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Probing the sign of the Hubbard interaction by two-particle quantum walks
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We address the discrimination between attractive and repulsive interaction in systems made of two identical
bosons propagating on a one-dimensional lattice, and suggest a probing scheme exploiting the dynamical
properties of the corresponding two-particle quantum walks. In particular, we show that the sign of the interaction
leaves a clear signature in the dynamics of the two walkers, which is governed by the Hubbard model, and in
their quantum correlations, thus permitting one to discriminate between the two cases. We also prove that these
features are strictly connected to the band structure of the Hubbard Hamiltonian.
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I. INTRODUCTION

The Hubbard model (HM) [1-3] well describes, in simple
and general terms, the physics of several systems of correlated
particles, either fermions or bosons [4], e.g., Mott insulators,
ultracold atomic lattices [5—8], spin chains [9,10], and nonlin-
ear waveguides [11-15]. In the limit of large interactions, the
HM may be mapped onto the X X Z Heisenberg model [9,16]
and may be employed to describe the propagation of interacting
identical particles [17—19] on one-dimensional lattice, where
the interaction can be either attractive or repulsive, depending
on the chosen physical implementation. Remarkably, there are
systems where both possibilities are contemplated [12,20-22].

Recent experimental results on cold atoms in an optical
lattice showed that a bounded pair of interacting particles
can be formed even under the action of a repulsive potential
[5,21,23-25]. This phenomenon has a clear physical expla-
nation by looking at the band structure of the model, which
behaves symmetrically under the exchange of sign in the
interaction term: for both attractive and repulsive potentials,
the onset of the interaction creates a separate miniband hosting
bounded states, thus determining the copropagation of the
particles that are initially placed on the same site [11,26].
This remarkable result has suggested that the behavior of
the model is fully symmetrical under the exchange of sign
of the interaction, and some following works [11] pointed
out that there are no differences in the correlations among
particles when the interaction potential switches from positive
to negative values.

On the other hand, some recent studies about the Hubbard
dynamics of identical particles [14,27,28] have shown that
for some specific initial states, the HM may lead to different
dynamics for attractive and repulsive interactions. These fea-
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tures are remarkable and may be of interest for applications,
since they could be exploited to engineer entanglement among
particles at a deeper level, granting us a further degree of
freedom to perform (quantum) computational tasks.

Motivated by these results, we address here the discrim-
ination between attractive and repulsive interaction for two
identical bosons propagating on a one-dimensional lattice
according to the Hubbard model. In particular, we show that
the sign of the interaction clearly influences the evolution of the
system, as well as the nature of the particle correlations, thus
permitting distinction between the two cases. We also devote
attention to prove that these features are intimately connected
to the band structure of the Hubbard Hamiltonian.

Our probing scheme is based on the fact that the Hubbard
Hamiltonian is well suited to describe the quantum walks
of identical particles on a one-dimensional lattice. In turn,
we will consider two identical spinless bosons as probes,
and show that the sign of the interaction affects both the
two-particle dynamics and their (quantum) correlations. We
will also develop an intuitive picture for this behavior, adding
on previous observations [27].

Quantum walks (QWs) describe the dynamics of one or
more quantum particles on a lattice [29,30]. They show char-
acteristic quantum features when compared to their classical
counterparts—such as ballistic propagation, coherent super-
position, and interference of the wave function. These effects
make QWs extremely promising for the implementation of
quantum algorithms that are faster and more efficient with
respect to the protocols traditionally adopted in classical
computation [31-33], since they rely on entanglement or other
quantum correlations. The potential applications in the field
of quantum information inspired a series of recent exper-
imental investigations, which focused on optical networks
and quantum optics [34-36], nuclear magnetic resonance,
ionic or atomic traps, and quantum-dot arrays (for a recent
review, see [37]). In detail, some experimental realizations of
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photonic quantum walks (photonic chips) have been achieved
[35,38-40], and it was shown that they are capable to act
as quantum computing architectures that outperform classical
computers in some specific tasks.

In these systems, QWs are typically performed by identical
particles, which show very peculiar features: indeed, it has been
demonstrated that the indistinguishability of the walkers can
build up genuinely quantum correlations even in the absence
of interaction between the particles [41,42], as it was observed
experimentally in photonic waveguides [34,35,43]. In turn,
entanglement among identical particles has raised interest to
understand physical phenomena involving highly correlated
indistinguishable subsystems. However, despite many efforts
[44-62], there are no universally accepted measures for the
quantification of this kind of entanglement. Among the differ-
ent criteria that have been proposed, the so-called entanglement
of particles [52] is one of the most promising, due to its simple
computability, and to the fact that it should be physically
measurable in many experimental scenarios [53]. Indeed, it has
been recently employed for estimating quantum correlations in
spin chains [63,64]—where it is able to detect quantum phase
transitions—and in model systems of QWs described by the
Hubbard Hamiltonian [28,42,65].

The paper is organized as follows. In Sec . II we introduce
the bosonic Hubbard model, whereas in Sec. III we review
the theoretical tools to quantify the entanglement between the
walkers. Section IV reports the results of our numerical simu-
lations on a chain with N = 30 sites, which are then discussed
in Sec. V through the help of a simplified semianalytical model
(areduced chain with N = 4 sites). Finally, Sec. VI closes the
paper with some concluding remarks and Appendix A presents
some further discussions about the symmetries of the system,
in order to better appreciate the results presented in the body
of the paper.

II. INTERACTION MODEL AND THE BAND STRUCTURE

The Bose-Hubbard Hamiltonian describes a collection of
spinless bosons propagating on a one-dimensional lattice made
of N sites, with periodic boundary conditions (N + 1 =1).
The Hamiltonian (7 = 1) is given by

Hn(J, V) = —=Jhn(v),

N N
v
hn() ==Y (el iei +cleivn) + 3 > niln; — 1), (1)
i=1 i=1

where ¢; (cl.T) is the operator that destroys (creates) a particle
on site i of the chain, J is the hopping amplitude, V is the
strength of the interaction among the bosons sharing the same
site (attractive for V < 0, repulsive for V > 0),andv =V /J
is the relative strength of the interaction with respect to the
hopping energy. In the following we focus on a system with
total number of particles n = 2. Since J is only a time-dilation
factor, giving the characteristic time of the hopping dynamics,
we introduce the dimensionless time T = |J| ¢. The quantity v
is thus the sole parameter changing the physics of the system.

The states of the system can be equally represented in
the Fock space and in the symmetrized two-particle Hilbert
space, with dimension N(N + 1)/2 and basis set given by

(1101120 . 12.2)00 o LINON), ) where [i)), (> i)
stands for a symmetrized state in which one particle is localized
onsite i, and the other on site j. Since the Hubbard Hamiltonian
represents the discrete version of the kinetic operator plus
a central potential (depending only on the relative distance
among the particles), the dynamics can be factorized in the
coordinate space of the center of mass R = % and the
relative distance r = j — i, so the ansatz for its eigenfunctions
becomes

O(R,r) = FRop(r), 2)

and the energy spectrum E(K)= w(K) depends on the
quasimomentum K, which assumes only discrete values due
to the periodic boundary conditions (K = N 2y, where v =
1,2,...,N). The band structure [66] is composed by a
miniband, hosting N states with energies near V, and a main
subband, extended approximately between —4J and +4J
and hosting the remaining N(N — 1)/2 states [11,26]. The
eigenstates in the miniband are associated with the so-called
bound states, in which the particles share the same site and
show a cowalking dynamics. Conversely, the eigenstates of
the main subband, the so-called scattering states, have a delo-
calized wave function [with ¢(0) ~ 0] and show a fermionic
antibunching behavior in the high V regime [11]. The striking
aspect is that also a repulsive potential may create a bound pair
of bosons, as it has been shown experimentally [21]. Indeed,
the evolution of particles which are initialized in a bound state
is dominated by the states of the miniband, which in the high
V regime are well separated in energy from the states of the
main subband: therefore, the bound-state particles are forced
to remain on the same site while performing their quantum
walk.

It has been observed [11,26,67] that the energy spectrum
Spec[Hn(J, V)] simply changes its sign when we change the
sign of V, i.e., Spec[Hy(J,V)] = —Spec[Hn(J, — V)] (we
consider inverse ordering for the two spectra) and, for this
reason, it was suggested that the dynamics of the system are
the same irrespective of the sign of V [11,21]. However, this
symmetry holds only for chains with even N, whereas for
chains with odd N, as it is shown in the left panel of Fig. 1
for N =5, the two spectra display some clear discrepancies
(mostly in the main subband). If we refer to the two spectra as
Spec[Hn(J, £ V)] = {a)ii}h we may define the deviation Dy
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FIG. 1. (Left) Band structure (spectrum) of Hy(V) and
—Hny(=V) for V =8 and N = 5. Energies are given in units of J,
wave vectors in units of 2 /N. (Right) Deviation Dy (N) between
the spectra of Hy (V) and Hy(—V) for V = 8 at different values of
N. The two spectra are exactly opposite [ Dy (N) = 0] only for even
N. The red line is a phenomenological fit for odd N values.
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between them as

Dy (N) = [ISpec[Hn(V)] + Spec[Hy (= V)]

= Y (@ +o) 3)

The behavior of Dy against N is reported in the right panel
of Fig. 1: Dy is always zero for even N, while for odd N it
vanishes only in the limit for N — oo. This suggests that the
considered effect is related to differences in periodic boundary
conditions, which are less important as soon as N grows.
Our observations on the effects of sgn(V) over dynamics do
not depend on N being even or odd. However, in order to
avoid the influence of the asymmetry of the band structure, we
considered in our simulations only chains with even N. Even
in this condition, however, it will be apparent that there are
differences in the dynamics when switching from attractive to
repulsive interactions (or vice versa).

III. TWO-SITE CORRELATIONS AND ENTANGLEMENT
OF PARTICLES

The particle density at each site i of the lattice and the
two-particle correlation among sites i and j at a given time ¢
are given by

ni(t) = (cler), (4)

Fi’j(l‘) = <CJ»LC;CJ'C,‘>. 5)

I'; ; coincides with the diagonal element of the density op-
erator p; j.i j = (i, jlpli,j);,» whereas for n; we have n; =
> i pijuij(1+8; ;). The two-particle correlation is useful to
identify behaviors like bunching (or cowalking) and antibunch-
ing, which depend both on the initial state |¥(0)) and on the
strength of the interaction V [11,17]. Here, we will show that
it depends on sgn(V') for some initial states. In particular, for
the sake of simplicity we consider the normalized two-particle
correlations:

I (0)

o) = o1
{i,j} ‘

(6)

In order to quantify the entanglement among the walkers, we
employ the entanglement of particles Ep [52], i.e.,

Ep = Z Pren—ic E(Ork.n—k), @)
=0

where, given a bipartition of the sites A = {n4;}; and B =
{ngili,

Pl,n—k = Hk,n—kpnk,n—k (8)

is the projection of the system state p over the subspace in
which A contains exactly k particles and B the remaining
n — k ones, whereas Py ,_x = Tr[py ,—«] is the corresponding
probability. For any given bipartition the projectors I1; ,,_ may
be expressed as

i n—i = Z'{”Ai})({nm‘}l ® Z {ngi}){({npi}l,

Eﬂlm’:k Eing,‘:ﬂ—k

and satisfying the completeness relation gives  ;_o ITx ,—x =
I. The quantity £ can be any standard measure of bipartite
entanglement among the registers individuated by the two
partitions. For a two-particle system, the terms with k = 0 or
k = 2 give zero correlations £ = 0 and thus Eq. (7) reduces to

Ep = P11E(p1,1). &)

Since we are considering a Hamiltonian system, the states
remain pure during all their evolution, and thus we can use
the linear entropy [47] &£,

E(pan) = (1= Tra[p]), (10)

N
N -2
where p4 = Trp[pap]is the reduced density matrix of the sub-
system A. Equivalent results may be obtained upon employing
the von Neumann entropy or the negativity [68,69].

It is worth noting that Ep depends upon the chosen bipar-
tition of the system modes among Alice and Bob: therefore,
different partitions of the system can lead to different values
of Ep. Also, it should be mentioned that Ep does not capture
all the quantum correlations encoded in the system: indeed,
“ideal” cowalking situations, where the particles are strongly
correlated, do not give contributions to Ep (since they cor-
respond to k = 0 or k = 2). On the other hand, those states
cannot be exploited to perform any task, since one of the two
observers is left with no particle on which she can perform
any local operation. Ep thus appears to capture the presence
of quantum correlations that represent a resource for quantum
information processing.

IV. PROBING THE SIGN BY TWO-PARTICLE
QUANTUM WALKS

In this section we describe how the sign of the interaction
may be revealed by the features of the walkers’ dynamics
and by their correlations. As a representative situation, we
choose a lattice with N = 30 sites. The dynamics of the
system is driven either by the Hamiltonian H, = Hy(J,V) or
H_ =Hn(J, — V), where J = 1. Their spectra w(K) (which
are symmetrical with respectto w = 0) are reported in Fig. 2. In
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FIG. 2. Band structure w(K) of a chain with N = 30 sites at
V/J = +8 (left, red) and V/J = —8 (right, blue).
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FIG. 3. (Upper panel) Evolution of two-sites correlations I';, ;j in
states |\Wy), |W,), and |W3) under H, and H_, with V = +8 and
J = 1. (Lower panel) The same for states |W4) and |Ws).

studying the dynamics, we limit ourselves to interaction times
such that the two particles remain far from the boundaries
of the lattice, in order to avoid interference effects due to
periodic boundary conditions. Given the initial preparation
0(0) = |W(0))(V(0)| of the two particles we evaluate the
evolved state p(f) = Us(1)p(O)U+'(£), Us(t) = exp(—iH, 1)
by numerical diagonalization of the Hamiltonian(s).

As possible initial states |W(0)) we consider the following
ones:

W) = [15,17),, an
W) = |14,16),, 12)
|W3) = [14,17),, (13)
|Wy) = [14,16), + |15,17),, (14)
|Ws) = |14,16), + [14,17),, (15)

which we evolve, alternatively, under the action of U (z).

Let us start by looking at the behavior of the correlations
f‘,;j. As it can be seen in the upper panel of Fig. 3, f‘,‘,j
for the states |W), |W,), and |W3) is invariant under the
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FIG. 4. Time evolution of entanglement of particles under #..
(Upper left) States |¥), |W;), and V = £8. (Upper right) States
|Wy), |Ws) under Hy, V = £8. (Lower left) State |\Ws) and different
values of V. (Lower right) State |W¢) and different values of V.

sign exchange of V. The evolution corresponds to the choice
V = &£8; simulations with different values of V lead to the
same behavior. Notice that the evolutions of |¥;) and |W,) are
practically identical, except for a rigid shift, and this makes
sense since Hy with periodic boundary conditions commutes
with the translation operator 7; = %;|i + /) (i|; therefore, two
states that differ only for a rigid shift of [ = 1 sites (|¥;) =
T1|¥,)) should have the same dynamics. The same behavior is
found for the entanglement of particles E p, which is identical
both for H, and H_ and is reported in the upper panels of
Fig. 4; Ep is initially zero since all states are symmetrized
versions of factorizable states. Notice that those initial states
are eigenstates of the number operators n;, i.e., they have
an exact number of particles in each site of the lattice. The
evolution of these states is invariant when switching from H
to H_ [11]. However, the same consideration does not hold, in
general, for superpositions of these states [14,27]: as it can be
seen in the lower panel of Fig. 3, the evolution of correlations
I';,j in |Wy) is the same for V and —V, whereas the evolution
of correlations in |Ws) is appreciably different for attractive
and repulsive interactions.

The effects of the interaction sign may be seen also in the
dynamics of entanglement of particles (see the upper panels of
Fig. 4): Ep for |\Wy) is independent from the sign of V, while
the entanglement of |Ws) is different for V and —V [notice
that Ep(]Ws)) is initially zero since the state is factorizable].
Further analysis shows that this effect depends on the modulus
of |V|: in Fig. 5, we see that differences in f‘[,j for |Ws) are
slightly more marked at V = 42 than at V = 420, and the
same behavior is found for entanglement. Indeed, for some
states, e.g.,

[We) = |14,14), + [14,17),, (16)

atlow interaction energy V/J = £2, Ep may differ by a factor
2, whereas the difference is significantly reduced at higher V
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FIG. 5. Evolution of two-sites correlations I';, ;j instate |Ws) under
‘H. and H_ for different values of V and for J = 1. Differences
between evolutions are more apparent at low potential energies (i.e.,
V ~J).

(see lower panels of Fig. 4). For this particular state, also the
differences in correlations I:,; ;j (here not reported) are more
striking at a lower interaction energy (they are 10 times larger
at V = #£2 compared to what may be seen at V = +20).

V. DISCUSSION BASED ON AN ANALYTIC TOY MODEL
WITH FEW SITES

In order to better understand the behavior of the system,
and build an intuitive picture, let us consider an analytic toy
model with a chain made of N = 4 sites. In the left panel of
Fig. 6 we show the band structure of Hi = H4(J, £ V) with
J =1 and V = §, whereas the behavior of the eigenvalues
of H, as a function of V is shown in the central panel.
The eigenvalues of H are denoted by ;" and are reported
in Fig. 7, while the eigenvalues of 7 _ can be obtained by
replacing w; = —wi+. However, since the system is invariant
under time reversal, any change in the dynamics cannot be
related to the simple sign switching of the eigenvalues. The
radial part of the eigenfunctions, see Eq. (2), changes sign
in some components when switching from H, to H_ [26],
while others remain unchanged, suggesting that the different
behaviors with attractive or repulsive interactions depend on
this feature of the eigenstates.

For what concerns the number eigenstates, due to the
translational invariance of the chain, the only states which are
physically different are |1,1),, |1,2),, and |1,3),. Each of these
states can be decomposed by projection on the eigenstates of
the Hamiltonian, leading to

uks—chk,@i (17)

Since the Hamiltonian #H4 are real, it is always possible to
choose a set of eigenstates |d>?t) having real components in the
number states basis; therefore, the scalar products

Cii = (D7 1)k (18)

that we obtain with the projection are real numbers too.

As you can see in Fig. 8, all the projections of states
like |1,1), and |1,3); do not change sign when we switch
from H, to H_, while the projections of states like |1,2),
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R o= 32410123
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S sl 3 T
o I
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L., SpecH)© iy By v oy o
2 4 0 1 2 3240123

K (units of 2rr/N) r

FIG. 6. (a) Band structures for H (red crosses) and H_ (blue
dots) at V = +8. The main subband and the miniband are clearly
visible, as well as the symmetry of the two spectra. (b) Evolution of the
eigenvalues w;" atincreasing V : for high values of the potential energy,
there is a clear separation between the miniband (which becomes
almost flat) and the main subband, while at low V the two subbands
are entwined. The gray vertical dashed line indicates V =8 (a).
(c) Radial wave function for the first eigenstate of . (upper, red)
and H _(lower, blue).

do change all their signs. This is the reason why super-
positions of (translationally) equivalent number eigenstates,
like |Wp) = |1,3), + |2,4),, have the same correlations and
entanglement independent from the sign of V, while super-
positions of nonequivalent number eigenstates, like |Ep) =
|1,4); + |2,4),, have a different evolution of their correlations
under H, and H_, as it was shown in Ref. [28]. Indeed, the
change of sign in V introduces a relative phase between the
components of the two number eigenstates, which is different
for H4 and H_, thus leading to different evolutions of the
states.
As an example, we have

U@)(1,3)s +12,4))

Y H(Cla + G I (0) V>0, )
> (Cls + CoDl® (1) V<O,
UW(1,4)s +12,4)5)
Y(Cl +CH DR @) V>0, 20)
Y(—Ciu i+ CH D@ (1) V<O,
Eigenvalue Degen.
§runey, :
Wy |4 1
Wf Vel (V) —wf (V) =%+ (8582 - 1) (v -7) 1

Main subband

wi 0 2

wh T _ Vv _ 48J%4V? Y]
wip —w] (JAfV)fngf'\, 1

1

YA V) = (\/(% SE) - () oy ‘77) L A=)

FIG. 7. Eigenvalues of H, with relative multiplicity (degener-
acy), ordered by decreasing energy.
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FIG. 8. Projections of number states |1,1),, |1,2),, |1,3),, and
[1,4), over the eigenstates of H, (first row, red) and H_ (second
row, blue) for a potential energy of |V | = 8. Notice that, as expected,
[1,4), behaves like |1,2),, and their projections are also identical in
modulus (since the two states are translationally equivalent).

It should be emphasized that the coefficients Cjifk,i change sign
when we change the sign of V; therefore, we cannot observe
this effect directly when we study a single number eigenstate
[e.g., by setting |W(0)) = |1,3),], because the squared mod-
ulus of the projections does not depend on sgn(ka’i). Only
superpositions of number eigenstates keep trace of the sign
of the interaction [14,27]. This is perhaps the reason why
many previous works in the literature did not observe this
dependence. Indeed, going back to our calculations on the
1D chain with N = 30, we notice that states like |¥;) and
|W,) are of the same kind, i.e., second nearest neighbors like
li,i + 2), (this is the reason why they show the same evolution
of two-site correlations—except for a rigid translation), while
the state |\W3) is a third nearest-neighbor state, like |i,i + 3),.
This is the reason why |W;) and |W,) have equal projections
on the eigenstates of H., whereas the projections of |W3)
are different. Therefore, the linear combination of |W¥;) and
|W,) is invariant under the exchange of sgn(V), while the
linear combination of |W,) and |W3) is not (some projections
exchange sign for a state but not for the other).

Concerning the behavior of a state like |W¢), the effect
of switching the sign of V is more visible at low potential
energy, since for V ~ J the main subband and the miniband
are strongly mixed, such that each number eigenstate has a
projection over all the eigenvectors of H., and states with
different nature have therefore very different superpositions
under H and H_. On the contrary, for large values of V/J
the entanglement is not so much different, due to the strong
separation between the subband and the miniband (see Fig. 6).
Indeed, this separation implies that the projections of the bound
state |14, 14); are almost completely contained in the miniband,
while the ones of the scattering state |14,17), are mainly in the
main subband. Therefore, the expressions C3 ,,; + Ci ;; do
not change significantly their (absolute) values when swftcfling
from H to H_ since, for each i, only one coefficient in the
sum is significantly different from zero. Note that this behavior
can be generalized to a lattice with an arbitrary number of sites,
provided that such number is even, as shown in Appendix B.

12 T T T T T T

0.8 | ﬁ

L A(V) for |Ws> ——
0.6 AW) for | Wy ——

A(v)

0]

FIG. 9. Total difference A(V) among the projections of a state
[W) over the eigenstates of H for positive and negative V.

This phenomenon may be better illustrated upon introduc-
ing a quantity A(V') that quantifies the difference between the
projections of a state |¥) over the eigenstates of H and H_
as a function of V. To this aim we first consider the sum of the
squared modulus of all the projections over the eigenstates with
degenerate energies, i.e., P¥(@) =", _, |(®;°|W)|?. Then,
for each projection P(w) on a degenerate energy subspace,
we evaluate the absolute difference between P at positive and
negative V:

Au(V) = |PH(w) — P~ (w)]?, (21)

in order to determine how much the projections of |¥) change
when switching from |<I>i+) to |®;). Finally, we sum over the
different energies of the Hamiltonian, and we get the desired
figure of merit:

AV) = Au(V). (22)

As we can observe in Fig. 9, the quantity A(V) goes to
zero for the state |Wg), due to the progressive separation
between the scattering subband and the miniband at increasing
values of V/J. In turn, this is the reason for which the
changes in entanglement and in correlations (when switching
from positive to negative potentials) are more relevant at low
interaction energies. A similar line of reasoning does not hold
for |Ws), which is composed by the scattering states |14,16)
and |14,17),, both belonging to the main subband: as we can
see from Fig. 9, the differences in the projections A(V) for
|Ws) are nearly constant when we increase V. Indeed, we do
not observe a significant change either in entanglement or in
the correlation maps at increasing V, as we see in Figs. 4
and 5.

As a final remark, we recall that the band structure for
a chain of N sites is composed by a miniband, hosting N
states with energies near V, and a main subband, extended
approximately between —4J and +4J, hosting the remaining
states. The eigenstates of the miniband are associated with
the so-called bound states, in which the two bosons share
the same site and show a cowalking (bunching) dynamics,
independently on the sign of the potential. Conversely, the
eigenstates of the main subband, the so-called scattering

013610-6



PROBING THE SIGN OF THE HUBBARD INTERACTION ...

PHYSICAL REVIEW A 97, 013610 (2018)

states, have a delocalized wave function and show a fermionic
antibunching behavior in the high V regime (even for attractive
potentials). If we initialize our particles in an interacting state
like |1,1), that state has projections mainly over the bound
eigenstates of the Hamiltonian. Therefore, its evolution is
dominated by the states of the miniband, which in the high V
regime are well separated in energy from the states of the main
subband. Conversely, particles initialized in a noninteracting
state like |1,2) have a dynamics which is dominated by the
scattering states of the main subband, and therefore they show
an antibunching behavior at high V. At low potentials, all
states have nonzero projections over both the miniband and
the scattering subband, so we observe a dynamics with a mixed
character, while at high V the number state projections in the
two subbands, and consequently the two kinds of dynamics,
are well distinguished.

VI. CONCLUSIONS

In this paper we have shown that in the Bose-Hubbard model
both two-site correlations and entanglement of particles are
differently affected by on-site attractive and repulsive interac-
tions. These differences are more significant for low values of
the interaction V/, i.e., of the order of the hopping amplitude J,
thus making this regime achievable using current technologies
[21,22]. This behavior arises from the fact that the projections
of some localized number states on the eigenfunctions of the
Hubbard model may change sign when we change the sign
of V. Therefore, the effect of sgn(V) may be observed by
observing the evolution of linear combinations of number
states. This also explains why these features have not been
pointed out and observed before, since most of the present
literature is mainly focused on the study of single number
states.

The quantitative dependence of correlations on the sign
of V may be relevant, up to a factor 2, as we have seen
for entanglement. This phenomenon also provides a further
degree of freedom for manipulating the correlations in a
quantum walk, and may be exploited to perform specific tasks
in quantum information processing.

Besides revealing additional features of the Hubbard model,
and providing a probing technique, our results pave the way to
further research aimed at investigating whether this behavior
may be observed in some extensions of the Hubbard model—
e.g., the Fermi-Hubbard model for spinless fermions (the
so-called fermion-polaron model [66])—or if it is an exclusive
feature of bosonic Hubbard (or sermonic) models. Indeed,
some recent works [70] have shown a breaking of the symmetry
+V for long-range hopping in hard-core bosons. Besides, it
seems worth exploring the signatures of long-range hopping
and interactions (i.e., extended to first- and second-nearest-
neighboring sites) on the dynamics and the entanglement of
both bosonic and fermionic particles.
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APPENDIX A: INVARIANCE UNDER BOOST
AND TIME-REVERSAL TRANSFORMATIONS

In this section we want to further discuss the symmetries
of the Hamiltonians Hy = Hy(J, £ V) [14,27] in order to
better appreciate the results presented in the body of the
paper. In particular, we want to emphasize that the expectation
value of an operator O on state |y (¢)), = exp(—i Hyt)| Vo)
is independent from the sign of V if both the initial state
[Y0) and O are invariant under both boost transformation and
time-reversal transformation. In order to better illustrate these
features we will go through the explicit proof of the invariance.

The idempotent Hermitian boost operator, B = Bf, B2 =
1, is defined by its action in k space: Ba,ﬁB = a,i 4> Whereas
in the x space we have Bc;B = e e ;- As a consequence,
we may write

BH.B = —H-. (A1)

B being a unitary operator any eigenstate of B is actually
invariant under the action of B. The same discussion does
not hold, of course, for combinations of eigenstates belonging
to different eigenvalues. The time-reversal operator is the
antiunitary operator ® defined by @e '@ = ¢+ and
O|yo) = [¥g) and which may be written as ® = KU, where
U is a unitary operator and K is the complex-conjugation
operator. An operator is said to have a well-defined sym-
metry under time reversal if it is even (invariant) or odd,
000 =4+0.

Let us consider now the expectation value of O under H,,
ie., (0()), = (Yol exp(+iH 1) O exp(—iHt)|Yp). Under
the hypothesis that both O and |y) are invariant under B
we have

(00)) 4 = (Yol exp(—iH_1)O exp(+iH_1)|v)
=(0(=0)_.

If we also consider the invariance under time reversal of both
O and |y), we get finally

(04 =(0(=0)_
= (Yol exp(+iH_1) O exp(—iH_1)[o)
=(0®)-,

so that the switching of the sign of the potential produces
no effect on the expectation value of O. Overall, we may
conclude that, in general, if the state and the observable are
invariant under boost transformation, when we switch the
sign of the potential V' we actually reverse the direction of
time: some observables, like the entanglement, are not affected
by this operation, while others are. In particular, if we look
at the correlation maps, changing the direction of time is
equal to changing sign to all the velocity components of the
wave functions, so that left and right directions are reversed
(i.e., the correlation maps become specular). However, this
phenomenon is not observable if the velocity composition is
symmetrical (i.e., it determines a symmetrical expansion on
the map), but in the opposite case it can be spotted. This is

(A2)

(A3)
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particularly apparent for states like [y) = [14,16), + [15,17),,
where entanglement and correlation maps are identical (both
states have the same eigenvalue with respect to B). On the
other hand, if we add a complex relative phase, i.e., |{) =
[14,16), 4+ i|15,17),, we break the time-reversal invariance
and we make the velocity composition asymmetrical. In this
case, the entanglement does not change its dynamics, but the
correlation maps are reversed with respect to their antidiagonal.

APPENDIX B: MAPPING H, INTO H_

In this section we generalize the result given in Sec. V for
the case of a lattice with an even number of sites. In fact,
in this case, it is possible to identify a unitary transformation
that maps H into H_. It is possible to realize such a unitary
transformation by noting that the sign change of ¢; at every
other site, ¢; — (—1)'¢;, changes the sign of the hopping term,
but leaves the interaction term unchanged. This explains not
only the relation between the spectra, but also the relation

between the eigenstates of 4 and H_. As an example, let us
suppose that a two-particle eigenstate of H., corresponding,
say, to the eigenvalue ¢ is given by

Wy) = i jlinj)ss (B1)
iJj

where |i,j); = clT c]; |0), with |0) being the vacuum state. Then
the above unitary transformation implies that the state

W) = (=D e i j)s (B2)
ij

is an eigenstate of H_ with eigenvalue —¢. Therefore, com-
paring the eigenstates of . with the ones of H_, only the
components with i + j odd change their sign. This explains
why the dynamics of quantum correlations is sensitive to the
sign of V when the initial state is a superposition of states with
different parity.
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