Replacing the expansion of the state in the coboson basis leads to:

Dy, )= D > o ¢t {[ St e, 00 G, ) + T () T (1)

m<n j<I
— P (x, x’)Jéj”n)(x, x")—;(x, x’)J?Emnll)(x, x’)]

+same withn <> m, j <> [, and {n,l} «— {m,j}}. (C.3)

Here, the J; are given in Eq. (B.4), and the J; contain interference terms given by:

J9"M(x,x") = f dydy' (e, x = y)Pi(x + ', X Walx =y, x"+y). (€4

Again, the result for the coboson ansatz is found setting all coefficients c;; to zero except for
Coo- .
Resorting to the Taylor expansion Jéj |n)(x, x") can be approximated by

Jéj”n)(x’x/) ~ e—l|x—x/|{ﬁwj(x)wl(x/)(pn(x) (AZ(X _ x/)2 +3Ax— xll + 3)
1

+ uﬁ[—w}(x)soz(x’)son(xhwj(X)sO{(X’)tpn(X)—Bwj(x)wz(x’)so;(X)]

x (x —x") (Az(x —x")? +3A|x — x| + 3)
L1
242572

1
+ Egoj(x)cpl(x/)gog(x)] X (14()( — x4+ 223 x — x| —32%(x —x')> — 15A|x — x'| — 15)

[ = 20N = 20,0 N0 + 31D ()

+ 12;5/2 [%‘p;(x)(pl(x/)‘%(x) + %‘P;/(x)sol(xl)ﬁpn(x) + %%(X)Lp{’(x’)gon(x)

+§<pj(x)cpl(x/)cp;/(x):| x (A% —x)* +423)x — x/PP + 9A%(x — x")? + 154 x — x| + 15) } . (C.5)

We note that just as in P,,, the terms with J; are the only ones that are non-negligible when x
and x’ are at a distance much larger than 1/A. Thus, P,, and D,;, behave in the same way for
e Ml corresponding to detection of particles in different bound pairs. In the opposite
limit of x close to x’, D, has a peak of width 1/A corresponding to detection of the particle
forming a pair with the fermion detected at x’.

We now calculate a quantity analogue to P,,(x|x") but applying to fermions of different
kinds. In particular, we wish to calculate the conditional probability P,;(x|x’) of finding a
fermion of kind a at position x conditioned on having found a fermion of kind b at position
x’. This, however, is trickier because after the detection of one fermion of kind b there are
two remaining identical fermions of kind a.

Thus, we choose to work with a conditional particle density D,;(x|x") indicating the den-
sity of fermions of kind a at position x conditioned on having found a fermion of kind b at
position x’. Since two identical fermions can never be found at the same place, this quantity is
related with the conditional probability P,;, but its interpretation is more straightforward and,
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in contrast with a probability, D,; must be normalized to 2. More precisely, the conditional
particle density is given by:

Dy (x]x") = ?“b(x’x L (C.6)
(Y[, (x ), (x")]Y)
such that
fdeab(xlx’)=2 Y ox'. (C.7)

For infinite attraction, it holds that Dy (x|x") = P,,(x|x")+6(x—x"). For the coboson ansatz,
in the limit A — o0 one has D,;(x,x") = 2py(x)?[e(x")? + 5(x — x’)] and accordingly
Dyp(x[x") = @o(x)? + 5(x — x*).

D Off-diagonal correlation parameter

Here we provide the expression for the off-diagonal correlation parameter g,(x) defined in
Eq. (27). The diagonal matrix elements appearing in the denominator are particular instances
of the calculation in the previous section, so that one can use Eq. (C.3) evaluated for x” = x.
For the off-diagonal part, we plug the decomposition of the state in the coboson basis and
apply (anti)commutators as in the previous sections.

1 n .
Pa(0,0:2,) 2 = 31> e 1 { [0, X (0,008, + 5 x, 0075 ™ (x, 0)

m<n j<I
— 16, )"0 (0) = 1,0, 07 (1) |

+same with n <> m, j <> [, and {n,l} <« {m,j}}, (D.1)

where we have introduced a new integral expression:

T (x) = f dydy’ (Y, ), Y Wi (3, ¥, (D.2)

that can be Taylor-expanded as follows:

(mnll)

——PmPn§
4 2ﬁ(pm n¥l
5
T sl PmPn Pl 30 n ) + 30m P01+ 01 P+ Pmy 91+ 30mPny’], (D-3)

with all functions evaluated at the same position.
In the limit of infinite attraction the form of g, can be calculated using the point-like hard-
core boson solution. This gives:

A 4 xerfe(vV/2x/x,,)

V2m
[A+2 2 ’
4x +x2

where “erfc” is the complementary error function. This is a quite flat behaviour for g,, but still
clearly different from the totally flat profile, g,(x) = 1V x, that is obtained from the standard
coboson ansatz for A — oo.

g2—hc(x) = (D.4)
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E Correlations in momentum space

One can easily extend the results from the previous appendices to momentum space. In order
to do this, we resort to the expresion of the coboson wavefunctions in momentum space:

_ 2 x, e—inn/z 5
wn(kl’ kZ) = 71'}, —2 (Pn[xw(kl + kz)] 5 (E.1)

1+(k1 kz)

which is just the Fourier transform of Eq. (4). These functions are of order /x,/A and decay
in a scale of order A for the relative momentum (k; — k,)/2 and of order /n/x, for the
center-of-mass momentum k; + k.

From this expression one can derive formulas for the correlations in momentum space
following similar steps as before. One should only keep in mind that, in contrast to position
space, the wavefunctions in momentum space are complex. In particular, we find for the
momentum correlations between fermions of different kinds an equation which is analogous
to Eq. (C.3):

Dap(k, k)= D> o ¢t {[ Sy e, KW (K, k) + T 1) T (k)

m<n j<l
_ iE*m(k’ k/):f?()ﬂln)(k, k/) _ TZ](k, k/)[:fgmn”)(k’ k/)]*] (EZ)
+same with n <> m, j <[, and {n,[} < {m,j}}.

Here, the asterisk denotes a complex conjugation and we have defined:

700 = J dk' i (k, Ky (k, K, (E.3)
and
T30, ) = f dqdq'¥;(k, q'11(a, K IP(a,4). (E4)
Replacing the form of the wavefunctions in momentum space one finds the integral ex-
pression:
2 / /
*‘(nl)(k) 4X oin(n— l)/zf dk’ a5k )('01(x k) . (E.5)
A [1+ (52T

Taking into account the restriction on the values of n,l within our basis, one can perform
a Taylor expansion in k’/A in the expression above. We stress that the values of k cannot
be assumed to be much smaller than A, since A is indeed the typical scale for the relative
momentum. In this way we obtain:

2
N(nl)(k) ; Ur(n 1)/2 Jdklwn(xikl)WI(xik/)
TT

1, 2K (1— k>
(§—§+1)2 A2(Az+1) 27&2(ﬁ+1)4

which can be evaluated using properties of the Hermite polynomials.

) (E.6)
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The integrals for J, can be cast in the form:

A
dadd’ @i (x2q ) (x2 ) nlx2 (g +q —k—k)]

, 2x2 3/2
j‘éjlln)(k’ k/) — ( w) e—in(j+l—n)/2

(E.7)

Performing a Taylor expansion here is justified for the g, q” divided by A in the denominator,
but not for the same variables inside the wavefunction . This makes this calculation much
more involved. The Taylor expansion of the denominator gives:

1 ZXCZO w2
TIM(k, k) ~ (—) e"“(”l‘”)/zfdqdq’soj(Xfoq/)wz(XZq)son[Xi(q+q’—k—k’)]

A
1
2 2 (k2 2 ((k=Kk')2 2
(1 () (5 )
(k—3k) (H452 —1) Bk—k) (2 +1)

"1, (E.8)
P () () 2 ) () ()

Here one is still left with a non-trivial integral in q,q’. This can be solved using the decompo-
sition formula

op(x+y)= ZAijln(Pi () e;(y), (E.9)
i,j=0

where the coefficients

Ajjin = J J on(x+¥) ;i (x)p;(y)dxdy, (E.10)

can be evaluated using properties of the Hermite polynomials. For numerical evaluation this
summation must be truncated. Performing this one up to i, j = 100 good approximations are
obtained. Then we are left with terms similar to those found in the calculation for J; .

The first term in Eq. (E.2) contains contributions of order x,/A which decay in a scale
of order A for the relative momentum (k — k’)/2 and of order 1/x,, for the center-of-mass
momentum k + k’. The second term, involving J;, contains contributions of order 1/A2? which
decay on a scale of order A for k and k’ separately. We note that this contribution is broad and
has a Lorentzian decay, whereas the decay of the contributions in the first term is Gaussian for
the center of mass. Thus, they may be of the same order depending on the point where they
are evaluated. In any case, the dominant feature is the anti-diagonal resulting from the first
term. The remaining terms, containing J,, have a similar behaviour as the first (i.e. with a
strong anti-diagonal) but are one order smaller in 1/(Ax,,), which justifies using an expansion
for J; to a lower order than for J;.

References

[1] C. A. Regal, C. Ticknor, J. L. Bohn and D. S. Jin, Creation of ultracold molecules from a
Fermi gas of atoms, Nature 424, 47 (2003), doi:10.1038/nature01738.

19


https://scipost.org
https://scipost.org/SciPostPhysCore.6.1.012
https://doi.org/10.1038/nature01738

Scil SciPost Phys. Core 6, 012 (2023)

[2] S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl, S. Riedl, C. Chin, J. Hecker Den-
schlag and R. Grimm, Bose-Einstein condensation of molecules, Science 302, 2101 (2003),
doi:10.1126/science.1093280.

[3] M. Holten, L. Bayha, K. Subramanian, C. Heintze, P M. Preiss and S.
Jochim, Observation of Pauli crystals, Phys. Rev. Lett. 126, 020401 (2021),
doi:10.1103/PhysRevLett.126.020401.

[4] T. Bourdel, L. Khaykovich, J. Cubizolles, J. Zhang, E Chevy, M. Teichmann, L. Tarruell, S.
J.J. M. E Kokkelmans and C. Salomon, Experimental study of the BEC-BCS crossover region
in lithium 6, Phys. Rev. Lett. 93, 050401 (2004), doi:10.1103/PhysRevLett.93.050401.

[5] C. Chin, M. Bartenstein, A. Altmeyer, S. Riedl, S. Jochim, J. Hecker Denschlag and R.
Grimm, Observation of the pairing gap in a strongly interacting Fermi gas, Science 305,
1128 (2004), doi:10.1126/science.1100818.

[6] X.-W. Guan, M. T. Batchelor and C. Lee, Fermi gases in one dimension: From Bethe ansatz
to experiments, Rev. Mod. Phys. 85, 1633 (2013), doi:10.1103/RevModPhys.85.1633.

[7] M. Girardeau, Relationship between Systems of impenetrable bosons and Fermions in one
dimension, J. Math. Phys. 1, 516 (1960), doi:10.1063/1.1703687.

[8] M. Gaudin, Un systeme a une dimension de fermions en interaction, Phys. Lett. A 24, 55
(1967), doi:10.1016/0375-9601(67)90193-4.

[9] C. N. Yang, Some exact results for the many-body problem in one dimension
with repulsive delta-function interaction, Phys. Rev. Lett. 19, 1312 (1967),
doi:10.1103/PhysRevLett.19.1312.

[10] M. D. Girardeau and A. Minguzzi, Soluble models of strongly interacting ul-
tracold gas mixtures in tight waveguides, Phys. Rev. Lett. 99, 230402 (2007),
doi:10.1103/PhysRevLett.99.230402.

[11] I. Brouzos and P Schmelcher, Two-component few-fermion mixtures in a one-dimensional
trap: Numerical versus analytical approach, Phys. Rev. A 87, 023605 (2013),
doi:10.1103/PhysRevA.87.023605.

[12] G.E. Astrakharchik and I. Brouzos, Trapped one-dimensional ideal Fermi gas with a single
impurity, Phys. Rev. A 88, 021602 (2013), doi:10.1103/PhysRevA.88.021602.

[13] M. Tezuka and M. Ueda, Density-matrix renormalization group study of
trapped imbalanced Fermi condensates, Phys. Rev. Lett. 100, 110403 (2008),
doi:10.1103/PhysRevLett.100.110403.

[14] T. Grining, M. Tomza, M. Lesiuk, M. Przybytek, M. Musial, P Massignan, M. Lewen-
stein and R. Moszynski, Many interacting fermions in a one-dimensional harmonic trap:
A quantum-chemical treatment, New J. Phys. 17, 115001 (2015), doi:10.1088/1367-
2630/17/11/115001.

[15] A. Minguzzi and P, Vignolo, Strongly interacting trapped one-dimensional quantum gases:
Exact solution, AVS Quantum Sci. 4, 027102 (2022), doi:10.1116/5.0077423.

[16] P d’Amico and M. Rontani, Three interacting atoms in a one-dimensional trap: A bench-
mark system for computational approaches, J. Phys. B: At. Mol. Opt. Phys. 47, 065303
(2014), doi:10.1088/0953-4075/47/6/065303.

20


https://scipost.org
https://scipost.org/SciPostPhysCore.6.1.012
https://doi.org/10.1126/science.1093280
https://doi.org/10.1103/PhysRevLett.126.020401
https://doi.org/10.1103/PhysRevLett.93.050401
https://doi.org/10.1126/science.1100818
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1063/1.1703687
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1103/PhysRevLett.99.230402
https://doi.org/10.1103/PhysRevA.87.023605
https://doi.org/10.1103/PhysRevA.88.021602
https://doi.org/10.1103/PhysRevLett.100.110403
https://doi.org/10.1088/1367-2630/17/11/115001
https://doi.org/10.1088/1367-2630/17/11/115001
https://doi.org/10.1116/5.0077423
https://doi.org/10.1088/0953-4075/47/6/065303

Scil SciPost Phys. Core 6, 012 (2023)

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

[18] P d’Amico and M. Rontani, Pairing of a few Fermi atoms in one dimension, Phys. Rev. A
91, 043610 (2015), doi:10.1103/PhysRevA.91.043610.

[19] A. Rojo-Francas, A. Polls and B. ulid-Diaz, Static and dynamic properties of a few spin
1/2 interacting fermions trapped in a harmonic potential, Mathematics 8, 1196 (2020),
doi:10.3390/math8071196.

[20] D. Pecak and T. Sowinski, Unconventional pairing in few-fermion systems at finite temper-
ature, Sci. Rep. 12, 17476 (2022), doi:10.1038/s41598-022-22411-w.

[21] E. K. Laird, Z.-Y. Shi, M. M. Parish and J. Levinsen, SU(N) fermions in a one-dimensional
harmonic trap, Phys. Rev. A 96, 032701 (2017), doi:10.1103/PhysRevA.96.032701.

[22] A. Rojo-Francas, E Isaule and B. Julid-Diaz, Direct diagonalization method for a
few particles trapped in harmonic potentials, Phys. Rev. A 105, 063326 (2022),
doi:10.1103/PhysRevA.105.063326.

[23] M. Combescot, O. Betbeder-Matibet and E Dubin, The many-body physics of composite
bosons, Phys. Rep. 463, 215 (2008), doi:10.1016/j.physrep.2007.11.003.

[24] M. Combescot and S.-Y. Shiau, Excitons and Cooper pairs, Oxford University Press, Oxford,
UK, ISBN 9780198753735 (2015), doi:10.1093/acprof:0s0/9780198753735.001.0001.

[25] M. Combescot, X. Leyronas and C. Tanguy, On the N-exciton normalization factor, Eur.
Phys. J. B 31, 17 (2003), doi:10.1140/epjb/e2003-00003-1.

[26] M. Combescot and D. W. Snoke, Stability of a Bose-Einstein condensate revisited for com-
posite bosons, Phys. Rev. B 78, 144303 (2008), doi:10.1103/PhysRevB.78.144303.

[27] M. Combescot and G. J. Zhu, Coboson formalism for Cooper pairs and its application to
Richardson’s equations, Eur. Phys. J. B 79, 263 (2011), doi:10.1140/epjb/e2010-10560-
7.

[28] M. Combescot, W. V. Pogosov and O. Betbeder-Matibet, BCS ansatz for superconductivity
in the light of the Bogoliubov approach and the Richardson-Gaudin exact wave function,
Phys. C: Supercond. 485, 47 (2013), doi:10.1016/j.physc.2012.10.011.

[29] P A. Bouvrie, M. C. Tichy and I. Roditi, Composite-boson approach to molecular Bose-
Einstein condensates in mixtures of ultracold Fermi gases, Phys. Rev. A 95, 023617 (2017),
doi:10.1103/PhysRevA.95.023617.

[30] P Céspedes, E. Rufeil-Fiori, P A. Bouvrie, A. P Majtey and C. Cormick, Descrip-
tion of composite bosons in discrete models, Phys. Rev. A 100, 012309 (2019),
doi:10.1103/PhysRevA.100.012309.

[31] E. Cuestas and C. Cormick, Strongly bound fermion pairs on a ring: A composite-boson
approach, Phys. Rev. A 105, 013302 (2022), doi:10.1103/PhysRevA.105.013302.

[32] M. D. Girardeau, E. M. Wright and J. M. Triscari, Ground-state properties of a one-
dimensional system of hard-core bosons in a harmonic trap, Phys. Rev. A 63, 033601
(2001), doi:10.1103/PhysRevA.63.033601.

21


https://scipost.org
https://scipost.org/SciPostPhysCore.6.1.012
https://doi.org/10.1209/0295-5075/109/26005
https://doi.org/10.1209/0295-5075/109/26005
https://doi.org/10.1103/PhysRevA.91.043610
https://doi.org/10.3390/math8071196
https://doi.org/10.1038/s41598-022-22411-w
https://doi.org/10.1103/PhysRevA.96.032701
https://doi.org/10.1103/PhysRevA.105.063326
https://doi.org/10.1016/j.physrep.2007.11.003
https://doi.org/10.1093/acprof:oso/9780198753735.001.0001
https://doi.org/10.1140/epjb/e2003-00003-1
https://doi.org/10.1103/PhysRevB.78.144303
https://doi.org/10.1140/epjb/e2010-10560-7
https://doi.org/10.1140/epjb/e2010-10560-7
https://doi.org/10.1016/j.physc.2012.10.011
https://doi.org/10.1103/PhysRevA.95.023617
https://doi.org/10.1103/PhysRevA.100.012309
https://doi.org/10.1103/PhysRevA.105.013302
https://doi.org/10.1103/PhysRevA.63.033601

Scil SciPost Phys. Core 6, 012 (2023)

[33] T. Papenbrock, Ground-state properties of hard-core bosons in one-dimensional harmonic
traps, Phys. Rev. A 67, 041601 (2003), doi:10.1103/PhysRevA.67.041601.

[34] P J. Forrester, N. E. Frankel, T. M. Garoni and N. S. Witte, Finite one-dimensional
impenetrable Bose systems: Occupation numbers, Phys. Rev. A 67, 043607 (2003),
doi:10.1103/PhysRevA.67.043607.

[35] J. Levinsen, P Massignan, G. M. Bruun and M. M. Parish, Strong-coupling ansatz for
the one-dimensional Fermi gas in a harmonic potential, Sci. Adv. 1, e1500197 (2015),
doi:10.1126/sciadv.1500197.

[36] E D. M. Haldane, “Fractional statistics” in arbitrary dimensions: A generalization of the
Pauli principle, Phys. Rev. Lett. 67, 937 (1991), doi:10.1103 /PhysRevLett.67.937.

[37] Y.-S. Wu, Statistical distribution for generalized ideal gas of fractional-statistics particles,
Phys. Rev. Lett. 73, 922 (1994), doi:10.1103/PhysRevLett.73.922.

[38] M.-L. Ge and Y.-S. Wu, New developments of integrable systems and long-ranged
interaction models, World Scientific, Singapore, ISBN 9789814549752 (1995),
doi:10.1142/9789814533256.

[39] X. W. Guan, M. T. Batchelor, C. Lee and M. Bortz, Phase transitions and pairing sig-
nature in strongly attractive Fermi atomic gases, Phys. Rev. B 76, 085120 (2007),
doi:10.1103/PhysRevB.76.085120.

[40] S. Chen, X.-W. Guan, X. Yin, L. Guan and M. T. Batchelor, Realization of effective super
Tonks-Girardeau gases via strongly attractive one-dimensional Fermi gases, Phys. Rev. A
81, 031608 (2010), doi:10.1103/PhysRevA.81.031608.

[41] C. K. Law, Quantum entanglement as an interpretation of bosonic charac-
ter in composite two-particle systems, Phys. Rev. A 71, 034306 (2005),
doi:10.1103/PhysRevA.71.034306.

[42] C. Chudzicki, O. Oke and W. K. Wootters, Entanglement and Composite Bosons, Phys. Rev.
Lett. 104, 070402 (2010), doi:10.1103/PhysRevLett.104.070402.

[43] E. Cuestas, P A. Bouvrie and A. P Majtey, Fermionic versus bosonic be-
havior of confined Wigner molecules, Phys. Rev. A 101, 033620 (2020),
doi:10.1103/PhysRevA.101.033620.

[44] M. P Avakian, G. S. Pogosyan, A. N. Sissakian and V. M. Ter-Antonyan, Spectroscopy
of a singular linear oscillator, Phys. Lett. A 124, 233 (1987), doi:10.1016/0375-
9601(87)90627-X.

[45] T. Busch, B.-G. Englert, K. Rzazewski and M. Wilkens, Two cold atoms in a harmonic trap
1, 28, 549 (1998), d0i:10.1023/A:1018705520999.

[46] E. Cuestas, M. D. iménez and A. P Majtey, Entanglement and fermionization of two dis-
tinguishable fermions in a strict and non strict one-dimensional space, J. Phys. A: Math.
Theor. 54, 025302 (2020), doi:10.1088/1751-8121/abcddc.

[47] G. J. Lapeyre, M. D. Girardeau and E. M. Wright, Momentum distribution for a
one-dimensional trapped gas of hard-core bosons, Phys. Rev. A 66, 023606 (2002),
doi:10.1103/PhysRevA.66.023606.

22


https://scipost.org
https://scipost.org/SciPostPhysCore.6.1.012
https://doi.org/10.1103/PhysRevA.67.041601
https://doi.org/10.1103/PhysRevA.67.043607
https://doi.org/10.1126/sciadv.1500197
https://doi.org/10.1103/PhysRevLett.67.937
https://doi.org/10.1103/PhysRevLett.73.922
https://doi.org/10.1142/9789814533256
https://doi.org/10.1103/PhysRevB.76.085120
https://doi.org/10.1103/PhysRevA.81.031608
https://doi.org/10.1103/PhysRevA.71.034306
https://doi.org/10.1103/PhysRevLett.104.070402
https://doi.org/10.1103/PhysRevA.101.033620
https://doi.org/10.1016/0375-9601(87)90627-X
https://doi.org/10.1016/0375-9601(87)90627-X
https://doi.org/10.1023/A:1018705520999
https://doi.org/10.1088/1751-8121/abcddc
https://doi.org/10.1103/PhysRevA.66.023606

	Introduction
	The procedure, step by step
	Single-pair solution
	Basis for two pairs
	Construction of the Hamiltonian

	Analytical considerations for infinite attraction
	Numerical study of the ground state for strong attraction
	Summary and conclusions
	Calculation of Hamiltonian and overlap matrix in position basis
	Spatial correlations for two fermions of equal kind
	Spatial correlations for fermions of different kinds
	Off-diagonal correlation parameter
	Correlations in momentum space
	References

