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Exactly solvable model of two 
trapped quantum particles 
interacting via finite-range soft-
core interactions
Przemysław Kościk1 & Tomasz Sowiński  2

The exactly solvable model of two indistinguishable quantum particles (bosons or fermions) confined 
in a one-dimensional harmonic trap and interacting via finite-range soft-core interaction is presented 
and many properties of the system are examined. Particularly, it is shown that independently on the 
potential range, in the strong interaction limit bosonic and fermionic solutions become degenerate. 
For sufficiently large ranges a specific crystallization appears in the system. The results are compared to 
predictions of the celebrated Busch et al. model and those obtained in the Tonks-Girardeau limit. The 
assumed inter-particle potential is very similar to the potential between ultra-cold dressed Rydberg 
atoms. Therefore, the model can be examined experimentally.

Exactly solvable Busch et al. model1 of two ultra-cold bosons confined in a harmonic trap and interacting 
via contact forces was one of the milestones bringing us closer to our understanding of strongly correlated 
many-body systems. Although the model deals with only two particles, because of its exact solutions, it inspired 
many theoretical and experimental studies on collective properties of ultra-cold atoms which are far beyond a 
simple perturbative description2–13. Particularly, exact solutions of the model were essential for studies of the 
Tonks-Girardeau limit of infinite repulsions between particles14–22. The validity of the model in a wide range of 
interactions was finally confirmed in beautiful experiments23,24 with a few ultra-cold particles.

Here, we present a wide generalization of the one-dimensional Busch et al. model to the case of two quantum 
particles (bosons as well as fermions) interacting via the force of a finite range. With this model and its analyti-
cal solutions, it is possible to examine easily different effects caused by the strength and the range of the mutual 
forces, restoring well-known results in limiting cases and discovering unsuspected properties in the intermediate 
regime where the system smoothly transitions between them. Although the model studied seems to be artifi-
cial, it approximates the real inter-particle interaction much closer than an oversimplified zero-range potential. 
Moreover, a proposed shape of the interaction potential can be quite well engineered experimentally in systems 
of ultra-cold atoms where mutual interactions and shape of an external potential may be controlled with amazing 
accuracy25–29. Particularly in the context of ultra-cold Rydberg atoms, due to the Rydberg blockade phenomena, 
the shape of the inter-particle interaction potential is very close to the shape studied here30–33. From this point of 
view, the model studied may have some importance for understanding of the general problem of two interacting 
quantum particles.

The Model
In the following we study properties of the system of two identical quantum particles of mass m confined in a 
one-dimensional harmonic trap of frequency Ω and interacting via soft-core finite-range rectangular potential. 
The Hamiltonian of the system reads
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where the interaction potential (x) has a form
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i.e., the interaction energy is constant and it is non-zero only when the distance between particles is not larger 
than a. Similar model was considered previously in three dimensions34. Depending on the situation we consider 
symmetric (for bosons) or antisymmetric (for fermions) wave functions with respect to an exchange of particles’ 
positions

Ψ = ±Ψ .x x x x( , ) ( , ) (3)1 2 2 1

It is quite natural that in the limit of a → 0 with constrain 2aV = const one restores the Busch et al. model 
with delta-like contact interaction1, while in the limit V → ∞ an extensively studied model of hard spheres is 
obtained14.

Our aim is to give a straightforward and analytical prescription for the eigenstates of the Hamiltonian (1) as a 
function of the potential depth V and its range a. With these solutions, we examine different properties of a few 
of the lowest eigenstates in the bosonic and fermionic cases. In particular, we consider different single-particle 
system characteristics (density profile, momentum distribution) as well as inter-particle correlations reflected in 
a reduced single-particle density matrix.

The Eigenproblem
To find eigenstates and corresponding eigenenergies of the Hamiltonian (1) it is very convenient to perform 
standard transformation to the coordinates of the center-of-mass frame:
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In these new variables the Hamiltonian (1) can be written as a sum of two independent single-particle 
Hamiltonians  = R + r:
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The Hamiltonian R has a textbook form of the harmonic oscillator and it can be diagonalized straightfor-
wardly. The Hamiltonian r has an additional term related to the interactions (2) and the corresponding eigene-
quation, when written in the natural units of an external harmonic oscillator, has the form:
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Since the Hamiltonian r commutes with the operator of the parity inversion, r → −r, the eigenstates of r 
can be chosen as either even or odd functions of the relative position r. They directly correspond to bosonic and 
fermionic statistics, respectively.

The eigenequation (7) has the form of the Weber differential equation35:
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with u equal to −E + V − 1/2 and −E − 1/2 for |r| < a and |r| ≥ a, respectively. The Weber equation was originally 
studied to solve Laplace equation expressed in parabolic coordinates35 but it appears in different problems of 
mathematical physics and many of its properties are well known36,37. In the case studied, when the problem is not 
reduced to the ordinary harmonic oscillator problem (V ≠ 0), it is very convenient to consider two different pairs 
of the solutions ϕ ϕ+ −r r{ ( ), ( )}u u

( ) ( )  and φ φ+ −r r{ ( ), ( )}u u
( ) ( )  having appropriate symmetry under parity transforma-

tion   but different properties on the boundaries. The first pair can be expressed in terms of the confluent hyper-
geometric function 1F1 as:

r u rF( ) e 1
2

; 1
2

;
2

,
(9)

u
r( ) 4 1 1

22

ϕ =





+ 




+ −

ϕ =





+ 



.− −r r u rF( ) e 2

2
; 3

2
;

2 (10)
u

r( ) 4 1 1

22



www.nature.com/scientificreports/

3ScIentIfIc REPORTS |  (2018) 8:48  | DOI:10.1038/s41598-017-18505-5

These functions may be consider as appropriate solutions only in the region |r| < a because they are divergent 
in the infinity, r → ±∞. The second pair of solutions is expressed in terms of other confluent hypergeometric 
function U:
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In contrast to the first pair, these functions decay appropriately in the limit r → ±∞ but they do not have 
appropriate behavior at r = 0, i.e., odd functions φ − r( )u

( )  are discontinuous, whereas even ones φ + r( )u
( )  have discon-

tinuous first derivative. It means that functions φ ± r( )u
( )  may be considered as appropriate solutions only in the 

region |r| ≥ a. Consequently, any solution of the eigenequation (7) with energy Ei (which is continuous and has a 
continuous first derivative in a whole space) may be constructed as following
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where ν = −Ei + V − 1/2, μ = −Ei − 1/2 and ±
i
( )  is a normalization coefficient of the resulting function. An 

additional coefficient ν
±A ( ) together with the eigenenergy Ei are determined by matching conditions at |r| = a, 

ensuring that the function (13) and their first derivatives are continuous in the whole space:
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As typical for such problems, the conditions (14) and (15) can be fulfilled only for some particular values of 
an eigenenergy Ei leading directly to the quantization of the physical spectrum. In the case studied, the matching 
conditions (14) and (15) are fulfilled when eigenenergy Ei is a solution of the following transcendental equation
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where ν = −Ei + V − 1/2, μ = −Ei − 1/2. It directly leads to the following equations
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determining even and odd solutions, respectively. Equations (16) and (17) are quite complicated but they can be 
solved straightforwardly with simple numerical methods. After determining eigenenergies one finds the corre-
sponding coefficients
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and thus corresponding wave functions of the relative motion (13).
It is worth mentioning that in the limiting case of noninteracting particles (V = 0) standard solutions of a 

one-dimensional harmonic oscillator are restored. Indeed, in this particular case one finds μ = ν = −Ei − 1/2 and 
the matching conditions (14) and (15) reduce to a simple demanding that eigenenergies are half-integer numbers, 
Ei = i + 1/2. In consequence, appropriate functions ϕν

± r( )( )  and φμ
± r( )( )  become equivalent and they are expressed 

in terms of Hermite polynomials Hi:



www.nature.com/scientificreports/

4ScIentIfIc REPORTS |  (2018) 8:48  | DOI:10.1038/s41598-017-18505-5

r rH( ) e
2 (19)i i

r
i4

2

Φ =






.−

In the opposite limit of infinite repulsions (V → ∞) situation is also simplified. In this case the relative wave 
functions (13) must vanish in a whole range |r| < a, i.e., all amplitudes =ν

±A 0( ) . It immediately leads to the sim-
plified quantization condition

a( ) 0, (20)
( )φ =μ
±

and in consequence to the typical for hard-core limit degeneracy between neighboring even and odd solutions.
Having analytical solutions (13) one can express any eigenstate of the Hamiltonian (1) as a simple product of 

two wave functions

Ψ = ϒ
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where ϒ R( )i  and Φj(r) are appropriate eigenstates of the center-of-mass and relative motion Hamiltonians, respec-
tively. Although these two particular coordinates (R and r) are completely decoupled, the wave function (21) 
cannot be written (for any finite V) as a product (for bosons) or single Slater determinant (for fermions) of wave 
functions of independent particles. This observation leads directly to non trivial quantum correlations between 
particles which are discussed in the following.

Spectral properties. Many properties of the system studied can be extracted directly from the spectrum of 
the relative motion Hamiltonian (6). In Fig. 1 we show several the lowest eigenenergies of r as functions of the 
interaction strength V for different potential ranges a. Solid lines correspond to even wave functions (bosons) 
while dashed lines to odd cases (fermions). As suspected, for V = 0 the spectrum of noninteracting particles is 
restored, i.e., alternating bosonic (symmetric) and fermionic (antisymmetric) states of the relative motion have 
equally distributed energies ħ/2, 3ħ/2, 5ħ/2, etc. For non-vanishing interactions V ≠ 0, depending on the potential 
range a, eigenenergies vary. A rapidity of these changes crucially depends on a sign of interactions–for the attrac-
tion is much higher than for the repulsion. It is interesting to note that for any finite range (a ≠ 0) and sufficiently 
large attractions each eigenstate may have arbitrary large negative energy. Note also that, independently on the 
potential range a, energies never cross. It means that for any finite a and V any eigenstate of the system is not 
degenerated. In fact, it is a direct consequence of one-dimensionality of the relative motion Hamiltonian Hr

38.
In the particular limit of strong repulsions, the neighboring states of opposite symmetry become degen-

erate independently on the interaction range a. This observation is a direct consequence of the Bose-Fermi 
mapping14,16.

It is clearly seen in Fig. 1 that properties of even and odd solutions of the relative coordinate eigenproblem are 
essentially different when the potential range a becomes smaller than the natural length scale of the problem (in 
dimensionless units equal to 1). As it is seen, in contrast to bosonic states, energies of fermionic states (dashed 
lines) become more horizontal, i.e., they are less sensitive to the interaction energy strength. This behavior is a 
consequence of the fact that odd functions always vanish at r = 0, i.e., along with decreasing a the interaction 
energy rapidly decreases independently on interaction strength V. In the limit of vanishing a the interaction is 
completely described in terms of the s-wave scattering which is not present between indistinguishable fermionic 
particles.

Contact interactions limit. Mentioned above limiting case of contact forces can be explored more precisely 
by considering a formal limit in which the interactions (r) become identical with δ-like potential of the form 
gδ(r), i.e., in the limit a → 0 with fixed product 2aV = g = const. In this limit, the problem reduces to the cele-
brated model of two quantum particles interacting via contact forces for which exact analytical solutions are 
known1. To show how the limiting spectrum is restored we fix the potential range a and for given limiting inter-
action g we calculate a rescaled value of potential strength V = g/(2a). In this way one obtains the spectrum of the 
relative motion Hamiltonian Hr for different ranges a rescaled to the interaction strength g of the Busch et al. 
model. Results of this procedure adopted to even (bosonic) eigenstates of the relative motion Hamiltonian are 
presented in Fig. 2. As it is seen, with decreasing potential range a corresponding eigenenergies approach the 
results for contact interactions (thick black line). For a = 0.15 (red solid line) an agreement is almost perfect in a 
wide range of interactions. These results are in qualitative agreement with previously obtained finite range correc-
tions obtained within the Green’s function approach for higher dimensionality39.

At this point, it should be noted that for any finite a, in contrast to the contact interactions limit, all eigenener-
gies become negative for sufficiently strong attractions (see Fig. 1). Only in the case of contact interactions there 
exists exactly one bound state of the Hamiltonian (6)–the ground-state of the bosonic system.

Single-particle quantities. The simplest quantities which can be measured experimentally quite easily are 
related to single-particle properties. All of them are fully captured by the reduced single-particle density matrix 
which for the model studied has a form:

∫Γ ′ = Ψ Ψ ′
−∞

∞ ⁎x x x x x x x( , ) d ( , ) ( , ), (22)2 2 2
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where Ψ(x1, x2) is a chosen two-particle state of the system. In the following we focus on the properties of the bos-
onic and the fermionic ground-states, i.e., according to the notation of Eq. (21) the states Ψ00(x1, x2) and Ψ01(x1, 
x2), respectively.

Typically, we are mostly interested not in the whole reduced single-particle density matrix Γ(x,x′) but only in 
its diagonal part

= Γn x x x( ) ( , ), (23)

which represents a density profile of particles. Analogously, a diagonal part of its Fourier transform

∫ ∫π
π

= ′ Γ ′
−∞

∞

−∞

∞ − ′p x x x x( ) 1
2

d d ( , )e , (24)
ip x x( )/

encodes distribution of a single-particle momentum. Properties of these two simple quantities crucially depend 
on the range of the potential a. These differences are especially manifested in the cases which are beyond appli-
cability of the Busch et al. model. In Fig. 3 and Fig. 4 we show density and momentum distributions for bosonic 
(red solid line) and fermionic (dashed blue line) ground-states obtained for a few representative potential ranges 
(a = 1, a = 1.5, and a = 2) and different potential strengths V, including hard-core limit case V → ∞.

Let us recall that in the hard-core limit, the bosonic wave functions necessarily satisfy the condition Ψ00(x1, 
x2) = 0 on the line x1 = x2, regardless of a since corresponding wave functions of relative motion Φ(r) vanish at 
r = 0. This observation, usually called fermionization, enables one to map the bosonic ground-state wave function 
to the fermionic one via the following relation Ψ00(x1, x2) = |Ψ01(x1, x2)|. In consequence, in the hard-core limit, 
the bosonic and fermionic ground states share not only the same energy but also have the same spatial density 
profiles (bottom row in Fig. 3). Note however, that this particular mapping (forced by infinite repulsions) does 

Figure 1. Spectrum of the relative motion Hamiltonian Hr as a function of interaction strength V and chosen 
potential range a. For clarity, even (odd) solutions corresponding to bosonic (fermionic) cases are plotted with 
solid (dashed) lines. Note that specific degeneracy between neighboring eigenenergies is established in the hard-
core limit (V → ∞). Energy and interaction strength V are measured in units of ħΩ.
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not necessarily mean that also momentum distributions for bosonic and fermionic ground-states are the same 
(bottom row in Fig. 4).

The situation becomes essentially different for potential ranges >∼a 2. In these cases, not only the density 
profiles n(x) but also the momentum distributions π(p) of bosonic and fermionic ground-states become identical 
in the hard-core limit (right bottom plots in Figs 3 and 4). At the same time the density profiles exhibit spatial 

Figure 2. Even (bosonic) part of the spectrum of the relative motion Hamiltonian Hr as a function of rescaled 
interaction strength g = 2aV for two different values of the interaction range: a = 0.5 (thin dashed blue line) and 
a = 0.15 (thin solid red line). Along with vanishing a the limiting case of contact forces a → 0 (thick black line) 
is obtained in a wide range of interactions. Energy and rescaled interaction strength g are measured in units of 
ħΩ and Ωħ m/3 , respectively.

Figure 3. The density distribution (23) calculated for bosonic (solid red line) and fermionic (dashed blue line) 
ground-states for different ranges of the potential a (columns) and different potential strengths V (rows). Note 
that for a sufficiently large strength V the density profile is the same for both statistics (see main text for details). 
The positions and the densities are measured in units of Ωħ m/( )  and Ω ħm / , respectively.
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separation into two independent peaks indicating localization of particles at opposite sides of the trap. This result 
is clearly understandable when two-particle density profile ρ(x1, x2) = |Ψ(x1, x2)|2 is considered. As it is seen in 
Fig. 5 the probability of finding both particles at the same side of the trap (x1, x2 0 or x1, x2 < 0) vanishes when 

>∼a 2. It is often said that the system enters the crystallization regime where individual particles are spatially 
separated40 and behave as distinguishable parties. In consequence, any physical property of the system does not 
depend on a quantum statistics. However, as explained in the next section, spatial separation does not mean that 
individual particles can be treated as independent since non-classical correlations between them are still 
present.

For finite interaction strengths V < ∞ (see Figs 3 and 4) one can observe how the quasi-fermionization is 
built along with increasing V. It is quite instructive to note that the fermionization regime is reached earlier if the 
interaction range a is bigger. It is consistent with previous results concerning quasi-degeneracy in the spectrum 
of the relative motion Hamiltonian (compare to Fig. 1).

Inter-particle correlations. As was mentioned before, the eigenstates (21) are always separable when writ-
ten with respect to coordinates (4). However, for any finite interaction, it cannot be written as a product with 
respect to positions of particles x1 and x2. This simple observation means that the eigenstates of the interacting 
system studied encode nonclassical correlations between particles. These inter-particle correlations are nicely 
captured by spectral properties of the reduced single-particle density matrix Γ(x, x′). It is known that the matrix 
Γ(x, x′) can be decomposed to its natural Schmidt orbitals

x x u x u x( , ) ( ) ( ),
(25)i

i i i∑λΓ ′ = ′

where ui(x) and λi are eigenvectors and eigenvalues of the reduced density matrix Γ(x, x′), respectively. 
Coefficients λi have a direct interpretation of probabilities of finding a single particle in quantum states described 
by the corresponding orbitals and they are normalized to unity, ∑iλi = 1. Let us note that in the case of fermions, 
due to Pauli exclusion principle (3), all non-zero eigenvalues are doubly degenerated.

If both bosons occupy exactly the same orbital u0(x) then the reduced density matrix simply projects to the 
orbital u0(x) and particles are trivially correlated. What is less intuitive, correlations between particles are also 
trivial whenever particles occupy two different orbitals u0(x) and u1(x) in the way that the two-particle wave 
function is represented by their Slater determinant (for fermions) or permanent (for bosons). In all these cases, 

Figure 4. The distribution of the single-particle momentum (24) calculated for bosonic (solid red line) and 
fermionic (dashed blue line) ground-states for different ranges of the potential a (columns) and different 
potential strengths V (rows). Although, for sufficiently large strength V density profiles in Fig. 3 are the same for 
both statistics, momentum distribution not necessarily have this property. Only for large enough ranges both 
distributions become equal indicating appearance of crystallization (see main text for details). The momentum 
and the momentum distributions are measured in units of Ωħm  and Ωħm1/( ) , respectively.
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the state is regarded as non-entangled since correlations originate only in the quantum statistics of indistinguish-
able particles41,42. In other cases, additional correlations are forced by mutual interactions and they are directly 
reflected in increasing number of non-vanishing occupations λi in the decomposition (25).

In the Fig. 6a we present four the largest eigenvalues λi of the reduced density matrix Γ(x, x′) calculated for 
bosonic (solid black lines) and fermionic (dashed blue line) ground-states, Ψ00(x1, x2) and Ψ01(x1, x2), as functions 
of potential range a in the hard-core limit V → ∞. As noted above, in the fermionic case eigenvalues are doubly 
degenerated. In the contact interaction limit (a → 0), fermions, in contrast to bosons, become noninteracting and 
therefore there is no additional correlation beyond that induced by quantum statistics (λ0 = λ1 = 0.5). In opposite 
limit of large ranges >∼a 2, bosonic occupations λi become doubly degenerated and equal to fermionic ones. 
Simultaneously, reduced single-particle matrices of bosonic and fermionic ground-states become identical. By a 
direct inspection of the two-particle state we found that the ground-state of the system can be written as (± sign 
for bosons and fermions, respectively):

∑κΨ = ±x x x x x x( , ) [ ( ) ( ) ( ) ( )],
i

i i i i i1 2 1 2 2 1L R L R

where i(x) and i(x) are single-particle orbitals localized in left and right side of the trap constructed from the 
corresponding even and odd single-particle orbitals of the reduced density matrix Γ(x, x′)43:

 = + +x u x u x( ) 1
2

[ ( ) ( )],
(26)i i i2 2 1

Figure 5. Two-particle probability density of finding particles at positions x1 and x2 in hard-core limit V → ∞ 
for different values of the potential range a. For sufficiently large range ( >∼a 2) particles occupy exactly opposite 
sides of the trap. This is one of the features of the crystallization mechanism. The positions and the probability 
distributions are measured in units of Ωħ m/( )  and mΩ/ħ, respectively.
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= − .+x u x u x( ) 1
2

[ ( ) ( )]
(27)i i i2 2 1

The construction is possible, since in this case the appropriate eigenorbitals are degenerated and any of their 
linear combination remains as an eigenvector of Γ(x, x′). The amplitudes κi are related directly to the occupations 
λi, κi = λ i2  = λ +i2 1 . This observation is one of quite spectacular manifestations of the crystallization men-
tioned before. Note that the values of the dominant occupations λ0 and λ1 decreases with potential range a. It 
means that even in the crystallization regime particles cannot be treated as trivially correlated parties and there-
fore they cannot be locally described with individual well-defined orbitals.

Non-classical correlations between particles are quite well quantified by the von Neumann entropy. When 
occupancies λi are known, it can be calculated straightforwardly as λ λ= −∑S logi i i2 . This measure exactly van-
ishes in the non-entangled product state of bosons (λ0 = 1) and it is equal to 1 in the non-entangled bosonic and 
fermionic states (λ0 = λ1 = 0.5). Note however that in the bosonic case, an opposite implication does not hold, i.e., 
the condition S = 1 does not necessarily means that the state in non-entangled42. In Fig. 6b (for bosons) and 
Fig. 6c (for fermions) we show the dependence of the von Neumann entropy on the potential strength V for dif-
ferent ranges a calculated in the ground-state of interacting particles. It is clear that in a considered range of 
parameters the von Neumann entropy S is a monotonic function of the interaction V and its growth crucially 
depends on the potential range a. It is also worth noticing that in the fermionic case and vanishing range (a → 0) 
the von Neumann entropy remains unchanged independently on the interaction strength V. This is a direct con-
sequence of vanishing contact interaction for fermionic species.

Summary
In this paper, we present properties of the exactly solvable model of two interacting particles confined in a har-
monic trap. Inter-particle forces are modeled by a square wall controlled by two independent parameters: poten-
tial range and its strength. The results enabled us to investigate and discuss different properties of the system in 
a whole range of parameters between limiting cases of well known Busch et al. and hard-core models. Obtained 
results suggest that any finite range of the inter-particle forces is directly reflected in simple quantities which 
can be measured experimentally. The prominent example is the many-body spectrum where, in contrast to the 
zero-range case, all eigenstates become unbounded from below for attractive forces. We show that also density 
and momenta distributions maybe strongly affected by the finite range of the potential. All these deviations from 
the Busch et al. model maybe examined in recent experiments on a few ultra-cold particles.

The model presented belongs to the specific class of quite realistic quantum many-body problems having exact 
analytical solutions44–47. From this point of view it is not only an interesting academic example. In fact, it may 
serve as a first building block for constructions of the many-body ground states of larger number of interacting 
particles. For example, it can be used as an input for the variational Jastrow-like ansatz based on analytical solu-
tions of two-body problems48.

Figure 6. (a) First four of the largest eigenvalues of the reduced single-particle density matrix Γ(x, x′) 
calculated for the bosonic (solid black lines) and fermionic (dashed blue lines) ground-state in the hard-core 
limit V → ∞ as functions of the potential range a. In the limit of contact interactions (a → 0) fermionic ground-
state does not manifest any non-trivial correlations. For large ranges ( >∼a 2) bosonic eigenvalues become 
degenerate and equal to appropriate fermionic ones indicating crystallization regime. Note that fermionic 
eigenvalues are always doubly degenerated. (b,c) The von Neumann entropy S as a function of interaction 
strength V for different potential ranges a. Note that in the fermionic case its growth is strongly suppressed in 
the limit of vanishing range (a → 0) as a consequence of vanishing contact interaction in this limit. In all plots 
the potential range a and strength V are measured in units of Ωħ m/( )  and ħΩ respectively.



www.nature.com/scientificreports/

1 0ScIentIfIc REPORTS |  (2018) 8:48  | DOI:10.1038/s41598-017-18505-5

References
 1. Busch, T., Englert, B.-G., Rzążewski, K. & Wilkens, M. Two Cold Atoms in a Harmonic Trap. Found. Phys 28, 549–559 (1998).
 2. Blume, D. & Greene, C. H. Fermi pseudopotential approximation: Two particles under external confinement. Phys. Rev. A 65, 

436131 (2002).
 3. Mack, H. & Freyberger, M. Dynamics of entanglement between two trapped atoms. Phys. Rev. A 66, 42113 (2002).
 4. Idziaszek, Z. & Calarco, T. Two atoms in an anisotropic harmonic trap. Phys. Rev. A 71, 050701(R) (2005).
 5. Astrakharchik, G. E., Boronat, J., Casulleras, J. & Giorgini, S. Beyond the Tonks-Girardeau gas: Strongly correlated regime in quasi-

one-dimensional Bose gases. Phys. Rev. Lett. 95, 190407 (2005).
 6. Werner, F. & Castin, Y. Unitary quantum three-body problem in a harmonic trap. Phys. Rev. Lett. 97, 150401 (2006).
 7. Idziaszek, Z. & Calarco, T. Analytical solutions for the dynamics of two trapped interacting ultracold atoms. Phys. Rev. A 74, 22712 

(2006).
 8. Stetcu, I., Barrett, B. R., Van Kolck, U. & Vary, J. P. Effective theory for trapped few-fermion systems. Phys. Rev. A 76, 63613 (2007).
 9. Dürr, S. et al. Lieb-Liniger model of a dissipation-induced Tonks-Girardeau gas. Phys. Rev. A 79, 23614 (2009).
 10. Sowiński, T., Brewczyk, M., Gajda, M. & Rzążewski, K. Dynamics and decoherence of two cold bosons in a one-dimensional 

harmonic trap. Phys. Rev. A 82, 53631 (2010).
 11. Rontani, M. Tunneling theory of two interacting atoms in a trap. Phys. Rev. Lett. 108, 115302 (2012).
 12. Sowiński, T., Grass, T., Dutta, O. & Lewenstein, M. Few interacting fermions in a one-dimensional harmonic trap. Phys. Rev. A 88, 

33607 (2013).
 13. García-March, M. A., Juliá-Díaz, B., Astrakharchik, G. E., Boronat, J. & Polls, A. Distinguishability, degeneracy, and correlations in 

three harmonically trapped bosons in one dimension. Phys. Rev. A 90, 63605 (2014).
 14. Girardeau, M. Relationship between Systems of Impenetrable Bosons and Fermions in One Dimension. J. Math. Phys. 1, 516–523 

(1960).
 15. Girardeau, M. D. Permutation Symmetry of Many-Particle Wave Functions. Phys. Rev. 139, B500 (1965).
 16. Girardeau, M. D., Wright, E. M. & Triscari, J. M. Ground-state properties of a one-dimensional system of hard-core bosons in a 

harmonic trap. Phys. Rev. A 63, 33601 (2001).
 17. Lapeyre, G. J., Girardeau, M. D. & Wright, E. M. Momentum distribution for a one-dimensional trapped gas of hard-core bosons. 

Phys. Rev. A 66, 23606 (2002).
 18. Kinoshita, T., Wenger, T. & Weiss, D. S. Observation of a One-Dimensional Tonks-Girardeau Gas. Science 305, 1125–1128 (2004).
 19. Paredes, B. et al. Tonks-Girardeau gas of ultracold atoms in an optical lattice. Nature 429, 277 (2004).
 20. Murphy, D. S., McCann, J. F., Goold, J. & Busch, T. Boson pairs in a one-dimensional split trap. Phys. Rev. A 76, 53616 (2007).
 21. Goold, J. & Busch, T. Ground-state properties of a Tonks-Girardeau gas in a split trap. Phys. Rev. A 77, 63601 (2008).
 22. Yin, X., Hao, Y., Chen, S. & Zhang, Y. Ground-state properties of a few-boson system in a one-dimensional hard-wall split potential. 

Phys. Rev. A 78, 13604 (2008).
 23. Stöferle, T., Moritz, H., Günter, K., Köhl, M. & Esslinger, T. Molecules of fermionic atoms in an optical lattice. Phys. Rev. Lett. 96, 

30401 (2006).
 24. Zürn, G. et al. Fermionization of two distinguishable fermions. Phys. Rev. Lett. 108, 1–5 (2012).
 25. Porras, D. & Cirac, J. I. Effective Quantum Spin Systems with Trapped Ions. Phys. Rev. Lett. 92, 207901 (2004).
 26. Kim, K. et al. Entanglement and Tunable Spin-Spin Couplings between Trapped Ions Using Multiple Transverse Modes. Phys. Rev. 

Lett. 103, 120502 (2009).
 27. Carr, L. D., DeMille, D., Krems, R. V. & Ye, J. Cold and ultracold molecules: Science, technology and applications. New J. Phys. 11, 

55049 (2009).
 28. Saffman, M., Walker, T. G. & Mølmer, K. Quantum information with Rydberg atoms. Rev. Mod. Phys. 82, 2313–2363 (2010).
 29. Islam, R. et al. Emergence and Frustration of Magnetism with Variable-Range Interactions in a Quantum Simulator. Science 340, 

583–587 (2013).
 30. Honer, J., Weimer, H., Pfau, T. & Büchler, H. P. Collective many-body interaction in rydberg dressed atoms. Phys. Rev. Lett. 105, 

160404 (2010).
 31. Henkel, N., Nath, R. & Pohl, T. Three-dimensional roton excitations and supersolid formation in rydberg-excited bose-einstein 

condensates. Phys. Rev. Lett. 104, 1953024 (2010).
 32. Henkel, N., Cinti, F., Jain, P., Pupillo, G. & Pohl, T. Supersolid vortex crystals in rydberg-dressed bose-einstein condensates. Phys. 

Rev. Lett. 108, 265301 (2012).
 33. Płodzień, M., Lochead, G., de Hond, J., van Druten, N. J. & Kokkelmans, S. Rydberg dressing of a one-dimensional Bose-Einstein 

condensate. Phys. Rev. A 95, 43606 (2017).
 34. Deuretzbacher, F. Spinor Tonks-Girardeau gases and ultracold molecules, PhD thesis (Universität Hamburg, Hamburg, 2008).
 35. Weber, H. F. Ueber die Integration der partiellen Differentialgleichung. Math. Ann. 1, 1–36 (1869).
 36. Merzbacher, E. Quantum Mechanics (John Wiley & Sons, 1970).
 37. Abramowitz, M. & Stegun, I. A. Handbook of mathematical functions with formulas, graphs, and mathematical tables (Wiley, 1972).
 38. Landau, L. D. & Lifshitz, E. M. Quantum Mechanics. Non-Relativistic Theory (Pergamon Press, 1977).
 39. Zinner, N. T. Universal two-body spectra of ultracold harmonically trapped atoms in two and three dimensions. J. Phys. A Math. 

Theor. 45, 205302 (2012).
 40. Deuretzbacher, F., Cremon, J. C. & Reimann, S. M. Ground-state properties of few dipolar bosons in a quasi-one-dimensional 

harmonic trap. Phys. Rev. A 81, 63616 (2010).
 41. Schliemann, J., Cirac, J. I., Kuś, M., Lewenstein, M. & Loss, D. Quantum correlations in two-fermion systems. Phys. Rev. A. 64, 22303 

(2001).
 42. Ghirardi, G. & Marinatto, L. General criterion for the entanglement of two indistinguishable particles. Phys. Rev. A 70, 12109 (2004).
 43. Kościk, P. & Okopińska, A. Two-electron entanglement in elliptically deformed quantum dots. Phys. Lett. A 374, 3841–3846 (2010).
 44. Ushveridze, A. G. Quasi-Exactly Solvable Models in Quantum Mechanics (Taylor and Francis Group, 1994).
 45. Lieb, E. H. & Mattis, D. C. Mathematical Physics in One Dimension: Exactly Soluble Models of Interacting Particles (Academic 

Press, 1966).
 46. Korepin, V. E. Exactly Solvable Models of Strongly Correlated Electrons (World Scientific Publishing, 1994).
 47. Sutherland, B. Beautiful Models: 70 Years of Exactly Solved Quantum Many-Body Problems (World Scientific Publishing, 2004).
 48. Jastrow, R. Many-body problem with strong forces. Phys. Rev. 98, 1497 (1955).

Acknowledgements
The authors would like to thank M. Gajda, M. Lewenstein, D. Pęcak, and M. Płodzień for discussions and very 
fruitful suggestions. We also thank F. Deuretzbacher for bringing our attention to his PhD thesis. This work was 
supported by the (Polish) National Science Center Grant No. 2016/22/E/ST2/00555 (TS).

Author Contributions
P.K. and T.S. equally contributed in all stages of the project.



www.nature.com/scientificreports/

1 1ScIentIfIc REPORTS |  (2018) 8:48  | DOI:10.1038/s41598-017-18505-5

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

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

	Exactly solvable model of two trapped quantum particles interacting via finite-range soft-core interactions
	The Model
	The Eigenproblem
	Spectral properties. 
	Contact interactions limit. 
	Single-particle quantities. 
	Inter-particle correlations. 

	Summary
	Acknowledgements
	Figure 1 Spectrum of the relative motion Hamiltonian ℋr as a function of interaction strength V and chosen potential range a.
	Figure 2 Even (bosonic) part of the spectrum of the relative motion Hamiltonian Hr as a function of rescaled interaction strength g = 2aV for two different values of the interaction range: a = 0.
	Figure 3 The density distribution (23) calculated for bosonic (solid red line) and fermionic (dashed blue line) ground-states for different ranges of the potential a (columns) and different potential strengths V (rows).
	Figure 4 The distribution of the single-particle momentum (24) calculated for bosonic (solid red line) and fermionic (dashed blue line) ground-states for different ranges of the potential a (columns) and different potential strengths V (rows).
	Figure 5 Two-particle probability density of finding particles at positions x1 and x2 in hard-core limit V → ∞ for different values of the potential range a.
	Figure 6 (a) First four of the largest eigenvalues of the reduced single-particle density matrix Γ(x, x′) calculated for the bosonic (solid black lines) and fermionic (dashed blue lines) ground-state in the hard-core limit V → ∞ as functions of the potent




