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All-order momentum correlations of three ultracold bosonic atoms confined in triple-well traps:

Signatures of emergent many-body quantum phase transitions and analogies
with three-photon quantum-optics interference
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All-order momentum correlation functions associated with the time-of-flight spectroscopy of three spinless
ultracold bosonic interacting neutral atoms confined in a linear three-well optical trap are presented. The
underlying Hamiltonian employed for the interacting atoms is an augmented three-site Hubbard model. Our
investigations target matter-wave interference of massive particles, aiming at the establishment of experimental
protocols for characterizing the quantum states of trapped attractively or repulsively interacting ultracold
particles, with variable interaction strength. The advantages and physical insights that can be gained from
the results of our study for a comprehensive understanding of the nature of the quantum states of interacting
many-particle systems, via analysis of the all-order (that is, first, second, and third) momentum correlation
functions for three bosonic atoms in a three-well confinement, are illustrated in the context of time-of-flight
inteferometric interrogations of the interaction-strength-induced emergent quantum phase transition from the
Mott insulating phase to the superfluid one. Furthermore, our inteferometric interrogations establish strong
analogies with the quantum-optics interference of three photons, including the aspects of genuine three-photon
interference, which are important to explorations targeting the development and implementation of quantum

information applications and quantum computing.
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I. INTRODUCTION

Theoretical and experimental access to many-body correla-
tions is essential in elucidating the properties and underlying
physics of strongly interacting systems [1,2]. In the frame-
work of ultracold atoms, the quantum correlations in momen-
tum space associated with bosonic or fermionic neutral atoms
trapped in optical tweezers (with a finite number N of particles
[3-5]) or in extended optical lattices (with control of one-,
two-, or three-dimensionality [6—10]) are currently attracting
significant experimental attention, empowered [3-5,9-11] by
advances in single-atom-resolved detection methods [12].

In this paper, we derive explicit analytic expressions for
the third-, second-, and first-order momentum correlations
of three ultracold bosonic atoms trapped in an optical trap
of three wells in a linear arrangement (denoted as 3b-3w).
Compared to the case of two particles in two wells (2p-2w)
[13-16], a complete Hubbard-model treatment of momentum
correlations (as a function of the interparticle interaction) for
the 3b-3w case increases the complexity and effort involved,
by an order of magnitude, because of the larger Hilbert space
and the larger number of states, i.e., a total of 10 states instead
of 4, including the excited states which are long lived [17]
for trapped ultracold atoms. Therefore, demonstrating that
this complexity of the theoretical treatment can be handled
in an efficient manner through the use of algebraic computer
languages constitutes an important step toward the implemen-
tation of the bottom-up approach for simulating many-body
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physics with ultracold atoms. In this respect, the statement
above parallels earlier observations that three-particle entan-
glement extends two-particle entanglement in a nontrivial way
[18-20].

Compared to the standard numerical treatments [21-25]
of the Hubbard model, the advantage of our algebraic treat-
ment is the ability to produce in closed analytic form cos-
inusoidal and/or sinusoidal expressions of the many-body
wave function and the associated momentum correlations of
all orders; see for example Egs. (29), (31), and (36), which
codify the main results of our paper. Due to recent exper-
imental advances in tunability and control of a system of
a few ultracold atoms trapped in finite optical lattices (also
referred to as optical tweezers), such momentum correlations
can be measured directly in time-of-flight experiments [3-5]
and their experimental cosinusoidal diffraction patterns reveal
direct analogies with the quantum optics of massless photons
[4,14,15].

In this context, this paper is aimed at researchers actively
engaged in experimental and theoretical investigations of the
properties of (finite) quantum few-body systems, as well as
those intending to understand many-body quantum systems
through bottom-up hierarchical modeling of trapped finite
ultracold-atom assemblies with deterministically controllable
increased size and complexity; see, e.g., Refs. [3-5,17,26—
29]. Indeed, we target researchers in these fields by provid-
ing fingerprint characteristics to aid the design, diagnostics,
and interpretation of experiments as well as by giving
benchmark results [30] for comparisons with future theoret-
ical treatments. We foresee these as important merits that will
contribute to future impact of our work.
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In addition, the availability of the complete analytic set of
momentum correlations enabled us to reveal and explore two
major physical aspects of the 3b-3w ultracold-atom system,
namely (i) signatures of an emergent quantum phase transition
[31], from a superfluid phase to a Mott-insulator phase; here
the designation “emergent” is used to indicate the gradual
emergence of a phase transition in a finite system as the
system size is increased to infinity [31], alternatively termed
“interphase crossover,” and (ii) analogies between the interfer-
ence properties of three trapped ultracold atom systems with
quantum-optics three-photon interference. These aspects are
elaborated in some detail immediately below.

A. Signatures of emergent superfluid to Mott transition

The sharp superfluid-to-Mott transition has been observed
in extended optical lattices with trapped ultracold bosonic
alkali atoms (}’Rb) [6], as well as with excited “He* bosonic
atoms [9]. In these experiments, after a time-of-flight (TOF)
expansion, the single-particle momentum (spm) density (first-
order momentum correlation) was recorded. An oscillating
spm density provides a hallmark of a superfluid phase, asso-
ciated with a maximum uncertainty regarding a particle’s site
occupation; this happens for the noninteracting case when the
particles are fully delocalized. On the other hand, a featureless
spm density is the hallmark of being deeply in the Mott-
insulator phase when all particles are fully localized on the
lattice sites, exhibiting no fluctuations in the site occupancies.

Here, we show that the first-order momentum correlations
for the 3b-3w system vary smoothly, alternating as a function
of the Hubbard U/ between a featureless profile and that
resulting from the sum of two cosine terms; such profile
alternations may provide signatures of an emerging superfluid
to Mott-insulator phase crossing. The periods of the cosine
terms depend on the inverse of the lattice constant d and its
double 2d (d being the nearest-neighbor interwell distance).
We note that for extended lattices only the cos(dk) term has
been theoretically specified [8,32,33] with perturbative 1/U/
approaches, and that our nonperturbative results suggest that
all cosine terms with all possible interwell distances in the
argument should in general contribute.

Furthermore, we show that the correspondence between
the featureless profiles and the interaction strength is not
a one-to-one correspondence. Indeed, we show that a fea-
tureless spm density can correspond to different strengths
of the interaction, depending on the sign of the interaction
(repulsive versus attractive) and the precise Hubbard state
under consideration (ground state or one of the excited states).
For a unique characterization of a phase regime, both the
second- and third-order momentum correlations beyond the
spm density are required.

B. Analogies with quantum-optics three-photon interference

Recent experimental [4,5,34-38] and theoretical
[13-16,20,39,40] advances have ushered in a new research
direction regarding investigations of higher order quantum
interference resolved at the level of the intrinsic microscopic
variables that constitute the single-particle wave packet of
the interfering particles. These intrinsic variables are pairwise
conjugated; they are the single-particle momenta (k’s) and

mutual distances (d’s) for massive localized particles [4,5,13—
16,20,39] and the frequencies (w’s) and relative time delays
(t’s) for massless photons [34-38,40].

For the case of two fermionic or bosonic ultracold atoms,
we investigated in Ref. [15] this correspondence in detail and
we proceeded to establish a complete analogy between the
cosinusoidal patterns (with arguments  kd or o wt) of the
second-order (ki, kp) correlation maps for the two trapped
atoms (determined experimentally through TOF measure-
ments [4,5]) with the landscapes of the two-photon (w;, w;)
interferograms [35,36,38]. In addition, we demonstrated that
the Hong-Ou-Mandel (HOM) [41] single-occupancy coinci-
dence probability at the detectors, P;; (which relates to the
celebrated HOM dip for total destructive interference, i.e.,
when P;; = 0), corresponds to a double integral over the
momentum variables (kj, k;) of a specific term contributing
to the full correlation map, in full analogy with the treatment
of the optical (w;, w,) interferograms in Ref. [35]. Because
of this summation over the intrinsic momentum (or frequency
for photons) variables, the information contained in the HOM
dip is limited compared to the full correlation map. Precise
analogs of the original optical HOM dip (with P;; varying
as a function of relative time delay or separation between
particles) have also been experimentally realized using the
interference of massive particles, i.e., two colliding electrons
[42—44] or two colliding 4He atoms [45]. For the case of
two ultracold atoms trapped in two optical tweezers, analogs
of the P;; coincidence probability can be determined via in
situ measurements, as a function of the time evolution of the
system [15,26] or the interparticle interaction [14,15].

In this paper, we establish for the 3b-3w case the full
range of analogies between the TOF spectroscopy [46], as
well as the in sifru measurements, of localized massive par-
ticles and the multiphoton interference in linear optical net-
works [37,38,40,47], paying attention in particular to the
mutual interparticle interactions which are absent for photons.
These analogies encompass extensions of the 2p-2w analogies
mentioned above, i.e., correlation maps dependent on three
momentum variables (kq, k», k3) for massive particles versus
interferograms with three frequency variables (w1, @, w3) for
massless photons, and the HOM P;;; coincidence probability
for three particles versus that for three photons. Most im-
portantly, however, these analogies include highly nontrivial
aspects beyond the reach of two-photon (or two-particle) and
one-photon (or one-particle) interferences, such as genuine
three-photon interference [48,49], which cannot be deter-
mined from the knowledge solely of the lower two-photon and
one-photon interferences.

C. Plan of paper

Following the introductory section where we defined the
aims of this work, we introduce in Sec. II the linear three-site
Hubbard model and its analytic solution for three spinless
ultracold bosonic atoms. We display the spectrum of the ten
bosonic eigenvalues of the Hubbard model for both attractive
and repulsive interatomic interactions (Fig. 1) and discuss in
detail (1) the infinite repulsive or attractive interaction limit
and (2) the noninteracting limit. In Sec. III, we outline the
general definition and relations pertaining to higher order
correlations in momentum space.
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FIG. 1. Spectrum of the ten bosonic eigenvalues in Eq. (4) as a
function of U (horizontal axis). (a) This frame (with the extended
—10 < U < 10 scale) illustrates the convergence to the three values
of zero [ground state (/ > 0) or highest excited state (4 < 0)], £|U|
(six excited states), and +3|U/| (ground state and two excited states
for U < 0). (b) A more detailed view in the range —2 < U < 2.
Taking into consideration the three energy crossings at U = 0, the
corresponding eigenstates are labeled in ascending energy order as
i=1,2,3r4l), 4r31), 5r(6l), 6r(51), 7r(81), 8r(71), 9, 10, where
“r” means “right” for the region of positive ¢/ and “/” means “left”
for the region of negative U.

In the following several sections, we give explicit analytic
results and graphical illustrations pertaining to momentum
correlation functions of the various orders, starting from the
third order, since the lower order are obtained from the
third-order one by integration over the unresolved momentum
variables [see, e.g., Eq. (30) for the second-order momentum
correlation]. The third-order momentum correlations for three
bosons in three wells, with explicit discussion of the infinite-
interaction (repulsive or attractive) limit is given in Sec. IV
(see Fig. 2), followed by explicit results for the noninteracting
limit in Sec. V. Section VI is devoted to a presentation and
discussion of results for the third-order momentum correla-
tions for three bosons in three wells as a function of the
strength of the interatom interaction over the whole range,
from highly attractive to highly repulsive (see momentum
correlation maps in Fig. 4). Next we discuss in Sec. VII
the second-order momentum correlation as a function of the
interparticle interaction; see momentum correlation maps for
the whole interaction range in Fig. 6.

The first-order momentum correlation, obtained via in-
tegration of the second-order one over the momentum of
one of the atoms, is discussed as a function of interatom
interaction strength in Sec. VIII, with a graphic illustration in
Fig. 8 for the first-excited state of three bosons in three wells,
illustrating transition as a function of interaction strength from
localized (Mott insulator) to superfluid behavior. Section IX
is devoted to a detailed study of the quantum phase transi-
tion from localized to superfluid behavior, as deduced from
inspection of the first-order correlation function for the ground

state of three bosons in three wells (Fig. 9, top row), and
further elucidated and elaborated with the use of second-
order (Fig. 9, middle row), and third-order (Fig. 9, bottom
row) momentum correlation maps. Further discussion of the
quantum phase transition through analysis of site occupancies
and their fluctuations for the ground and first-excited states
as a function of the interparticle interactions, illuminating
the connection between the quantum phase-transition from
superfluid (phase coherent) to localized (incoherent) states,
and the phase-number (site occupancy) uncertainty principle,
is illustrated in Fig. 10.

Section X expounds on analogies with three-photon inter-
ference in quantum optics, including genuine three-photon
interference. We summarize the contents of the paper in
Sec. XI, closing with a comment concerning the expected
relevance of the all-order momentum-space correlations for
the three bosons in three wells as an alternative route to
exploration with massive particles of aspects pertaining to
the boson sampling problem [50] and its extensions, which
are serving as a major topic (see, e.g., Refs. [51-55]) in
quantum-optics investigations as an intermediate step towards
the implementation of a quantum computer.

Appendixes A and B complement Secs. IIA and IIB,
respectively, by listing the Hubbard eigenvectors of the re-
maining eight excited states not discussed in the main text
(where, as previously mentioned, we focus on the ground
and first-excited states). In addition, regarding again the
remaining eight excited states not discussed in the main text,
Appendixes C and D complement Secs. IV and V, respec-
tively, by listing the corresponding three-body wave functions.
Specifically, Appendixes A and C focus on the limit of infinite
repulsive or attractive interaction, whereas Appendixes B and
D focus on the noninteracting case. The last three Appendixes
give details of the all-order correlation functions as a function
of the interaction strength for the remaining eight states not
discussed in the main text.

II. THE LINEAR THREE-SITE HUBBARD MODEL AND
ITS ANALYTIC SOLUTION FOR THREE SPINLESS
ULTRACOLD BOSONIC ATOMS

Numerical solutions for small Hubbard clusters are readily
available in the literature. Here we present a compact analytic
exposition for all the 10 eigenvalues and eigenstates of the
linear three-boson three-site Hubbard Hamiltonian. Such an-
alytic solutions, involving both the ground and excited states,
are needed to further obtain the characteristic cosinusoidal or
sinusoidal expressions for the associated third-, second-, and
first-order momentum correlations.

The following ten primitive kets form a basis that spans
the many-body Hilbert space of three spinless bosonic atoms
distributed over three trapping wells:

1 — |111),
2 — 210), 3 — |201), 4 — |120),

5 1021), 6 — |102), 7 — |012), %
8 — [300), 9 — [030), 10 — [003).

The kets used above are of a general notation |ny, ny, n3),
where n; (with i = 1, 2, 3) denotes the particle occupancy at

063614-3



CONSTANTINE YANNOULEAS AND UZI LANDMAN

PHYSICAL REVIEW A 101, 063614 (2020)

the ith well. We note that there is only one primitive ket (no.
1) with all three wells being singly occupied. The case of
doubly occupied wells is represented by six primitives kets
(nos. 2-7). Finally, there are three primitive kets (nos. 8—10)
that represent triply occupied wells.

The Bose-Hubbard Hamiltonian for three spinless bosons
trapped in three wells in a linear arrangement is given
by

3
cin men U
Hg = —J(biby + bibs + He.) + 5 Z:n,-(ni -, (2
= |

0 0 V27 =20 =V2J
0 U —J —2J 0
V27 - U 0 0
—V2J =27 0 U 0
V27 0 0 0 U
B={_zr o 0 0 0
0 0 0 0 —2J
0 —/37 0 0 0
0 0 0 —V3J =3
0 0 0 0 0

The eigenvalues (in units of J) of the bosonic matrix
Hamiltonian in Eq. (3) are

E = R}, Es = R U),

E = R, E; = SR.,

E; = RS, Eg = SR, (4)
E,= RS, Ey = 3R},

Es=U (372}2]), Ey = 6732,

where U = U/J. For Es and Eg, the quantities without paren-
theses apply for &/ > 0 and those within parentheses for U <
0. The expressions for the remaining eigenvalues apply for any
U, negative or positive. 672?, i=1,...,6denote in ascending
order (for any U, negative or positive) the six real roots of the
sixth-order polynomial

P2 (x) = x® — OUX® + (30U* — 22)x* + (144U — 46U°)x®
+ (76 — 314U% + 33U*)x* — (252U — 264U°
+9U)x — (72 — 180U + 72U, (5)

and 373?, i=1,2,3 denote in ascending order (for any U,
negative or positive) the three real roots of the third-order
polynomial

PY(x) = x° — SUx* + (TU* — 8)x + 18U — 3U>.  (6)

At U =0, a smooth crossing of eigenvalues implies the
correspondence displayed in Table I, associated with the
double degeneracies E3(Ud =0) = E4(U =0), Es(d =0) =
E¢(Ud =0), and E;(Ud = 0) = Eg(U = 0). These remarks are
reflected in the choice of online colors (or shading in the

where n; = BZTE,- is the occupation operator per site. J is the
hopping (tunneling) parameter and the Hubbard U can be
positive (repulsive interaction), vanishing (noninteracting), or
negative (attractive interaction).

Using the capabilities of the SNEG [56] program in con-
junction with the MATHEMATICA [57] algebraic language, one
can write the following matrix Hamiltonian for the spinless
three-boson Hubbard problem:

-2 0 0 0 0
0 0 —/37 0 0
0 0 0 0 0
0 0 0 —/37 0
0 —2J 0 —37 0
U —J 0 0 0 ®)
—J U 0 0 —/3J
0 0 3U 0 0
0 0 0 3U 0
0 —/37 0 3U

print grayscale version) for the &/ > 0 and U < 0 segments
of the curves in Fig. 1, where the bosonic eigenvalues listed
in Eq. (4) are plotted as a function of /. Note further that the
ordering between E4 and Ejs is interchanged for [U/| > 32 =
4.24264 [not visible in Fig. 1(a) due to the scale of the figure].
In the following, the corresponding Hubbard eigenstates are
labeled in ascending energy order as i = 1, 2, 3r(41), 4r(31),
5r(6l), 6r(51), 7r(81), 8r(71), 9, 10, where “r” means “right”
for the region of positive U and “I” means “left” for the region
of negative Uf.

The 10 normalized -eigenvectors ¢ib o), with i=
1,...,10, of the bosonic matrix Hamiltonian in Eq. (3)
have the general form

P U) = {111 (U), ca10U), c201U), 120U, €on1 (U,
ci02U), cor2(U), €z00(Uh), €oz0(U), ooz U)}. (7

Because the algebraic expressions for the ¢;;;’s for an
arbitrary U are very long and complicated, we explicitly list
in this paper the Hubbard eigenvectors only for the charac-
teristic limits of infinite repulsive and attractive interaction
(U — *£00) and for the noninteracting case (U = 0). Specif-
ically, for the reader’s convenience, we list in the main text

TABLE 1. Correspondence of the energy eigenvalues of the
Hubbard matrix Hamiltonian [Eq. (3)] at the double degeneracies at
U = 0; see Fig. 1.

EU>0) << EU<0), EU>0 <+— EU-=<O0)
EsU>0) < EsU<0), EU>0) <+ E;U<0)
E,U>0) <— EWU<0), EWU=>0 <+— E;U=<0)
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FIG. 2. Cuts (k3

= 0) of third-order momentum correlation maps, >G> = @™ @r+eox

, corresponding to the momentum-space wave

functions for three bosons in three wells [see Egs. (23) and (24) and Egs. (C1)—(C8), top expressions]. (a) Ground state (i = 1). (b) First-excited
state (i = 2). (c¢) Second-excited state (i = 3). (d) Third-excited state (i = 4). (e) Fourth-excited state (i = 5). (f) Fifth-excited state (i = 6).
(g) Sixth-excited state (i = 7). (h) Seventh-excited state (i = 8). (i) Eighth-excited state (i = 9). (j) Ninth-excited state (i = 10). Parameters
are interwell distance d = 3.8 um and spectral width of single-particle distribution in momentum space [see Eq. (20)] being the inverse of
s = 0.5 um. The correlation functions 3g§’~+°° (ky, ko, k3 = 0) (map landscapes) are given in units of um? according to the color bars on top of
each panel, and the momenta k; and k, are in units of 1/um. The value of the plotted correlation functions was multiplied by a factor of 10 to
achieve better contrast for the map features. Third-order momentum correlation maps for the infinite attractive limit are not explicitly plotted
due to the equalities between pairs of the Hubbard eigenvectors at if — —oo and U — +o0; see Eq. (11) for the detailed association of states.

only the Hubbard eigenvectors for the ground and first-excited
states; see Secs. II A and IIB. The eigenvectors for the re-
maining eight excited states are given in Appendix A (for
U — £o00) and Appendix B (for U = 0).

A. The infinite repulsive or attractive
interaction (U4 — F00) limit

For large values of [U| ({ — F00), the ten bosonic eigen-
values in Eq. (4) (in units of J) are well approximated by the
simpler expressions:

E®(E;y°) = — 8/U +20/U°,
ES™(Eg™) =UF~5-3/4U),
E{®(Eg™) =U F /5 +33/0U),
EF*(E;®) =U+1/(5U),
ES™(ES™) =

ES®(Es™) =U£5-3/4U),
EF®(E;™) =U £ /5 +33/20U),
EJ§™(E;®™) = 3U +3/QU) — 9/(4U?),

ES®(Ey™) =3U +3/QU) + 3/(4U),
EfX°(Er™) =3U +3/U + 7)), (8)

where symbols E;"* without parentheses and the upper signs
in F and =+ refer to the positive limit &/ — 400, and those
(E°°) within parentheses and the lower signs in F and +
refer to the negative limit i/ — —oo.

From the above, one sees that for large £|U/| the bosonic
eigenvalues are organized in three groups: a high-energy
(low-energy) group of three eigenvalues around £3|U/| (triply
occupied sites, see below), a middle-energy group of six
eigenvalues around =+|U/| (doubly occupied sites, see below),
and a single negative and lowest (positive and highest) eigen-
value approaching zero (singly occupied sites, see below).
Figure 1 illustrates this behavior.

The corresponding eigenvectors at U/ — 400 and U —
—oo for the ground and first-excited states are given by

¢ =1{1,0,0,0,0,0,0,0,0,0},

¢1,_OO = {07 09 07 07 Oa 07 07 0’ 17 0}7 (9)
11 11 1 1
b,+00
=40, —, —%=, ——, —, ——=, =,0,0,04,
? { 27 25 V55024502 }
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¢>”*—°°—{0000000 Lo 1} (10)
2 ’ ’ k] ’ ’ k] ’ ﬁ’ ’ ﬁ k]

The eigevectors for the remaining eight excited states are
listed in Appendix A. Note that the eigenvectors in Egs. (9)
and (10) and in Appendix A are grouped in pairs (400, —00),
which are displayed using a common equation number.

Note that the eigenvectors at i/ — +oo and U/ — —oo are
pairwise related as follows:

bt+oo __ _ b~ b,+o0 __ _¢b,—oo

1 - 10 ’ 6 - 9 ’

b+oo __ _ 4b,—00 b+oo _ _ 4b,—00

2 - 5 ’ 7 - 8 ’

b,+00 b,—00 b,+00 b,—00

3 =% 8 =¥ (11)
b,+00 __ 4 b,—00 b,+00 __ 4 b,—00

4 - ¥ ’ 9 - Y2 ’

b,+00 __ ¢b,—oo b,+00 __ 4 b,—00

5 — Y6 ’ 10 - .

The pairs in Eq. (11) correspond to states with the same ab-
solute eigenvalues |E;"*°| and |Ej’°°| (with i, j=1,...,10)
given in Eq. (8).

B. The noninteracting (4 = 0) limit
When U = 0, the polynomial-root eigenvalues listed in
Eq. (4) simplify to
E = =32, E¢= 0,
E=-2v2, E =2
V2

Ey= —+/2, Es = /2, (12)
Ey= —/2, Ey = 242,
ES = 0, E10 = 3\/5.

The U = 0 Hubbard ground-state eigenvector is given by

ﬁ\/gfzﬁ\/?ﬁ\/gl 11

R SRR S, 2 ¥
(13)

b,U=0
¢1 =

whereas the first-excited state is represented by the eigenvec-
tor

bU=0 _
4 =

o L1 1111 \/go 3
b 27 4ﬁ7 2&’2\/5’4&’2’ 4?’4

(14)

The eigenvectors for the remaining eight excited states are
listed in Appendix B.

II1. HIGHER ORDER CORRELATIONS IN MOMENTUM
SPACE: OUTLINE OF GENERAL DEFINITIONS

To motivate our discussion about momentum-space cor-
relation functions, it is convenient to recall that, usually,
a configuration-interaction (CI) calculation (or other exact
diagonalization schemes used for solution of the micro-
scopic many-body Hamiltonian) yields a many-body wave
function expressed in position coordinates. Then the Nth-
order real space density, p(xy,x], X2, X5, ..., Xy, X)), for an
N-particle system is defined as the product of the many-body

0.8
(@)
0.6} |
€, — Violet
I 31 — Green |
0.4 781-1_) Light Blue e1+1—; Yellow |
. €1+1—> Brown (’,1+1—+>1Dark Blue |
0.2 |
0
1.2
(b)
0.8}
04}
0

-30 -20 -10 0 10 20 30

FIG. 3. The six different C coefficients (dimensionless) [see
Eq. (29)] for the two lowest-in-energy eigenstates of three bosons
trapped in three linearly arranged wells as a function of ¢/ (dimen-
sionless). (a) Ground state (i = 1). (b) First-excited state (i = 2). See
text for a detailed description. For a description of the remaining
eight excited states, see Appendix E. The choice of online colors is as
follows: Cy, violet; C;, green; Ci_1, light blue; C,;, brown; C;4_1,
yellow; and C,4,4, dark blue. For the print grayscale version, the
positioning (referred to as #n, with n = 1,2, 3,...) of the curves
from top to bottom at the point i/ = —6 is as follows: (a) Cy — #1;
Ci —> #3,Ci_ > #5,Ciyy —> #4;C111_ — #6;Ci111 — #2; and
(b) C() =0; C] — #3; 61,1 =0; C]+1 — #2; Cl+1,1 — #4, C]+1+1 —
#1.

wave function W(xq, x2, ..., xy) and its complex conjugate
W*(x}, x5, ..., xy) [58]. The ith-order density function (with
i < N) is defined as an integral over p taken over the coordi-
nates Xx;;i, ..., xy of N — i particles, i.e.,

/ / /
pi(x11x17-x27x27 e sxi7-xi)

/ /
= fdxi+1 e dXN (XL, XYy ey Xiy X Xige 1 Xigp 15 - XN, XN ).

15)
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To obtain the ith-order real space correlation, one simply
sets the prime coordinates in Eq. (15) to be equal to the
corresponding unprimed ones,

'G(x1, x2, ..

Knowing the real-space density, one can obtain the cor-
responding higher order momentum correlations through a
Fourier transform [13-15,59]

.,xi,xi). (16)

X)) = pi(x1, X1, X2, X2, ..

'Glhi, ko, ... ki)
— 1 / eikl(xl —xi)eikz(xz—xé) o eik;(x;—x;)
472

- Xi, X)dxdxydxadx . . dxidx;,
(17)

/ /
X pi(-xl9x]5-x25-x27 .

In this paper, we obtain directly an expression for the
momentum-space N-body wave function corresponding to
the Hubbard model Hamiltonian. This circumvents the need
for the above Fourier transform. Instead, consistent with the
Fourier-transform relation [Eq. (17) above], the highest-order
Nth-order momentum correlation function is given by the
modulus square

NGy ko, ... ky) = [Pk ko, k)P, (18)
and, successively, any lower (N — i)th-order (with i=
lI,...,N — 1) momentum correlation is obtained through an

integration of the higher (N — i 4 1)th-order correlation over
the ky_; 11 momentum.

IV. THIRD-ORDER MOMENTUM CORRELATIONS FOR
THREE BOSONS IN THREE WELLS: THE
INFINITE-INTERACTION LIMIT (U — £00)

To derive the all-order momentum correlations, we aug-
ment the finite-site Hubbard model as follows: Each boson
in any of the three wells is represented by a single-particle
localized orbital having the form of a displaced Gaussian
function [13-15,20], which in the real configuration space has
the form

Yi(x) =

PRy
_M] (19)

1
Qm)V4/s exp|: 452

In Eq. (19), d; (j =1,2,3) denotes the position of each
of the three wells and 2s is the width of the Gaus-
sian function in real configuration space. In this way the
structure (interwell distances) and the spatial profile of
the trapped particles orbitals enter in the augmented Hub-
bard model. In momentum space, the corresponding or-
bital (k) is given by the Fourier transform of /;(x),
namely, ¥;(k) = (1/+/27) ffooo ¥ ;(x) exp(ikx)dx. Perform-
ing this Fourier transform, one finds

21/4 /3 o
¥i(k) = #[e—k“ze’d/k. (20)

Naturally the spectral width of the orbital’s profile in the
momentum space is 1/s.

In using orbitals localized on each well, our treatment of
the augmented Hubbard trimer is similar to Coulson’s treat-
ment of the hydrogen molecule [60]. In broader terms, our use
of localized orbitals (atomic orbitals) belongs to the general

methodology in chemistry known as linear combination of
atomic orbitals—molecular orbitals (LCAO-MO) [61,62].

We stress that the cosinusoidal and sinusoidal dependen-
cies of the momentum correlations derived here [and their
coefficients C’s, B’s, and A’s; see Egs. (29), (31), and (36)
below] do not depend on the precise profile of the atomic
orbital, as noted already in Ref. [60], where the general
symbol (k) was used for the Fourier transform of yy(x) at
do = 0. For the hydrogen molecule, an obvious choice is a
Slater-type orbital (see Egs. (35) and (36) in Ref. [60]). The
reason behind this behavior is the so-called shift property [63]
of the Fourier transform, which applies to a displaced profile
(centered at d; # 0); it states that

Sl (0] = §lo(x)] exp(ikd;) = A(k) exp(ikd;),  (21)

where § denotes the Fourier-transform operation [63]. The
Fourier-transformed profile 2((k) at the initial site factors
out in all expressions of the momentum correlations. The
Gaussian profile (also used in aforementioned experimental
publications [3-5,39]) in our paper was used for conve-
nience; it is an obvious approximation for the lowest single-
particle level in a deep potential [64] approaching a harmonic
trap in the framework of experiments on neutral ultracold
atoms [65].

For a discussion of the comparison, for the entire range
of interatomic interactions, U/, between exact microscopic
diagonalization of the Hamiltonian (configuration interaction,
CI) calculations, results of the augmented Hubbard-model,
and measurements from trapped ultracold-atoms experiments;
see Ref. [66].

With the help of the single-boson orbitals in Eq. (20), each
basis ket in Eq. (1) can be mapped onto a wave function of
the three single-particle momenta &, k», and k3. For each ket,
this wave function naturally is a permanent built from the
three bosonic orbitals. For a general eigenvector solution of
the Hubbard Hamiltonian, the corresponding wave function
CDf’(kl,kz, k3) (with i =1, ..., 10) in momentum space is a
sum over such permanents, and the associated third-order
correlation function is simply the modulus square, i.e.,

2
3Gk, Koy k) = | @Y (ki Ko )| (22)

Because the expressions for the third-order correlations can
become very long and cumbersome, for bookkeeping pur-
poses, we found it advantageous to display and characterize
instead the three-body wave functions be’(kl, ko, k3) them-
selves. Then the associated third-order correlations can be
calculated using Eq. (22).

Below, in Egs. (23) and (24), we list without commentary
the momentum-space wave functions, CIDII”iOO(kl, k>, k3) and
dJl;ioo(kl, ks, k3), associated with the Hubbard eigenvectors,

i”ioo and qbé”ioo, respectively [see Egs. (9) and (10)], at the
limits of infinite repulsive or attractive strength (i.e., forf —
+00). The commentary integrating these wave functions into
the broader scheme of their evolution as a function of any
interaction strength —oo < U < 400 is left for Sec. VI below.
The three-body wave functions for the remaining eight excited
states are listed in Appendix C. Note that the wave functions
in Egs. (23) and (24) below and in Appendix C are grouped
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in pairs (400, —o00), which are displayed using a common
equation number.

Assuming that the wells are linearly placed at d; = —d,
d, =0, and d; = d, these momentum-space wave functions
atU — +oo are as follows:

2 x 24
«/37‘[3/4
X [cos(d (k) — k2)) + cos(d (ki — k3))
+ cos(d (k2 — k3))],

2 2 242
q>117,+00(k1’ k2, k3) — 3/267(161 +ky+k3)s

3/4
O (ky, ko, ks) = (2) s 2T TR, (23)
e

Pk, o, k) = Ve

4
BN
x [V/5sin(d(—k; + ks + k3))
+V/5sin(d (ki + ky — k3))

+ V3sin(d(k; — ky + k3))

+ 5sin(d (kg + k2)) + 5 sin(d (kg + k3))
+ 5sin(d(ky 4 k3)) + 2+/5 sin(dk;)

+ 2+/5sin(dky) + 2+/5 sin(dk3)],

b—oo 2i21/4 32 (RH2Hk2)s
Oy ki ko, k) = st e TR
T

x sin(d(k; + ky + k3)). (24)

Plots for the corresponding third-order momentum corre-
lations 395"*“0{1, ka, k3), with i =1, ..., 10 [see Eq. (22)],
are presented in Fig. 2. We note that we do not explicitly
plot the third-order momentum correlations for the limit of
infinite attraction (U — —o0) because 3G~ (ky, ky, k3) =>
gj?’+°°(k1, ky, k3) for the pairs (i=1,j=10), (i=2,j =

J

(27.[ )3/4
§3/2

9),(i=3,j=8),(i=4,j=3),i=5j=2),i=6,j=
5), (i=7j=4), (=8j=7), (i=9,j=6), and (i =
10, j = 1) due to the equalities between eigenvectors listed
in Eq. (11).

A. Explicit expression for the third-order correlation
3gf’+°°(k1, k2, k3)

Because of the special role played by the ground state
qbf’“’o = |111) at infinite repulsion, we explicitly list below
the corresponding third-order correlation function, i.e.,

Gr ko, k)
= |07k, ko, k)
_ & e 2 M+ K
3732
4+ 2 cos(d(ky + k3 — 2k1)) + 2 cos(d(k; + ks — 2ky))
+ cos(2d (k; — kz)) 4+ 2 cos(d(ky — k7))
+ cos(2d (k; — k3)) + 2 cos(d (k; — k3))
+ cos(2d (ky — k3)) 4 2 cos(d (ka — k3))]. 25)

It is worth noting that the expression (25) above for three
bosons is similar to the third-order correlation for the triplet
states (with total spin § = 3/2 and spin projections S, = 3/2
or S, = 1/2) for three fermions trapped in three wells, except
that in the fermionic case the sign in front of the cosine terms
with only 2-momenta in the cosine argument is negative; see
Refs. [4,20].

)[3 +2cos(d(k + ky — 2k3))

V. THIRD-ORDER MOMENTUM CORRELATIONS FOR
THREE BOSONS IN THREE WELLS: THE
NONINTERACTING LIMIT U =0

Assuming that the wells are linearly placed at d; = —d,
d, =0, and d; = d, the noninteracting ground-state three-
boson wave function in momentum space is given by

KD QLU= (k) o) k) = 1 + 24/2 cos(dky ) cos(dky ) cos(dks) + 2 cos(dk) cos(dky) + 2 cos(dky ) cos(dks)

+ V2 cos(dky) + 2 cos(dk) cos(dks) + v/2 cos(dka) + ~/2 cos(dks). (26)

The above takes also the form of the general expression (29) below, i.e.,

(27.[ )3/4
§3/2

KHRHD QU= (k) ky ky) = 1 + /2[cos(dky) + cos(dky) + cos(dks)] + cosld (ki — ka)] + cos[d (ki — k3)]

+ cos[d(ky — k3)] + cos[d (ky + k»)] + cos[d(k; + k3)] + cos[d (ky + k3)]

1
+ —2{cos[d(k1 4+ ky — k3)] + cos[d(ky — ky + k3)] + cos[d(—ky + ky + k3)]

%

+ cos[d(k; + ky + k3)]}. (27)

For the first-excited state, the three-boson noninteracting wave function in momentum space at /{ = 0 was found to be

—i27 )43

§3/2

KA QEU=O (k) ky) = 2[sin(dk, ) + sin(dky) + sin(dks)] 4+ 2v/2{sin[d (k; + ky)] + sin[d (k, + k3)]

+ sin[d(kz + k3)1} + sin[d(k; — ky + k3)] + sin[d (—k; + k2 + k3)]
+ sin[d(k; + ko — k3)] + 3 sin[d (k] + k2 + k3)]. (28)
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(a) (b) (c)
0.168 0.360 0.217 0.465
|

0.686

I | ] ] T ]

(d) (e)

0.644 1.380 0.623  1.335

T ]

1.470

FIG. 4. Cuts (k3 = 0) of third-order momentum correlation maps for the first-excited state of three bosons in three wells [see Eqs. (22)
and (29) with i =2]. (a) Y = —200. (b) U = —10. (c) U = 0. (d) U = 10. (e) U = 200. Parameters are interwell distance d = 7 um and
spectral width of single-particle distribution in momentum space [see Eq. (20)] being the inverse of s = 0.35 wm. The correlation functions
39{’ (ky, k2, k3 = 0) (map landscapes) are given in units of pm’ according to the color bars on top of each panel, and the momenta k; and &,
are in units of 1/um. The value of the plotted correlation functions was multiplied by a factor of 10 to achieve better contrast for the map

features.

The noninteracting three-body wave functions for the re-
maining eight excited states are listed in Appendix D.

VI. THIRD-ORDER MOMENTUM CORRELATIONS FOR
THREE BOSONS IN THREE WELLS AS A FUNCTION OF
THE STRENGTH OF THE INTERACTION U/

The general cosinusoidal (or sinusoidal) expression of
third-order correlations is too cumbersome and lengthy to be
displayed in print in a paper. Instead, as mentioned earlier,
we give here the general expression for the three-boson wave
function CDf-’(kl ,ko,k3) (withi =1, ..., 10) calculated in the
momentum space. Then the third-order momentum correla-
tions are obtained simply as the modulus square of this wave
function [see Eq. (22)].

Using MATHEMATICA, we found that the general cosi-
nusoidal (or sinusoidal) expression of the three-body wave
function has the form

@4 (ki ka, k3)
= pls¥ e MRl L CI(F(dky) + F(dky) + F(dks))
+C]_ | (Fld(ky — ko)1 + Fld(ky — k3)] + Fld (ks — k3)1)
+ O] (Fld(ky + ko)) + Fld(ky + k3)] + Fld (ky + k3)1)
+ 0] (Fld(ky + ko — k3)] + Fld (ki — ko + k3)]

+ Fld(—ki + ko + k)] + C], Fld(ky + ko + k3)1},
(29)

where p/ =1 and F stands for “cos” for the states j =
1,3r(41), 4r(31), 7r(81), 8r(71), 10; p/ =i (here i*> = —1; it
is not an index); and F stands for “sin” for the remaining
states j = 2, 5r(6l), 6r(51), 9. The Cy coefficient denotes an
F-independent term. The subscripts 1, 1 +1,and 1 + 141
in the other C coefficients reflect the number of terms in the
argument of the F functions and the sign in front of each of
them (without consideration of any ordering of the &y, k>, and
k3 momentum variables).

In general, there are 14 cosinusoidal (or sinusoidal) terms
and six distinct /-dependent coefficients C’s for a given state
in expression (29). We note that Cy =0 and C,_; =0 for
any U for all the states of the second group above for which
F =sin. The C coefficients for the two lowest-in-energy
eigenstates are plotted in Fig. 3 as a function of {/. The
corresponding explicit numerical values can be found in a data
file included in the Supplemental Material [67].

In the following, we utilize in the discussions the coeffi-
cients C;’lz’m for certain limiting values, 0, —oo, and 400,
of the on-site interatomic interaction {; in each case we
explicitly include the limiting value as a superscript /.

A. The ground state (state denoted asi = 1 for —oo < U < +00)

For U — —oo, it is seen from Fig. 3(a) that only
the coefficient Cy > = (2/7)¥* = 0.7127 (denoting an J-
independent term) survives in expression (29); the ground
state in momentum space is given by the second expression
in Eq. (23). It is a simple Gaussian distribution associated
with a Bose-Einstein condensate, reflecting the fact that all
three bosons are localized in the middle well and occupy the
same orbital; the corresponding Hubbard eigenvector is given
by ¢f’_°° [second expression in Eq. (9)] which contains only
a single component from the primitive kets listed in Eq. (1),
i.e., the basis ket no. 9 — |030).

For U = 0, all six coefficients, C1¥=0s, are present, and
their numerical values from Fig. 3(a) agree with the cor-
responding algebraic expressions for d>1’u=°(k1,k2,k3) in
Eq. (27).

For U — 400, only the -coefficient Cll’_J’loo =2x
2174 /(/373/*) = 0.5819 survives in expression (29); see
again Fig. 3(a). The ground state in momentum space
comprises three cosinusoidal terms and is given by the
first expression in Eq. (23). This form corresponds to the
Hubbard eigenvector ¢>'1”+°° [first expression in Eq. (9)],
which contains only a single component from the primitive
kets listed in Eq. (1), i.e., the basis ket no. 1 — |111).
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FIG. 5. The B coefficients (dimensionless) [see Eq. (31)] for the
two lowest-in-energy eigenstates of three bosons trapped in three
linearly arranged wells as a function of the interaction strength U/
(dimensionless). (a) Ground state (i = 1). (b) First-excited state (i =
2). See text for a detailed description. The choice of online colors is
as follows: By, constant (violet); 3;, second violet; B,, green; B;_,
light blue; B,_,, brown; 13,_;, yellow; 3, ., dark blue; 13,,,, red; and
B, 1, black. For the print grayscale version, the positioning (referred
to as #n, withn =1,2,3,...) of the curves from top to bottom at
the point i/ = +2 is as follows: (a) By(constant) — #3; B; — #1;
Bz g #5, B]_l —> #2, 62_2 g #8, 62_1 g #6, BH—I g #4, Bz+2 g
#9; By — #7; and (b) By(constant) — #1; B — #2; B, — #6;
Bi_1 — #3; By, — #5; B, — #4; Biy1 — #7; By, — #3; and
B,,1 — #9. For a description of the remaining eight excited states,
see Appendix F.

As mentioned earlier, the primitive ket [111) represents
a case where all three wells are singly occupied. Thus, it
enables a direct mapping to quantum-optics investigations of
the frequency-resolved interference of three temporally dis-
tinguishable photons prepared in three separate fibers (tritter)
[38] [recall the analogies [15]: particle momentum (k) <
photon frequency (w/c) and interwell distance (d) <> time-
delay between single photons (z¢)].

B. The first excited state (state denoted as
i=2for —oc0o <U < +00)

For U — —oco only the coefficient C;% =2 x
21/4/713/ 4 =1.0079 survives in expression (29) [see
Fig. 3(b)]; the corresponding state, ¢> > [second
expression in Eq. (10)], is a NOON state of the form
(—1300) 4 1003))/ V2, and the corresponding wave function
in momentum space is given by the second expression in
Eq. (24), which includes a single sin term only.

For U = 0, four coefficients are present, namely
Cfﬁzo, Clzﬁf?, and Clzflj? Their numerical values from
Fig. 3(b) agree with the corresponding algebraic expressions
for ®5Y="(ky, ky, k3) in Eq. (28).

For U — 400, only three coefficients, Clz’+°° =2 x2%4/

(V15734 = 03680,  CP™® =234/(v/3n¥/*) = 0.4115,

and  Ci =2%4/(V157%%) = 0.1840,  survive in
expression (29) [see Fig. 3(b)]; the corresponding state,
¢>§”+°° [first expression in Eq. (10)] consists of all six
primitive kets [see Eq. (1)] representing exclusively doubly
occupied wells, and the corresponding wave function in
momentum space has nine sinusoidal terms and is given by
the first expression in Eq. (24).

In the main text of this paper, we restrict the U evolution of
the C(U)’s coefficients in Eq. (29) to the two lowest-in-energy
states. Indeed the ground state and the first excited state are
the natural candidates for initial experiments. For example,
for the case of two and three ultracold fermions (°Li atoms),
see Refs. [5] and [4], respectively; for recent experiments
focused on the ground state of large bosonic Hubbard systems,
see Refs. [6] and [8] (®’Rb atoms) and Refs. [9,10] (*He*
atoms). In the case of trapped ultracold atoms, other excited
states are in principle accessible. Thus, in anticipation of
future experimental activity, we complete in Appendix E the
description of the details of the U evolution of the C(Uf)’s for
the remaining eight excited states.

Figure 4 illustrates visually for the first-excited state (i =
2) the U evolution of the third-order correlation maps de-
scribed by expressions (22) and (29) when i = 1. The maps
for five characteristic values of U/ are plotted, namely, U =
—200, —10, 0, 10, and 200. Corresponding illustrations for
the ground state are left for Sec. IX.

2.U=0
C; ,

VII. SECOND-ORDER MOMENTUM CORRELATIONS
FOR THREE BOSONS IN THREE WELLS AS A FUNCTION
OF THE STRENGTH OF THE INTERACTION U/

The second-order correlations are obtained through an
integration of the third-order ones over the third momentum
variable k3, i.e.,

2GP(ky, ko) = f

—0Q

3G (ki ka, k3)dks, (30)

withi=1,...,10.

Using MATHEMATICA and neglecting the terms that vanish
as e v/ (for arbitrary y > 0 and d?/s* > 1), we found
that the second-order correlations are given by the following
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TABLE II. The nine distinct coefficients at &/ = 0 present in Eq. (31) in the case of the ground state.

BI.M:O BI,M:O BI,M:O BI,M:O BI.M:O BI,M:O BI,Z/I:O BI,M:O BI,Z/{:O

0 1 2 1-1 2-2 2—1 1+1 242 2+1
2/ = 22/ = 17 = 2/ = 1/(4n) = 1/(V2rm) = 2/ = 1/(4m) = 1/(V27) =
0.63662 0.90032 0.31831 0.63662 0.07958 0.22508 0.63662 0.07958 0.22508

general expression:
26k, ky) = sPe MRS
x (By + Bilcos(dk)) + cos(dky)]
+ Bi[cos(2dk;) + cos(2dky)]
+ Bi_, cosd(ky — ka)] + Bj_, cos[2d (ky — k)]
+ Bi_{cosld (ki — 2ky)] + cos[d (2k; — k»)]}
+ Bi cos[d (ki + k)] + By, cos[2d (ki + k)]
+ By, {cos[d (ki + 2ky)] + cos[d(2k + k)]}).  (31)

The By coefficient denotes a cos-independent term. The
subscripts 1, 2, 1 £ 1,2+ 1, and 2 4 2 in the other B coef-
ficients reflect the number of terms in the argument of the cos
functions (one or two) and the factor of £1 or £2 in front of
ki or ky (without consideration of any ordering of k; and k).

Including the constant term, there are 13 sinusoidal terms,
but only nine distinct coefficients in Eq. (31). The first coeffi-
cient above is a constant, i.e., Bf) =2/ ~ 0.63662 for all ten
eigenstates. The remaining eight B-coefficients in Eq. (31) are
U dependent. These U-dependent B coefficients for the two
lowest-in-energy eigenstates are plotted in Fig. 5 as a function
of U. The corresponding explicit numerical values can be
found in a data file included in the Supplemental Material
[67]. Note that expression (31) has a total of 13 different
cosine terms.

A. The ground state (state denoted asi = 1 for —oo < U < +00)

For U/ - —oo only the constant term B(l) survives; see
Fig. 5(a). The ground state is the triply occupied middle well
[see the Hubbard eigenvector in the second expression of
Eq. (9)]. In this case, the second-order correlation function
is

2g1b’7oo(kl, kz) = ESZe—Z(klZ_‘_k%)xz. (32)
b

In the noninteracting case ({ = 0), for which the Hubbard
eigenvector is given by Eq. (13), all 13 cosinusoidal terms
and nine distinct coefficients (listed in Table II) are present
in Eq. (31), in agreement with Fig. 5(a).

For U/ — 400, three terms survive, including the constant
one; see Fig. 5(a). In this case, the ground state is that of all
three wells being singly occupied. In this case, the second-
order correlation function acquires a simple expression

2 :
2G0Tk, k) = gsze_z("%*"b32

x {3+ 2cos[d(k; — kp)] + cos[2d(k; — k2)]}. (33)

It is interesting to note that the second-order correlation
function for three fermions with parallel spins trapped in three

wells in the limit/ — +00 is given by the same expression as
that in Eq. (33), but with the 2 and 1 coefficients in front of the
cos[d(k; — k»)] and cos[2d (k; — k»)] terms being replaced by
their negatives, —2 and —1, respectively (see Eq. (9) and
Table I (row for i = 3) in Ref. [20]). This naturally is a
reflection of the different quantum statistics between bosons
and fermions.

Figure 6 illustrates for the first-excited state the I/ evolution
of the second-order correlation maps described by expression
(31) when i = 2. The maps for five specific values of U/ are
plotted, namely, &/ = —200, —10, 0, 10, and 200.

B. The first excited state (state denoted as
i=2for —o00o <U < +00)

For U — —oo, only the constant term, Bé =2/, sur-
vives; the corresponding state is a NOON state of the form
(—1300) + 1003))/ V2. In this case, the second-order correla-
tion function is again

GE k) = e (34)

In the noninteracting case (U = 0), for which the Hubbard
eigenvector is given by Eq. (14), 10 cosinusoidal terms and
seven distinct coefficients (listed in Table III) are present in
Eq. (31), in agreement with Fig. 5(b).

For U4 — 400, all 13 sinusoidal terms survive in ex-
pression (31); the corresponding state is given by the first
expression in Eq. (10). For this case, we give the nine distinct
coefficients in Table I'V.

These results are in agreement with the ¢/ dependence
portrayed in Fig. 5(b).

For a description of the remaining eight excited states, see
Appendix F.

VIII. FIRST-ORDER MOMENTUM CORRELATIONS FOR
THREE BOSONS IN THREE WELLS AS A FUNCTION OF
THE STRENGTH OF THE INTERACTION U

The first-order correlations are obtained through an inte-
gration of the second-order ones [see Eq. (31)] over the second
momentum variable k», i.e.,

o0

' = [ 200k ke, (35)
—00

withi=1,...,10.

Exploiting the computational abilities of MATHEMATICA
and neglecting terms that vanish as e=7%"/5" (for arbitrary y >
0 and d?/s* > 1), one can find that the first-order correlations
are given by the following general expression:

'GP (k) = se™ 25 [ AL + Al cos(dk) + Aj cos(2dk)}. (36)
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0.912

0'456¢' 29

FIG. 6. Second-order momentum correlation maps for the first-excited state of three bosons in three wells [see Eq. (31) withi = 2]. () U =
—200. (b) U = —10. (¢c) U = 0. (d) U = 10. (e) U = 200. Parameters are interwell distance d = 7 um and spectral width of single-particle
distribution in momentum space [see Eq. (20)] the inverse of s = 0.35 um. The correlation functions Zg;’ (ky, k2) (map landscapes) are given
in units of um? according to the color bars on top of each panel, and the momenta k; and k, are in units of 1/um. The value of the plotted
correlation functions was multiplied by a factor of 10 to achieve better contrast for the map features.

Al = 2/ ~ 0.797885 above is U independent for all
ten eigenstates. The remaining two coefficients in Eq. (36), A}
and A}, are U dependent for nine out of the ten eigenstates.
These U-dependent A coefficients for the two lowest-in-
energy eigenstates are plotted as a function of ¢/ in Fig. 7.
The corresponding explicit numerical values can be found in
a data file included in the Supplemental Material [67].

A. The ground state (state denoted asi = 1for —oo < U < +00)

For the strong interatomic attraction limit &/ — —oo, it
is seen from Fig. 7(a) that only the constant coefficient A}
survives in expression (36); i.e., the first-order correlation
(single-particle density) in momentum space is devoid of
any oscillatory structure, being given simply by a Gaussian
distribution function,

G (k) = \/zse—z"zfz. (37)
T

This structureless distribution corresponds to a photonic
triple-slit experiment where Young’s [68] “which way” ques-
tion, related to the source of the particle detected with a
time-of-flight measurement, can be answered with a 100%
certainty as being one single well (zero quantum fluctuations
in the single-particle occupation number per site). Indeed, the
corresponding ground-state Hubbard eigenvector is given by
¢f’7°° [second expression in Eq. (9)] which contains only one
triply occupied component from the primitive kets listed in
Eq. (1), i.e., the basis ket no. 9 — [030).

For the noninteracting case ((/ = 0), all three coefficients
survive [see Fig. 7(a)]; specifically one has

1GhU=0 (k) = \/gse”*sz [1 + /2 cos(dk) + % cos(2dk)].
(38)

Expression (38) exhibits a highly oscillatory interference
pattern. It corresponds to the ground state given by the Hub-
bard eigenvector in Eq. (13), which is often described as a
bosonic superfluid. Indeed, the quantum fluctuations in the
single-particle occupation number per site are strongest and
the single-particle bosonic orbitals are maximally delocalized
over all three sites.

For the strong interatomic repulsion limit ¢/ — +oo0, it
is seen from Fig. 7(a) that again only the U{-independent
coefficient A(l) survives in expression (36); i.e., the first-order
correlation (single-particle density) in momentum space is
devoid of any oscillatory structure, being given simply by a
Gaussian distribution function like in Eq. (37), i.e.,

Gt (k) = Gy T (k). (39)

Again, this structureless distribution corresponds to a pho-
tonic triple-slit experiment where Young’s [68] “which way”
question, related to the source of the particle detected with
a time-of-flight measurement, can be answered with a 100%
certainty as being one single well (zero quantum fluctuations
in the single-particle occupation number per site). Indeed, the
corresponding ground-state Hubbard eigenvector is given by
d)i"*c’o [first expression in Eq. (9)] which contains only the
singly occupied component from the primitive kets listed in
Eq. (1), i.e., the basis ket no. 1 — [111). The implications

TABLE III. The seven distinct coefficients at ¢/ = O present in Eq. (31) in the case of the first-excited state.

BiU=" Br= B B~ B4~ B4~ By By By
2w = 42w = 0 4Gr)y=  1/(12m)=  1/(3v2n) = 0 ~7/(12n) = —1/(\27) =
0.63662 0.60021 0.42441 0.026526 0.075026 —0.185681 —0.22508
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TABLE IV. The nine distinct coefficients at i/ — +o0 present in Eq. (31) in the case of the first-excited state.

By Byt By B B4 By By ByL* By
2 2V/5/(3) —2/(57) 26/(157) 2/(15m) 2/(3/5) —4/(57) —1/37) —2/(/57)

of the above results encoded in Egs. (37), (38), and (39)
regarding phase transitions will be discussed below in Sec. IX.

B. The first excited state (state denoted as
i=2for —o0o <U < +00)

For U4 — —oo, it is seen from Fig. 7(b) that only the
constant coefficient A(l) survives in expression (36); i.e., the
first-order correlation (single-particle density) in momentum

1.2 ‘ ,
02\0—> Light Blue

| A~ Vioket

(@)

0.8
AA,— Green

-0.2 . .
-30 -20 -10 0 10 20 30

U

FIG. 7. The A coefficients (dimensionless) [see Eq. (36)] for the
two lowest-in-energy eigenstates of three bosons trapped in three
linear wells as a function of the interaction strength ¢/ (dimension-
less). (a) Ground state (i = 1). (b) First-excited state (i = 2). See
text for a detailed description. The choice of online colors is as
follows: Ay, constant (light blue); A;, violet; A,, green. For the
print grayscale version, excluding the top constant .4, horizontal
line, the positioning of the two remaining curves in both frames is
A; — upper curve and A, — lower curve. For a description of the
remaining eight excited states, see Appendix G.

space is devoid of any oscillatory structure, being given sim-
ply by a Gaussian distribution function,

1Gh= (k) = \/Zse_zkz“z. (40)
g

In this case, this structureless distribution does not cor-
respond to zero quantum fluctuations in the single-particle
occupation number per site (see detailed discussion in Sec. IX
below). Indeed, the corresponding Hubbard eigenvector is
given by ¢§’_°° [second expression in Eq. (10)], which is a
NOON state spread over two sites; i.e., it is a superposition of
the two basis kets no. 8 — |300) and no. 10 — |003).

For the noninteracting case (U = 0), two coefficients sur-
vive [see Fig. 7(b)]; specifically one has

195’11:0(/() = \/gse_zkzs2 {1 + %E COS(dk)}~ (4D

Expression (41) exhibits a highly oscillatory interference
pattern. It corresponds to the state given by the Hubbard
eigenvector in Eq. (14).

ForU — +o0, all three coefficients survive [see Fig. 7(b)],
one of them being negative; specifically one has

1Gh+e (k) = /zse‘z"zsz {1 + ﬁ cos(dk) — lcos(de)}.
b4 3 5
42)

Expression (42) exhibits a highly oscillatory interference
pattern. It corresponds to the state given by the Hubbard
eigenvector in the first expression of Eq. (10), which consists
exclusively of double-single occupancy components [basis
kets no. 2 to no. 7; see Eq. (1)].

Figure 8 illustrates for the first-excited state the I/ evolution
of the first-order correlations described by expression (36)
when i = 2. The cases for five characteristic values of U/ are
plotted, namely, &/ = —200, —10, 0, 10, and 200.

For a description of the remaining eight excited states, see
Appendix G.

IX. SIGNATURES OF EMERGENT QUANTUM
PHASE TRANSITIONS

The system of three bosons in three wells is a building
block of bulk-size systems containing a large number of
bosons (e.g., 87Rb or *He* atoms) in three (3D), two (2D), and
one (1D) dimensional optical lattices. Such bulklike systems
have been available already for some time and several physical
aspects of them have been explored experimentally [6—10,69],
accompanied by theoretical studies [32,33]. In particular, of
direct interest to this paper are the observations, obtained
through time-of-flight measurements, of the superfluid to Mott
insulator phase transition [6—10] (in 3D lattices) and of the
second-order particle interference [69] (in 1D lattices), in
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(a) 0.25 (b) 030 04
0.15 oL
0.05
Kk 2 4 42 2 4 2 2 4
FIG. 8. First-order momentum correlation plots for the first-excited state of three bosons in three wells. From left to right: (a) &/ = —200,

b)U=-10,(c)UU =0, (d) U = 10, and (e) U = 200 [see Eq. (36) with i = 2]. The correlation functions 1Q}’(k) (vertical axes) are given in
units of ym, and the momenta k are in units of 1/um. Parameters are interwell distance d = 7 um and width of single-particle distribution in

momentum space [see Eq. (20)] being the inverse of s = 0.35 um.

analogy with a quantal extension of Hanburry Brown—Twiss
type of optical interference.

The detailed algebraic analysis of all-order correlations
presented earlier for the system of three bosons in three
wells provides the tools for exploring these major physical
aspects (quantum phase transitions and quantum-optics analo-
gies) in the context of a finite-size system. In this respect,
it is a first step toward the deciphering of the evolution
of these aspects as the system size increases from a few
particles to the thermodynamic limit. In this section, we
analyze the signatures for quantum phase transitions that
appear already in the case of a finite system as small as three
bosons.

(a) 025 @ @
0.05

4 2 Kk 2 4

(b) 0.376

0.752
|

0.8

We begin by collecting in a single figure (Fig. 9) and for the
ground state of the three bosons—three wells (3b-3w) systems
all three levels of correlations as a function of the interaction
strength U (with & = —200, —10, 0, 10, and 300). For large
U (U =300, describing very strong repulsive interparticle
interaction), the system’s ground-state Hubbard eigenvector
is very close to the single ket no. 1 — |111) [see ¢f‘+°° in
Eq. (9)] which describes exclusively singly occupied sites.
For three bosons in three wells, the state |111) is the analog
of the Mott insulator phase, familiar from bulk systems. The
associated three-body wave function is well approximated by
the permanent <I>ll”+°°(k1, ky, k3) [see Eq. (23)] formed from
the three localized orbitals v;(k) in Eq. (20).

. 0.30,
() 0.4 (m)
0.1
4 2 . 2 4 4 2 Kk 2 4
(k) 126 270 (n) 1.470

0.686

0.104 0.208

Sfl 0.224 ’ 0.480 i
R I

2.31

(0)

1.245

4.95 0.581
it k

FIG. 9. Momentum correlation plots and maps for the ground state of three bosons in three wells. Top row [(a), (d), (g), (j), (m)]: first-order
correlations 'GP (k) (vertical axes) in units of xm. Middle row [(b), (e), (h), (k), (n)]: second-order correlations G (k;, k) in units of m?
according to the color bars on top of each panel. Bottom row [(c), (), (i), (1), (0)]: third-order (cuts at k3 = 0) correlations 39{’ (ki, ky, k3 = 0)
in units of uwm?® according to the color bars on top of each panel. The momenta k, k;, and k; are in units of 1/um. From left to right column:
U = —200, —10, 0, 10, and 300 [see Eqgs. (36) and (31) with i = 1, as well as Egs. (22) and (29) with i = 1]. Parameters are interwell distance
d =7 pm and spectral width of single-particle distribution in momentum space [see Eq. (20)] being the inverse of s = 0.35 um. The value of
the plotted correlation functions in the bottom two rows was multiplied by a factor of 10 to achieve better contrast for the map features.
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A crucial observation is that the corresponding single-
particle momentum density (first-order correlation) portrayed
in Fig. 9(m) (in top row) is structureless and devoid of any
oscillatory pattern, in contrast to fully developed oscillations
present in the single-particle density of the noninteracting
ground state [see Fig. 9(g)]. As was the case with the bulk
systems, this structureless pattern in the first-order correlation
can thus be used as a signature of the Mott insulator even in
the case of a small system.

In analogy with the interpretation for bulk systems, the
appearance of oscillations in the noninteracting case can be
associated with the spreading of the single-particle orbitals
over all the three sites (three wells). Namely, for ¢/ = 0,
the lowest energy single-particle wave function of the tight-
binding Hamiltonian (in matrix representation)

0 1 0
HYp=-J[1 0 1 (43)
0 1 0

is a molecular orbital which is expressed as a coherent linear
superposition of all three localized atomic orbitals y; (k) [with
j=1,2,3, see Eq. (20)], namely

_ k) | Yak) | Psk)
Ymolh) = —— + 7 +
/4 L [ emidk 1 idk
= j_[1/4ﬁ€_k3 (eT-FE“F%) 44)

Then the three-body wave function is constructed by triply
occupying this molecular orbital; i.e., it is given by the Bose-
Einstein-condensate product

OYU=0ky, ko, k3) = Yotk ¥mo (k) ¥mo(ks).  (45)

Equation (45) above equals expression (26) derived by us
earlier (see Sec. V) as the U = 0 limit of the solution of the
Bose-Hubbard Hamiltonian [Eq. (2)], obtained through the
matrix representation [Eq. (3)] in the 10-ket basis [Eq. (1)]
for the problem of three bosons trapped in three wells.

Because of the molecular orbital in Eq. (44), which ex-
presses the delocalization of the single-particle wave func-
tions over the whole system, the three-body wave function
<I>11”u:0(k1, k», k3) can be characterized as describing a super-
fluid phase in analogy with the bulk case [6,70]. The natural
difference of course is that in the bulk case the superfluid
to Mott insulator transition happens abruptly at f =z x 5.8
[70], with z being the number of next neighbors of a lattice
site, whereas for the small finite system this transition is not
sharp but proceeds continuously as a function of /. Some
steps of this smooth evolution are illustrated in Figs. 9(g)
U =0),9() U = 10), and 9(m) (U = 300).

Furthermore, another aspect from the bulk studies that is
relevant to our three-boson results is the determination, made
deeply in the Mott insulator region, of a small oscillatory
contribution to the single-particle density superimposed on the
structureless background [7,8,32,33]. This contribution [71]
was found to vary as oc —2 ZV:”’Z cos(k,d)/U, as obtained
via perturbative (or related) approaches around U — +oo0.
Our exact algebraic expression for 'G?(k) [Eq. (36)], which is
valid for any U, contains a second term cos(2dk) in addition
to the cos(dk) term. Deeply in the Mott-insulator regime,

however, there is agreement at the qualitative level between
our result and the bulk one, because the coefficient .Aé van-
ishes much more quickly than the coefficient A} ast/ — +o0
as is revealed by an inspection of the curves in Fig. 7(a).

At the noninteracting limit ((/ = 0), however, this second
term cannot be neglected [see Fig. 7(a) and Eq. (38)]. In this
limit, its effect is to narrow the width of the cosinusoidal peaks
at k =2mj/d, with j =0, 1, 2,.... From this, one can con-
jecture [72] that for larger systems with N bosons, all cosine
terms of the form cos(ndk) withn =1,2,3,...,N — 1 (cor-
responding to all possible interwell distances) will contribute.
The summation of many of such terms will enhance further
the shrinking of the width of the main peaks, while it will give
a practically vanishing result in the in-between regions. Thus,
the main peaks will acquire the shape of sharp spikes as was
indeed observed [6] in the bulk systems.

In the present paper, we cover the full range of interaction
strengths, from infinite attraction ({ — —o0) to infinite re-
pulsion (/ — +00). Following the sequence of frames from
the third to the first frame in Fig. 9 (top row), it is seen that a
structureless single-particle momentum density emerges also
in the limit &/ — —oo; for intermediate negative values of
U, the weight of the oscillatory pattern decreases gradually
as the absolute value |U/| increases. However, based on our
full solution of the 3b-3w Hubbard system, it is apparent
that this succession (i.e., from the third to the first frame of
Fig. 9) does not reflect a transition from a superfluid to a Mott
insulator phase. Indeed, the Hubbard ground-state eigenvector
for U - —oo is given by ¢f’7°° in the second expression
of Eq. (9), which can properly be characterized as a Bose-
Einstein condensate; namely, this ground state consists only
of a single basis ket (no. 9 — |030)) that represents a triply
occupied atomic orbital ¥,(k) [see Eq. (20)] located in the
middle well.

The caveat from the discussion above is that the first-
order correlation does not uniquely characterize the associated
many-body state. This is not an uncommon occurrence, as can
be also seen from an inspection of Fig. 8, which illustrates
a succession of 'G5(k)’s for the first excited state. Indeed,
the single-particle momentum density in in Fig. 8(a) (case
of U = —200) is structureless; however, the corresponding
Hubbard eigenvector is very well approximated by ¢£”_°° in
the second expression of Eq. (10). Naturally, this eigenvector
represents a many-body state that is neither a Mott insula-
tor nor a Bose-Einstein condensate. Rather it represents a
(—|300) + [003))+/2 NOON state; the family of NOON states
are a focal point in quantum-optics investigations [73,74].

For a complete characterization of the many-body state
under consideration, additional information, beyond the first-
order correlations, is needed. A natural candidate to this effect
are the maps for the second-order (Sec. VII) and third-order
(Sec. VI) correlations investigated earlier. For example, in the
case of the structureless single-particle momentum density
cases discussed above [i.e., Figs. 9(m) (top row), 9(a) (top
row), and 8(a)], all three corresponding third-order correlation
maps are drastically different [compare Figs. 9(c) (bottom
row), Fig. 9(o) (bottom row), and Fig. 4(a)].

Note that the information provided by second-order cor-
relation maps only is still not sufficient for the full char-
acterization of the underlying many-body state. Indeed, the
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FIG. 10. [(a)—(d)] Site occupations (vertical axes, dimensionless) and their fluctuations (vertical axes, dimensionless) for the ground, ¢’f o)
[(a), (b)], and first-excited, ¢p2(U) [(c), (d)], states as a function of the strength U/ of the interaction. Panels (a) and (c) refer to the left site (well),
whereas panels (b) and (d) refer to the middle site (well). Violet color (middle curve at &/ = +40): site occupations. Green color (upper curve
atU = +40): expectation value of the square of the site number operator. Light blue color (lower curve at i{ = +40): standard deviation. Note
that the middle and lower curves in frame (c) coincide for all practical purposes. The panels (e) and (f) show the first-order correlations for the
ground (el-e5) and first-excited (f1-f5) states, respectively, for five characteristic values: &/ = —200 (x = 1) (close to - —o0), —10 (x = 2),0
(x = 3), 10 (x = 4), and 300 (x = 5) (close to — +00). The first-order correlations !G?(k) (vertical axes) are in units of xm and the momenta
k are in units of 1/um. Parameters for the correlations are interwell distance d = 7 um and spectral width of single-particle distribution in

momentum space [see Eq. (20)] being the inverse of s = 0.35 um.

second-order correlation maps in Fig. 9(b) (second row)
(case of the ground state at U = —200) is very simi-
lar to thatin Fig. 6(a) (case of the first-excited state at
U = —-200).

We stress again at this point that Figs. 4, 6, 8, and 9
illustrate graphically the ability of our methodology to de-
termine all three levels of momentum correlations and their
evolution as a function of the interaction strength I/, from the
attractive to the repulsive regime, and thus to provide the tools
for a complete characterization of the underlying many-body
states.

Before leaving this section, we found it worthwhile to
explicitly investigate the conjecture that vanishing fluctua-
tions in the site occupations are always associated with a
structureless first-order momentum correlation. To this effect,
we plot in Fig. 10 the site occupation, (¢?(U)|n[|¢jb-(U))

[the site number operator n; = le;,, see below Eq. (2)],
the expectation value of the square of the site num-

ber operator, (¢§’ u )|ni2|¢1b- (U)), and the standard deviation,
@201 190@) — (@h@) Il U)* for the ground (j =
1) and first-excited (j = 2) states and for the left (i = 1)
and middle (i = 2) sites (wells). As already noted in the
introductory section of this paper, the connection between the
fluctuations in site occupation and the appearance of structural
patterns (or the lack thereof) in the first-order momentum
correlations is a manifestation of the connection between
the quantum phase-transition from superfluid (coherent) to
localized (incoherent) states, and the quantum uncertainty
relation connecting the fluctuations in phase and number (site
occupancy).

From an inspection of Figs. 10(a)-10(d), one concludes
that indeed in all four panels an oscillatory pattern in the
single-particle momentum density [see Figs. 10(e2)-10(e4)
and 10(f2)-10(f5)] is accompanied by a nonvanishing fluctu-
ation in the site occupations. However, a structureless single-
particle momentum density is not always associated with a
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vanishing fluctuation; see the case of the NOON state ¢§’_°°
[Fig. 10(c)] for which the standard deviation of the left well
is 3/2, whereas the corresponding single-particle momentum
density [Fig. 10(f1)] is structureless.

Finally, we mention that temperature effects on the quan-
tum phase transitions in bosonic gases trapped in optical
lattices have recently attracted some attention (see, e.g.,
Refs. [75,76]). Our beyond-mean-field theoretical approach
can be generalized [72] to account for such effects, but this
falls outside the scope of the present paper.

X. ANALOGIES WITH THREE-PHOTON
INTERFERENCE IN QUANTUM OPTICS

In this section, we elaborate on the analogies between our
results for the system of three massive bosons trapped in three
wells with the three-photon interference in quantum optics,
which is an area of frontline research activities [37,38,40,47—
49,51,77]. Such three-photon interference investigations fall
into two major categories: (1) The first category is those that
employ a tritter [78] to produce a scattering event between
three photons impinging on the input ports of a tritter and
which measure coincidence probabilities for the photons ex-
iting the three output ports [47-49,51,77]. At the abstract
theoretical level, the scattering event is described by a unitary
scattering matrix. The coincidence probabilities are denoted
as Pjj; (one photon in each one of the output ports), P
(two photons in the first port and a single photon in the
second port), P3y (three photons in the first port), etc., and
they are apparently a direct generalization of the Py, and Py
coincidence probabilities familiar from the celebrated HOM
[41] two-photon interference experiment. Variations in the
Pij, with i, j,k=0,1,2,3 and i + j + k = 3 probabilities
are achieved through control of the time delays between
photons and other parameters of the tritter. (2) The second
category is those that resolve the intrinsic conjugate variables
underlying the wave packets of the impinging photons on the
tritter (i.e., frequency, w, and time delay, t) [37,38,40]; for
earlier two-photon interference investigations in this category,
see Refs. [34-36]. This category of experiments produces
spectral correlation landscapes as a function of the three
frequencies w;, w,, and ws.

In the case of the three bosons in three wells, the quantum-
optics category (1) above finds an analog to in situ exper-
iments and their theoretical treatments. Indeed, the analogs
of the three-photon wave function in the output ports are the
vector solutions [stationary or time-dependent (not considered
in this paper)] of the Hubbard Hamiltonian matrix in Eq. (3);
compare the general form of the Hubbard vector solutions
[Eq. (7) in Sec. II] to Eq. (5) for the three-photon output
state from a tritter in Ref. [47]. Control of these Hubbard
vector solutions is achieved through variation of the interac-
tion parameter I/ and the choice of a ground or excited state.
For example, choosing the ground-state vector, the probability
for finding only one boson in each well is given by the
modulus square of the ¢/-dependent coefficient in the Hubbard
eigenvector [Eq. (7)] in front of the basis ket no. 1 — |111),
ie., P (U) = |ei11(U)[%; naturally Poso(U) = |eozo@U)I>.

In Fig. 11, we plot the Py (i) and Py3o(U) probabilities
associated with the Hubbard ground-state eigenvector ¢1b ).
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FIG. 11. The (dimensionless) Hong-Ou-Mandel-type probabili-
ties Pjy; (violet, right curve) and Py3p (green, left curve) associated
with the Hubbard ground-state vector ¢{’(Z/{) as a function of the
interaction strength I/ (dimensionless).

This figure is reminiscent of Fig. 2 in Ref. [77] (see also
Fig. 3 in Ref. [47]). It is interesting to note that the three-
photon state |300) (experimentally realized in Ref. [77])
is described in quantum optics as a “three-photon bosonic
coalescence,” whereas for atomic and molecular physics a
description as a micro-Bose-Einstein condensate appears to
come naturally in mind.

Note, further, that the P;j;’s in Ref. [77] depend on two
parameters, instead of a single one. For the case of three
massive bosons in three wells, a second parameter becomes
relevant by considering the time evolution of the Hubbard
vector solutions [72]; see Refs. [15,26] for the consideration
of the time evolution in the case of two massive bosons in
two wells. Note further that, in quantum optics, two fully
overlapping photons are described as perfectly indistinguish-
able, whereas two nonoverlapping photons are described as
perfectly distinguishable [51,77]. In the context of the present
study for three massive trapped bosons (which uses the as-
sumption d?/s> > 1), an example of the former is the ket no.
9 — |030), whereas an example of the latter is the ket no. 1 —
[111). A double-single occupancy ket, like ket no. 2 — |210),
can be referred to as a mode with two indistinguishable and
one distinguishable bosons [51].

The analogy between the two-photon optical HOM for-
malism and the vector solutions of the Hubbard theoretical
modeling for two bosons (or two fermions) in two wells was
reported earlier in Refs. [14,15]

Furthermore, in the case of the three bosons in three wells,
the quantum-optics category (2) above finds an analog to time-
of-flight experiments and their theoretical treatments. This
analogy derives from the following correspondence (revealed
in Ref. [15]):

k <— w/c,
d < e, (46)
kd <— wr.

As was done [15] for the case of two massive trapped
particles versus two interfering photons, this correspondence
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can be used to establish a complete analogy between the cosi-
nusoidal patterns of all three orders of momentum correlation
functions presented in this paper for three massive and trapped
bosons (and which can be determined experimentally through
time-of-flight measurements [4]) with the landscapes [37,38]
of the frequency-resolved three-photon interferograms (which
are a function of the three photon frequencies, w;, w,, and
w3). For example, the interferograms in Fig. 3 of Ref. [38] are
analogous to the map in Fig. 9(i) (bottom row) of the k3 = 0
cut of the third-order momentum correlation associated with
three noninteracting trapped massive bosons. A difference to
keep in mind is that in this paper the interwell distances were
taken to be equal, whereas the time delays in Ref. [38] are
unequal.

Furthermore, Eq. (S1) in the Supplemental Material of
Ref. [38], which describes the three-photon output wave func-
tion at the detectors, ¥ (w, w2, w3), is a permanent of the three
single-photon wave functions x;(w;) = E;(w;) exp(—iw;t;),
with i, j = 1,2, 3, where #; denotes time instances [corre-
sponding to the position of each well in our single-particle
orbitals displayed in Eq. (20)]. As a result, for Ej(w;) =
Er)(w) = Ey(w;) =E(w;))andt; = —1,tb =0,and 13 = 7, it
reduces exactly to the form of the three-body wave function
<I>ll”+°°(k1 , kp, k3) [see top expression in Eq. (23)] in this paper,
which is associated with the case of the three singly occupied
wells, i.e., the Hubbard solution at infinite repulsion, [111)
(perfectly distinguishable bosons).

A central focus in the recent quantum-optics literature has
been the demonstration of genuine three-photon interference
[48,49], that is, interference effects that cannot be inferred by
a knowledge of the one- and two-photon interference patterns.
In the language of many-body literature for massive particles,
this is equivalent to isolating the connected terms, G o, in the
total third-order correlations by subtracting the disconnected
ones, Gqis- Reflecting its name, the disconnected contribution
to the total third-order correlation consists of products of the
first- and second-order correlations.

For the case of three perfectly distinguishable bosons in
three wells (described by the ket |[111)), one can observe that
the first-order momentum correlation given in Egs. (39) and
(37) does not contain any cosine (or sine) terms, whereas the
second-order momentum correlation given in Eq. (33) con-
tains cosine terms with two momenta in the cosine arguments.
As a result, the connected part of the third-order momentum
correlations [see Eq. (25)] is necessarily reflected in the cosine
terms having an argument that depends on all three single-
particle momenta k, k», and k3. Another way to view the
above remarks is that the genuine three-body interference
involves a total phase ¢ which is the sum of three partial
phases ¢, @2, and ¢s, associated with the individual bosons,
ie., ¢ = @1 + @2 + @3. Such a triple phase (referred to also
as a triad phase) has been prominent in the quantum-optics
literature [48,49] regarding genuine three-photon interference.

Specifically, the disconnected part of the third-order corre-
lation for three bosons is given by the expression

3GE ki, kay k3) = —2'GP (k1) G2 (ko) ' GP (k3)
+ 168 (k)2 GP (ka, k3) + 'GP (k)2 GO (ky, K3)
+1G8(k3)* G0 (k1 Ka). (47

We can apply the above expression immediately to the
case of the Hubbard ground-state eigenvector |111) (limit
of infinite repulsion, three perfectly distinguishable bosons),
because we have derived explicit algebraic expressions for the
corresponding third-order [Eq. (25)], second-order [Eq. (33)],
and first-order momentum correlations [Egs. (39) and (37)].
Indeed, one finds for the connected correlation part

3Gy Gkt ke, k)

1,con
=G0kt k., ks) — Gy (ki ko, k3)
_
- 3].[3/2

+ cos(d(k + k3 — 2k1)) + cos(d(ky + k3 — 2k))}.
(48)

3 B AR (eos(d (k) + ka — 2k3))

It is worth noting that the result in Eq. (48) above for the
connected correlation part for three perfectly distinguishable
bosons in three wells coincides with the corresponding result
[4,20] for three perfectly distinguishable fully spin-polarized
fermions in three wells.

XI. SUMMARY

In this paper, we develop and expand a formalism and a
theoretical framework, which, with the use of an algebraic-
language computations tool (MATHEMATICA [57]), allows us
to derive explicit analytic expressions for all three orders
(third, second, and first) of momentum-space correlations for
three interacting ultracold bosonic atoms confined in three
optical wells in a linear geometry. This 3b-3w system was
modeled as a three-site Bose-Hubbard Hamiltonian whose ten
eigenvectors were mapped onto first-quantization three-body
wave functions in momentum space by (1) associating the
bosons with the Fourier transforms of displaced Gaussian
functions centered on each well, and (2) constructing the
permanents associated with the basis kets of the Hubbard
Hilbert space by using the Fourier transforms of the displaced
Gaussians describing the trapped bosons. The third-order
momentum-space correlations are the modulus square of such
three-body wave functions, and the second- and first-order
correlations are derived through successive integrations over
the unresolved momentum variables. This methodology ap-
plies to all bosonic states with strong [79] or without entangle-
ment, and does not rely on the standard Wick’s factorization
scheme, employed in earlier studies (see, e.g., Refs, [80-82])
of higher order momentum correlations for expanding or
colliding Bose-Einstein condensates of ultracold atoms.

The availability of such explicit analytic correlation func-
tions will greatly assist in the analysis of anticipated future
TOF measurements with few (N > 2) ultracold atoms trapped
in optical lattices, following the demonstrated feasibility
of determining higher-than-first-order momentum correlation
functions via single-particle detection in the case of N =2
fermionic °Li atoms [5], N = 3 fully spin-polarized fermionic
SLi atoms [4], and a large number of bosonic 4He* atoms [10].

The availability of the complete set of all-order momen-
tum correlations enabled us to reveal and explore in detail
two major physical aspects of the 3b-3w ultracold-atom sys-
tem: (1) That a small system of only three bosons exhibits

063614-18



ALL-ORDER MOMENTUM CORRELATIONS OF THREE ...

PHYSICAL REVIEW A 101, 063614 (2020)

indeed an embryonic behavior akin to an emergent superfluid
to Mott transition, and (2) that both the in situ and TOF
spectroscopies of the 3b-3w system exhibit analogies with
the quantum-optics three-photon interference, including the
aspects of genuine three-photon interference which cannot
be understood from the knowledge of the lower second- and
first-order correlations alone [48,49].

The superfluid to Mott-insulator transition in extended
optical lattices [6—8] was explored based on the variations
in the shape of the first-order momentum correlations. For
the 3b-3w system, we reported clear variations of the first-
order momentum correlations, from being oscillatory with a
period that depends on the interwell distance, characteristic
of a coherent state of a superfluid phase with multiple site-
occupancies by each of the trapped ultracold bosonic atoms
(high site-occupancy uncertainty), to a structureless shape
characteristic of localized states (see below) with low site-
occupancy uncertainty and consequent high phase uncertainty
(incoherent phase). Furthermore, we also concluded that the
first-order momentum correlations are not sufficient to char-
acterize uniquely the underlying nature of a state of the
3b-3w system. To this effect, knowledge of all three orders
of correlations is needed. Indeed, a structureless first-order
correlation relates to three different 3b-3w states, i.e., the
|030) ground state at i/ — —oo (Bose-Einstein condensate),
the |111) ground state at i/ — +o0o (Mott insulator), and the
(—1300) + |003))/+/2 first-excited state at i — —oo (NOON
state).

Concerning the quantum optics analogies, we established
that in situ measurements of the site occupation probabilities
as a function of U, P (U) (with i, j=1,...,3) provide
analogs of the celebrated HOM coincidence probabilities for
three photons at the output ports of a tritter as discussed in
Refs. [47,77]. We further established that the momentum-
space all-order correlations for the 3b-3w system parallel the
frequency-resolved interferograms of distinguishable photons
as explored in Refs. [37,38,40]. The analogies with the gen-
uine three-photon interference were established in the frame-
work of the many-body theoretical concepts of disconnected
versus connected correlation terms.

To achieve simplicity in this paper, we assumed through-
out that the interwell separation is much larger than the
width of the single-particle Gaussian function in the real
configuration space, i.e., d*/s*> > 1 (see Sec. IV). This is
equivalent to considering localized bosons with vanishing
overlaps (distinguishable bosons in different wells) or unity
overlaps (indistinguishable bosons in the same well); indeed,
the overlap of two single-particle wave functions according
to Eq. (20) is given by S = ¢~4*/®5)_ Considering cases with
small, but finite S, which represent partial indistinguishability
[51], complicates substantially the analytic results [72].

Finally, we note here that our all-order momentum-space
correlations for the 3b-3w system can contribute an alternative
way to study and explore with massive particles aspects of the
boson sampling problem [50], and in particular its extension
to the multiboson correlation sampling [52,53]. We note that
boson sampling problems have become a major focus (see,
e.g., Refs. [51-55]) in quantum-optics investigations because
they are considered to be an intermediate step on the road
toward the implementation of the quantum computer.
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APPENDIX A: HUBBARD EIGENVECTORS: THE
INFINITE REPULSIVE OR ATTRACTIVE INTERACTION
(U — zo00) LIMIT FOR THE REMAINING EIGHT
EXCITED STATES

This Appendix complements Sec. II A by listing without
commentary the Hubbard eigenvectors of the remaining eight
excited states not discussed in the main text.

¢h+oo_ 0] 1 ! 1 ! 1000}
— 72’2[’[’[’ ﬁsza s Vs ’
1
b,—o0
= —=10,0,0,0,0,0,0, —, 0, — ¢, Al)
2 77 (
2 1 1 2
b,+00
oo 070’\/j,__’——,\/7,0000
4 5 V100 V10 VS }
b R 1
4 T2 25 V55
1 1
= = 107090 ’ (A2)
275 2 }
2 1 1 2
5" J/10 10 V5
1 1 1 1 1 1
g,—ooz 0’_’_’_’__’——,——,0,0,0},
225 V5 5 25 2
(A3)
11 1 1 1 1
¢)b’+oo= 07__7_5_7__7__’_’070’0}’
6 27255 V5 2502
2
b,—o0
o 10,0, - /2, — —— 0,0,0,0¢, (A4
b 3 ff } (A%)
1 1 1 1
b,+o00
oo _ o, L 0,0,0
7 2" 25 5 f 2f2 }
2 1 1 \/5
b,—o0
o _ 100, /2 ——— ——— 12.0,0,0,0%, (A5)
7 5 V100 V10 VS }
gv+°°= 0,0,0,0,0,0,0,L,0,L},
V2T N2
1 1 1 1 1 1
b,—o0
) ={0,——, —, —, —, ——, ——,0,0,0%,
8 2°2J5 V5 V525 2 }
(A6)
<1,b+<>°=0000000—1 1}
NN
1 1 1 1 1 1
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b,+00
¢ =10.0.0,0,0,0,0.,0, 1,0}, LU= = (0.079316, —0.346679, 0.163823, —0.205481,
b,—o0
$o ~ =1-1,0,0,0,0,0,0,0,0,0}. (A8) — 0.205481, 0.165823, —0.346679, 0.424594,
0.503325, 0.424594}. (B6)
APPENDIX B: HUBBARD EIGENVECTORS: THE
NONINTERACTING (U4 = 0) LIMIT FOR THE Finally, the remaining two eigenvectors nos. 9 and 10 are
REMAINING EIGHT EXCITED STATES given by
Because of the three pairwise degeneracies [see Eq. (12)],
. L _ 1 1 1 1 1 1
care must be used when determining the six eigenvectors 3, ¢’9”U—0 =10, -, — = , , R
4,5,6,7,and 8 at i = 0. The proper Hubbard eigenvectors 27 42 2J2° 242 427 2
listed below were determined by taking the limit / — 0+.
For the eigenvectors nos. 3, 4, 7, and 8, the associated alge- \/g \/g
braic formulas are lengthy, and as a result we give below the - —,0, — B7)
numerical expressions of these eigenvectors. Eigenvector no. 4 4

5 is U independent:

and
P, = {—0.553362,0.189903, —0.419079, 0.142399, v Y A BB 3
bU=0 __ _ Ny ¥ NI NI NS N Ne 2
0.142399, —0.419079, 0.189903, 0.232583, by = T s s iy
0.348804, 0.232583}, B1)
1 1 B3
Py = {—0.079316, 0.346679, 0.165823, —0.205481, 22 8 (B8)
—0.205481, 0.165823, 0.346679, 0.424594,
—0.503325, 0.424594) (B2) APPENDIX C: THIRD-ORDER MOMENTUM
' o ’ CORRELATIONS FOR THREE BOSONS IN THREE
LU0 _ ghotoo _ g0 (B3)  WELLS: THE INFINITE-INTERACTION LIMIT 1 — 00)
3r(6) ’ FOR THE REMAINING EIGHT STATES
- \[ f f f NG This Appendix complements Sec. IV by listing with-
¢6}(5f) = =0, —— 0 — (> out commentary the momentum-space wave functions,

OVE®(ky, ko, k3) (with i =3, ..., 10), associated with the

(B4) corresponding Hubbard eigenvectors, ¢f”i°° [see Egs. (Al)-

(A8)], at the limits of infinite repulsive or attractive strength

o7 = {0.553362, —0.189903, —0.419079, 0.142399, (i.e., for Y — +00). The commentary integrating these wave
functions into the broader scheme of their evolution as a

0.142399, —0.419079, —0.189903, 0.232583, function of any interaction strength —oo < U < 400 is left

—0.348804, 0.232583}, (BS) for Appendix E:
214 ‘
a4
5Tk ky ky) = — =52 M5 cos(d (—ki + ka + k3)) + /5 cos(d (ky + ky — k3))
E 5«/§7‘L’3/4

+ x/gcos(d(kl —ky + k3)) + Scos(d(ky + k) + 5 cos(d(ky + k3)) + 5 cos(d(ky + k3))
+2+/5 cos(dky) + 2+/5 cos(dky) + 2+/5 cos(dks)],

2 x 214 2
s e O cos(dk + ko + ko)), (@)

2 x 214 .
DLk k. ky) = — e 52 MR (o (dky ) + cos(dy) + cos(dks) — 2 cos(d(—k; + ky + k3))
157304

—2cos(d(ky — ky + k3)) — 2 cos(d(ky + kz — k3))]1],
93/4
DLk, ko, k) = —Wfﬂe*k?*ki*k@sz[ﬁ cos(d(—k; + ks + k3)) + ~/5 cos(d(ky + ka — k3))
+ \/gcos(d(kl —ky + k3)) + Scos(d(ky + k»)) + 5 cos(d(ky + k3)) + 5 cos(d(ky, + k3))
+2+/5 cos(dky) + 2+/5 cos(dky) + 2+/5 cos(dks)]. (C2)
2 x 24

LTk, ko, k) = ~ T 2= KBRS [sin(dk; ) + sin(dka) + sin(dks) — 2 sin(d(—k; + k> + k3))
T

—2sin(d(ky — ky + k3)) — 2 sin(d(ky + k» — k3))],

5 (ki ko, k3) =

063614-20



ALL-ORDER MOMENTUM CORRELATIONS OF THREE ... PHYSICAL REVIEW A 101, 063614 (2020)

i03/4
S0 (ki ky. ks) = — — s~ HHEH S sin(d(—ki + ko + k) + V5 sin(d (ki + ks — k)
5\/§N3/4
+ x/gsin(d(kl —ky + k3)) + 5sin(d(ky + ko)) + 5sin(d(ky + k3)) + Ssin(d(k, + k3)) + 2\/5 sin(dky)
+2+/5sin(dks) + 2+/5 sin(dk3)], (C3)
i23/4

L (ky, ky, k3) = 5326~ MR L5 sin(d (—ky + ks + k3)) 4+ /5 sin(d (k; + ky — k3))

_Sﬁn3/4
+ /5 sin(d(ky — ks + k3)) — Ssin(d(k; + k2)) — 5sin(d(ky + k3)) — Ssin(d (ks + k3)) + 2+/5 sin(dk;)
+ 2+/5 sin(dka) + 2+/5 sin(dks)],

2 x 21/4 22
DLk, ko, k3) = —’\/%—mswze-(k“kﬁk%”z [sin(dk;) + sin(dky) + sin(dks) — 2 sin(d(—k, + kr + k3))
T
—2sin(d(k; — ko + k3)) — 2sin(d (k1 + k2 — k3))], (C4
23/4

DEF®(ky, ey, k) = §32e~ KRR /5 cos(d(—k; + ko + k3)) + ~/5 cos(d(ky + ky — k3))

_5«/5713/4
++/5cos(d(k; — ks + k3)) — 5cos(d(k; + k) — 5cos(d(ky + k3)) — S cos(d (ks + k3)) + 2+/5 cos(dk;)
+ 2x/§cos(dk2) + Zx/gcos(dlq)],

- 2 x 214 2
L (ky, ky, k3) = —ms3/2e_(klz+k§+k§” [cos(dk;) + cos(dky) + cos(dks) — 2 cos(d(—ki + ky + k3))
—2cos(d(ky — ky + k3)) — 2 cos(d(ky + ka — k3))], (Cs)
b,+00 2 x 2 3/2 ,— (kK2 +i3+i3)s?
Oy ki ko ks) = — s e TR cos(d (ki + kz + k3)),
b,—o0 2% 3/2 ,—(ki+k3+k3)s*
DLk, ke, ky) = ———— 52" MR L5 cos(d(—ky + ko + k3)) 4+ V/5 cos(d (ki + ky — k3))
5/373/4
+ \/gcos(d(kl —ky + k3)) — Scos(d(k; + ka)) — Scos(d(ky + k3)) — Scos(d(ky + k3)) + 2\/§cos(dk1)
+2+/5 cos(dky) + 2+/5 cos(dk3 )], (Co)
b,+00 202!/ 3/2 ,—(ki+I+k3)s* o
Dy (ki ko, k) = s e TRTR T sin(d (ky + Ky + k3)),
b—00 iR 3 g ~ '
DG (k1 ko, ka) = ————s"e” CIHRHO S sin(d(—ki + ko + k3)) + V5 sin(d (k) + ky — k3))
5/373/4
+ /5 sin(d(k; — ky + k3)) — Ssin(d(k; + ka)) — 5sin(d(k; + k3)) — 5sin(d (ks + k3)) + 23/5 sin(dk;)
+2+/5sin(dky) + 2v/5 sin(dks )], (C7)

L
DY ki, ko, k3) = _<;> §eT W,

2 x 2U/4

ﬁﬂ3/4

APPENDIX D: THIRD-ORDER MOMENTUM CORRELATIONS FOR THREE BOSONS IN THREE WELLS:
THE NONINTERACTING LIMIT ¢4 = 0 FOR THE REMAINING EIGHT STATES

b (ky, ky, ky) = — $2e EHRTO [cos(d (ky — ky)) + cos(d(ky — ks)) + cos(d (ky — k3))]. (C8)

This Appendix complements Sec. V by listing without commentary the momentum-space three-body wave functions for the
remaining eight excited states, that is,

IR QU L, b
= 0.248595 +0.117189[cos(dk) + cos(dkz) + cos(dks)] — 0.322013{cos[d (k1 — k2)] + cos[d (ki — k3)]
+cos[d(ky — k3)]} + 0.156283{cos[d (k| + k»)] + cos[d (ki + k3)] + cos[d (ky + k3)]} — 0.344886{cos[d (k| — k» + k3)]

+ cos[d(ky — kp — k3)] + cos[d (k) + kp — k3)]} + 0.331527 cos[d (ky + ko + k3)], (D1
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=3/2 (G +K3+K3)s? gy b.U=0
57372 pkithythy)s CI>4r(3l) (ki, ko, k3)

= —0.358722 — 0.169103[cos(dk;) + cos(dky) + cos(dkz)] — 0.0461557{cos[d (k; — k)] + cos[d (k; — k3)]
+ cos[d(ky — k3)]} + 0.285304{cos[d (k| + k;)] + cos[d(k; + k3)] + cos[d (ks + k3)]} + 0.136466{cos[d (k; — k, + k3)]
+ cos[d(ky — ky — k3)] + cos[d(ky + ky — k3)]} + 0.605221 cos[d (ky + kr + k3)], (D2)

LT ki, ko, k3) = DLTV(ky, ko, Ka) = DTy, Ko, k),

in1/4 3/4
—i2'4/57%/ PUFHBHI)s? gy b U=0

§3/2 6r(51) (kl ’ kz, k3)

(D3)

= 2[sin(dk; ) + sin(dk,) + sin(dks)] + sin[d (ki — ka + k3)] + sin[d (—ky + ka + k3)]

+ sin[d (ki + ko — k3)] — Ssin[d (k1 + kz + k3)],

=3/2 ,(k3+k3+k3)s? gy b U=0
532 kit ks D770 (ki, ka, k3)

(D4)

= —0.248595 + 0.117189[cos(dk;) + cos(dk,) + cos(dksz)] + 0.322013{cos[d (k; — k>)] + cos[d(k; — k3)]
+ cos[d(ky — k3)]} — 0.156283{cos[d (k| + k2)] + cos[d (k; + k3)] + cos[d (ky + k3)]} — 0.344886{cos[d (ki — ky + k3)]
+cos[d(ky — kp — k3)] + cos[d (ki + ko — k3)]} + 0.331527 cos[d (k1 + ko + k3)], (D5)

—3/2 (R +I3+i3)s* b U=0
s 2RI QLD (ky, ka, k3)

= 0.358722 — 0.169103[cos(dk) + cos(dky) + cos(dks)] + 0.0461557{cos[d (k; — k>)] + cos[d(k; — k3)]
+ cos[d(ky — k3)]} — 0.285304{cos[d (k| + k)] + cos[d (ki + k3)] + cos[d (ks + k3)]} + 0.136466{cos[d (k; — k, + k3)]
+ cos[d(ky — k, — k3)] + cos[d(ky + kp — k3)]} + 0.605221 cos[d (k| + ko + k3)], (D6)

i2n)¥43

k2 +k3+k2)s? g, b.U=0
ST g P ke, )

= 2[sin(dk) + sin(dky) + sin(dks)] — 2v/2{sin[d(k; + k»)] + sin[d(ky + k3)] + sin[d (ks + k3)]} + sin[d(ky — ka + k3)]
+sin[d(—ky + ky + k3)] + sin[d (ky + ko — k3)] + 3 sin[d (k; + ky + k3)], (D7)

(27.[ )3/4

(2 +k3+k2)s? 3, b.U=0
S3/2 e ! 2 3 q)lo (kl’k2ak3)

=—-1+4+ \/E[cos(dkl) + cos(dky) + cos(dkz)] — cos[d(ky — ky)] — cos[d(k; — k3)]

—cosld(ky — k3)] — cos[d (ki + kz)] — cos[d (ki + k3)] — cos[d(kz + k3)] + %{COS[d(kl + ky — k3)]

7

+ cos[d(ky — ky + k3)] + cos[d(—=k| + ko + k3)] + cos[d (k; + ko + k3)]}. (D8)

APPENDIX E: THIRD-ORDER MOMENTUM
CORRELATIONS AS A FUNCTION OF U4 FOR THE
REMAINING EIGHT EXCITED STATES

Figure 12 complements Fig. 3 in that it displays the six
coefficients C'(U)’s for the remaining eight excited states
(explicit numerical values can be found in the Supplemental
Material [67]). The dependence of these coefficients on the in-
teraction strength I/ is better deciphered by using as reference
points the special cases at f — 0o and & = 0. Note that in
all cases the C' values at the end points i = 30 in the figure
are close to the corresponding limiting values at if — Z£o0.

In particular, for the excited state denoted as i = 3r(4l)
(i=3 for 0<U <+00 and i=4 for —co<U <0)

and for U — —oo, only three coefficients, Cf’_oo =-2x
24 )(VI5T) = —0.3680,  CP = —2¥4/(V3ril) =

—0.4115, and /™ = —2¥4/(/157%*) = —0.1840,
survive in expression (29) [see Fig. 12(a)]; the corresponding
Hubbard eigenvector, ¢f‘_°° [second expression in Eq. (A2)]
consists of all six primitive kets [see Eq. (1)] representing

(

exclusively doubly occupied wells, and the corresponding
wave function in momentum space has nine cosinusoidal
terms and is given by the second expression in Eq. (C2).

For U = 0, all six coefficients, C¥“)-U=0g are present,
and their numerical values from Fig. 12(a) agree with the
numerical values for @é’f{ﬁo (ky, k2, k3) in Eq. (D1).

For U — 400, again only three coefficients,
Cot® =2 x 24/ (J157%%) = 0.3680,  C}h° =24/

(V3734 = 04115, and  C}Y = 2%/ (VT3 =
0.1840, survive in expression (29) [see Fig. 12(a)]; the
corresponding Hubbard eigenvector, ¢§’+°° [first expression
in Eq. (A1)] consists of all six primitive kets [see Eq. (1)]
representing exclusively doubly occupied wells, and the
corresponding wave function in momentum space has nine
cosinusoidal terms and is given by the second expression in
Eq. (C1).

The excited state denoted as i = 4r(3l) (i =4 for 0 <
U < +o00 and i =3 for —oo < U < 0) and for U — —o0,
only one coefficient, Cffl‘fl =2x 21/4/7r3/4 = 1.0079, sur-
vives in expression (29) [see Fig. 12(b)]; the corresponding
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FIG. 12. The six different C coefficients (dimensionless) [see Eq. (29)] for the eight remaining excited eigenstates of three bosons trapped in
three linearly arranged wells as a function of ¢/ (horizontal axis, dimensionless). This figure complements Fig. 3 in the main text. (a) i = 3r(4]).
(b) i =4r@3l). (c)i=5r6l). (d)i=6r(!).(e)i="7r8l). ) i=28r(7l).(g) i =9. (h) i = 10. The choice of online colors is the same as
in Fig. 3, that is, Cy, violet; C,, green; C;_;, light blue; Cy,, brown; C,;_;, yellow; Cy,141, dark blue. For the print grayscale version, the
positioning (referred to as #n, withn = 1,2, 3, .. .) of the curves from top to bottom at the point &/ = —30 is as follows: (a) Cy — #2 (overlaps
with #1); C; — #5; C1_1y — #3; Ci41 — #6; Ciy1-1 = #4; Ci111 — #1 (overlaps with #2). (b) Cy — #6; C; — #5 (overlaps with #3 and
#4);, Ci_1 — #4; C141 — #2; Croo1 — #3; Cro — #1. (¢) Co =C—1 = Ci11 = Ciy141 = 0; C; — lower curve; Cy,y_; — upper curve.
(d) Cy — #3 (overlaps with #2); C; — #5;Ci_; — #2; Ci111 — #6; C111-1 = #4;Ci101 — #1. () Co — #5;C, — #1;,C_ —> #3;C1y) —
#6; Cl+1,1 — #2; Cl+l+1 — #4. (f) C() — #3 (overlaps with #2), Cl — #6; Cl—l — #2; Cl+1 — #5; Cl+171 — #];Cl+l+l — #4; (g) C() — #5
(overlaps with #4); C; — #1;C,_; — #4; C141 — #6;Ci11-1 — #2; C11141 — #3. (h) Cy — #4 (overlaps with #3 and #5); C; — #1 (overlaps
with #2); Ci_; — #6; C11 — #5; C141-1 — #2; Cip141 — #3.

in expression (29), that is, C&~> = ¢+ = )" VU=0 =

—2 x 21/4/(/T523/4) = —0.2602, and

1+1-1 = L1di
Cff](’l_)’]uzo =4 x 21/4/(/157%%) = 0.5205, in agreement

with Fig. 12(c). The corresponding Hubbard eigenvectors,
¢5b’+°° = ¢é”7°° = d)?;z(’glz)o, consist of four primitive kets [see
Eq. (1)] representing exclusively doubly occupied wells, and
the corresponding wave function in momentum space has six
cosinusoidal terms and is given by the second expression in

Hubbard eigenvector, qb;’ "~% [second expression in Eq. (A1)]
is a NOON state of the form (]300) + [003))/+/2, and the
corresponding wave function in momentum space is given by
the second expression in Eq. (C1), which includes a cos term
only.

For U = 0, all six coefficients, C*GDU=0"g are present,
and their numerical values from Fig. 12(b) agree with the
numerical values for @Z;%T)O(kl, ky, k3) in Eq. (D2).

C6,7OO _CS,JrOO _

For U — 400, only two coefficients, Cf’+°° = Eq. (C4) or the first expression in Eq. (C3).
—2 x 214 /(J1573%) = —0.2602 and Ci‘fliol =4 x For the excited state denoted as i = 6r(5!) (i = 6 for 0 <

U <+ooand i =5 for —oo < U < 0) and for Y — —o0,
only three coefficients, C~>° = —2 x 23/4/(J/157%/*) =
—0.3680,  C)° = —2%4/(/3r¥*) = —0.4115,

214 /(J1573/%) = 0.5205, survive in expression (29) [see

Fig. 12(b)]; the corresponding Hubbard eigenvector, ¢f’+°° q
an

[first expression in Eq. (A2)] consists of four primitive kets
[see Eq. (1)] representing exclusively doubly occupied wells,
and the corresponding wave function in momentum space has
six cosinusoidal terms and is given by the first expression in
Eq. (C2).

For the excited state denoted as i =5r(6/) (i =5 for
0<U <400 and i =6 for —o00 < U < 0), the Hubbard
eigenvector solution is U/ independent; see the first ex-
pression in Eq. (A3), second expression in Eq. (A4), or
Eq. (B3). In this case, two distinct coefficients survive

141
Cln = =234/ (V157%%) = —0.1840,  survive  in
expression (29) [see Fig. 12(d)]; the corresponding Hubbard
eigenvector, ¢>§”7°O [second expression in Eq. (A3)] consists
of all six primitive kets [see Eq. (1)] representing exclusively
doubly occupied wells, and the corresponding wave function
in momentum space has nine sinusoidal terms and is given by
the second expression in Eq. (C3).

For U =0, three coefficients are present, namely
CoreuU=0, Cffr(fl_)iuzo, nd Cffr(lsf’luzo Their numerical
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values from Fig. 12(d) agree with the corresponding algebraic
expressions for @2;%?)0@1 , ka, k3) in Eq. (D4).

For U — 400, again only three -coefficients,
COT™ = 2 x 234 /(J1573/*) = —0.3680, Coi™ =

234 /(\/3r3/*) = 0.4115, and CP1, = =234/ (V1523) =
—0.1840, survive in expression (29) [see Fig. 12(d)]; the
corresponding Hubbard eigenvector, ¢é”+°° [first expression
in Eq. (A4)] consists of all six primitive kets [see Eq. (1)]
representing exclusively doubly occupied wells, and the
corresponding wave function in momentum space has nine
sinusoidal terms and is given by the first expression in
Eq. (C4).

For the excited state denoted as i = 7r(8!) (i =7 for
O0<U < +o0 and i =8 for —oco <U < 0) and for U —
—00, only three coefficients, C?’_oo =2 x 234 )(J/157%/%) =
0.3680, C} ™ = —2%4/(y/373/*) = —0.4115,and C}|™, =
23/4/(/1573/%) = 0.1840, survive in expression (29) [see
Fig. 12(e)]; the corresponding Hubbard eigenvector, qbg’_oo
[second expression in Eq. (A6)] consists of all six primitive
kets [see Eq. (1)] representing exclusively doubly occupied
wells, and the corresponding wave function in momentum
space has nine cosinusoidal terms and is given by the second
expression in Eq. (C6).

For U = 0, all six coefficients, s, are present,
and their numerical values from Fig. 12(e) agree with the
numerical values for QS’;%T)O(IQ, ks, k3) in Eq. (D5).

C7r(8l},1/l:0’

For U — 400, again only three coefficients,
ClH° = =2 x 234 )(J1573/*) = —0.3680, Clh™ =

24 )(v3r3*) = 0.4115, and €1, = —2%/4/(VT5794) =
—0.1840, survive in expression (29) [see Fig. 12(e)]; the
corresponding Hubbard eigenvector, ¢>$’+°° [first expression
in Eq. (AS)] consists of all six primitive kets [see Eq. (1)]
representing exclusively doubly occupied wells, and the
corresponding wave function in momentum space has nine
cosinusoidal terms and is given by the first expression in
Eq. (C5).

For the excited state denoted as i = 87(7]) (i = 8 for 0 <
U < +oo and i =7 for —oo <U < 0) and for U — —o0,
only two coefficients, C17’7°° = -2 x 24 /(J/157%/%) =
—0.2602, and C[™, =4 x 21/4/(/157%/*) = 0.5205, sur-
vive in expression (29) [see Fig. 12(f)]; the corresponding
Hubbard eigenvector, qﬁ;”_c’o [second expression in Eq. (A5)]
consists of four primitive kets [see Eq. (1)] representing ex-
clusively doubly occupied wells, and the corresponding wave
function in momentum space has six cosinusoidal terms and
is given by the second expression in Eq. (C5).

For U = 0, all six coefficients, C¥7)-U=0g are present,
and their numerical values from Fig. 12(f) agree with the
numerical values for CD;’%T)O(kl, k2, k3) in Eq. (D6).

For U — +o0, only one coefficient, C}[1% =2 x 21/4/

m3/% = 1.0079, survives in expression (29) [see Fig. 12(f)];
the corresponding Hubbard eigenvector, ¢§’+°° [first expres-
sion in Eq. (A6)] is a NOON state of the form (|300) +
|003))/ V2, and the corresponding wave function in momen-
tum space is given by the first expression in Eq. (C6), which
includes a cos term only.

For the excited state denoted as i =9 for —oco <U <
400 and for U — —oo, only three coefficients, Cf T =

2 x 234 /(VT573/%) = 03680, C7° = —2%/4 /(3 =

—0.4115,and C7 ™, = 2%/4/(v/157%/*) = 0.1840, survive in
expression (29) [see Fig. 12(g)]; the corresponding Hubbard
eigenvector, ¢g‘7°° [second expression in Eq. (A7)] consists
of all six primitive kets [see Eq. (1)] representing exclusively
doubly occupied wells, and the corresponding wave function
in momentum space has nine sinusoidal terms and is given by
the second expression in Eq. (C7).

For U = 0, four coefficients are present, namely

Clgffzo, C?'ﬁf?, and Clgfffl). Their numerical values from
Fig. 12(g) agree with the corresponding algebraic expressions
for ®5Y="(ky, ko, k3) in Eq. (D7).

For U — +o0, only one coefficient, C}}%, =2 x 2!/4/
3% =1.0079, survives in expression (29) [see Fig. 12(g)];
the corresponding Hubbard eigenvector, ¢g’+°° [first expres-
sion in Eq. (A7)] is a NOON state of the form (—|300) +
1003))/+/2, and the corresponding wave function in momen-
tum space is given by the first expression in Eq. (C7), which
includes a sin term only.

For the highest excited state denoted as i = 10 for —oo <

U < 400 and for U — —oo, only the coefficient cfﬂ’; ®© =

-2 X 21/4/(\@713/4) = —0.5819 survives in expression (29);
see Fig. 12(h). The corresponding momentum-space wave
function comprises three cosinusoidal terms and is given
by the second expression in Eq. (C8). The corresponding
Hubbard eigenvector qbf(’)_oo [second expression in Eq. (A8)]
contains only a single component from the primitive kets
listed in Eq. (1), i.e., the basis ket no. 1 — [111), reflecting
the fact that all three wells are singly occupied.

For U = 0, all six coefficients, C!®“=0"g  are present, and
their numerical values from Fig. 12(h) agree with the numeri-
cal values for Cb’fbuzo(kl, ks, k3) in Eq. (D8).

For U — +o00, itis seen from Fig. 12(h) that only the con-
stant coefficient C(;O’_OO = —(2/m)3* = —0.7127 survives in
expression (29); the corresponding wave function in momen-
tum space is given by the first expression in Eq. (C8). It
is a simple Gaussian distribution associated with a Bose-
Einstein condensate, reflecting the fact that all three bosons
are localized in the middle well and occupy the same orbital;
the corresponding Hubbard eigenvector is given by ¢>i’(’)+°°
[first expression in Eq. (A8)], which contains only a single
component from the primitive kets listed in Eq. (1), i.e., the
basis ket no. 9 — |030).

9,U=0
(G

APPENDIX F: SECOND-ORDER MOMENTUM
CORRELATIONS AS A FUNCTION OF U FOR THE
REMAINING EIGHT EXCITED STATES

Figure 13 complements Fig. 5 in that it displays the nine
distinct coefficients B(/)’s for the remaining eight excited
states (explicit numerical values can be found in the Supple-
mental Material [67]). The dependence of these coefficients
on the interaction strength I{ is better deciphered by using as
reference points the special cases at &/ — £oo and U = 0.
Note that in all cases the B’ values at the end points U/ = £30
in the figure are close to the corresponding limiting values at
U — +oo.

In particular, for the excited state denoted as i = 3r(4l)
(i=3for0<U < +o00 and i =4 for —oo <U < 0) and
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FIG. 13. The nine B coefficients (dimensionless) [see Eq. (31)] for the remaining eight excited eigenstates of three bosons trapped in three
linearly arranged wells as a function of U/ (horizontal axis, dimensionless). This figure complements Fig. 5 in the main text. (a) i = 3r(4/).
(b)i =4r@3l).(c)i=5r6l).(d)i =6r(5l).(e)i="Tr8l).®) i =8r(7]),(g)i =9, (h)i = 10. See text for a detailed description. The choice
of colors is the same as in Fig. 5, that is, By, constant (violet); B, second violet; 3,, green; B,_1, light blue; 3,_,, brown; 13,_;, yellow; 3,
dark blue; B,,,, red; BB, black. For the print grayscale version, the positioning (referred to as #n, withn = 1, 2, 3, .. .) of the curves from top
to bottom at the point & = —30 is as follows: (a) By — #1; B — #3; B, — #6; B1_; — #2; B, — #9; B,_| — #7; B1y| — #5; Byn —
#8; B,y — #4. (b) By — #1; B — #2; B, — #5 (overlaps with #3, #4, #6, #7, #8, #9); B_, — #4; By, — #7; B,_; — #6; B4 — #9;
Brio — #3; Byyy — #8. (¢) By — #1; By — #4 (overlaps with #5, #06, #7); B, — #9: Bi_| — #8; By, — #2; B,_| — #5; By, — #3;
Bopo — #6; By — #7.(d) By — #1; B) — #3; B, — #7; Bi_1 —> #2; B,y — #5; B,_; — #4; B, — #8; By, — #6; Byyy — #9. (e)
By — #1; B) — #9; B, — #5; Bi_| — #2; B,y — #6; By—y — #7; By — #3; By — #4; By — #8. (f) By — #1; B; — #5 (overlaps
with #4, #6, #7); B, — #2; B1_| — #9; By, — #3; B,y — #7; Biy1 — #8; Boro — #4; By — #6. (g) By — #1; B — #9; B, — #7
(overlaps with #5, #6); B1_| — #2; B,_, — #4; B,_| — #5; B+ — #8; Byyy — #6; By — #3. (h) By — #1; B — #9; B, — #5 (overlaps
with #4); Bi_y — #2; B, — #3; B, — #8; By — #4; By, — #6 (overlaps with #7); Byyy — #7.

for U4 — —oo, all nine distinct coefficients survive [see
Fig. 13(a)]; this state consists of only doubly and singly
occupied sites [see second expression of Eq. (A2)]. In this
case, the nine distinct coefficients are Bg’_oo =2/m, B‘l“_"o
2V/5/(3m), By ™™ =2/(51), By =26/(157), By,
2/(157), By =2/(35m), BI X =4/5n), By,™
1/(3n), and By ~> = 2/(+/57).

2+1

B =26/(15m), B3 = 2/(157), B34 = 2/(3/57),

Bt = 4/(57), B3y = 1/(3n), and By = 2/(v/570).

We note that 2G2 = (ky, ky) = G2 (ky, ka).

For the excited state denoted as i = 4r(3]) (i =4 for 0 <
U < +oo and i =3 for —oo < U < 0) and for U — —o0,
only the constant term survives in expression (31); the corre-
sponding state is given by the second expression in Eq. (A1)

In the noninteracting case ((/ = 0), for which the Hubbard
eigenvector is given by Eq. (B1), all 13 cosinusoidal terms
and nine distinct coefficients are present in Eq. (31), in
agreement with Fig. 13(a), that is, BS’W)’M:O =2/t =
0.63662, B;"“"H1=0 = 0.300105, By "= = —0.111766,
B (DU=0 = —0.124185, By GPY=" = 0.214057, By (=0

=0.0243414, B PY=0 = —0.0135114, ByGHE =
—0.127997, and By (=" = —0.178398.

241
For U — +o00, all 13 cosinusoidal terms survive in expres-

sion (31); the corresponding state is given by the first expres-
sion in Eq. (Al). In this case, the nine distinct coefficients
are Byt =2/m, By =2J5/3n), Byt =2/(5n),

and is a NOON state of the form (]300) + [003))/+/2. In this
case, the second-order correlation function is given by

2g§l,*00(k1, kz) — %S2e_2(klz+k%)sz. (Fl)
b

In the noninteracting case (U = 0), for which the Hubbard
eigenvector is given by Eq. (B2), all 13 cosinusoidal terms
and nine distinct coefficients are present in Eq. (31), in
agreement with Fig. 13(b), that is, Bzotrel),u:o =2/n =
0.63662, B;""=0=0.300105, By"M=0=0.111766,

4r(30),U=0 4r(30),U=0 4r(30),U=0
B\ = 0.124185, B, = 0.0246755, B,
=0.0506849, By SPY=0 = —0.410902, By M= =
0.154523, and B57""“=" = —0.0466808.
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For U — 400, six cosinusoidal terms survive in expres-
sion (31); see Fig. 13(b). The corresponding state is given by
the first expression in Eq. (A2). In this case, the five nonzero
distinct coefficients are By *™ = 2/x, B}t =0, Byt =
6/(57), Bi ' = —4/(5m), By 5 = 16/(157), By = 0,
ByA® = —4/(157), By 5™ = 0, and By = 0.

The excited state denoted as i=5r(6l) (i=15 for
0<U < +ooandi = 6for —oo < U < 0)is U independent;
see the first expression in Eq. (A3) or second expression in
Eq. (A4). In this case, five distinct coefficients (corresponding
to six cosinusoidal terms) survive in expression (31),
that is, By ™™ =B =B =2/m, BT =
Bf’ 0o _ B‘f’“”’u_o —0, B§,+oo _ Bg’ o _ Bgr(ez),u_o _

—6/(5m), Bl =BT =BT = —4)5m),

By = BS e = By HU=0 — 16/ (15m), B3

= BT = BN — 0, B = BT = B
4/(15m), By = By® = BYMHT0 =0, and B\ =
B3 = By =0 = 0; see Fig. 13(c).

For the excited state denoted as i=6r(5l) (i=06
for 0 <l <400 and i =5 for —oo <U < 0) and for
U — —oo, all nine distinct coefficients [see Fig. 13(d)]
and 13 cosinusoidal terms survive in expression (31); the
corresponding state is given by the second expression in
Eq. (A3). In this case, the nine distinct coefficients are

By =2/m, B} =25/(3n), By =-2/(57),
By =26/(157), By, ® = 2/(157), By = 2/(3v/57),
B ® =-4/(5n), By, =-1/(3n), and By~ =

—2/(+/57).

In the noninteracting case (({ = 0), for which the Hubbard
eigenvector is given by Eq. (B4), six distinct coefficients
(corresponding to seven cosinusoidal terms) are present
in expression (31), in agreement with Fig. 13(d). That is,
Bgr(sn,u=0 —2/7 = 0.63662, B?r(sw,uzo -0, Bgusn,u:o _

—4/(5m),  BYSPY=N =4y(5m),  BYSPHYE0 = 1/(107),
Bgr_(ISl),u:O =0, B?_rk(lSl),u:O — —8/(571), Bg_rgl),u:o —

1/(27), and BySDY=0 = 0.

For U/ — 400, all 13 cosinusoidal terms survive in
expression (31); the corresponding state is given by the
first expression in Eq. (A4). In this case, in agreement
with the frame (d) of Fig. 13, the nine distinct coeffi-
cients are BST® =2/7, BST® = —2/5/(3n), BSTC =
—2/(5m), BS1® =26/(157), BSH® =2/(157), BSH® =

—2/(3/5m), By = —4/(57), By =—1/(37), and

B =2/(/5m).

For the excited state denoted as i=7r(8l) (=7
for 0 <l <400 and i =8 for —o0 <U < 0) and for
U — —oo, all nine distinct coefficients [see Fig. 13(e)]
and 13 cosinusoidal terms survive in expression
(31); the corresponding state is given by the second
expression in Eq. (A6). In this case, the nine distinct
coefficients  are BS’_"O =2/, Bf’_oo = —2/5/(37),
By~ =2/(57), B} =26/(157), By =2/(157),
By ™ = —2/(3v/51), By =4/51), By,  =1/(Gn),

and By = —2/(v/5m).

In the noninteracting case (U = 0), for which the Hubbard
eigenvector is given by Eq. (BS), all 13 cosinusoidal terms
and nine distinct coefficients are present in Eq. (31), in
agreement with Fig. 13(e), that is, B(7)r(8l),l/{:0 =2/t =
0.63662, B]"®"U== _ 0.300105, B} ®"“="= — 0.111766,
B"MU=0 = —0.124185, B SVY= = 0.214057, B D=0

= —0.0243414 BISOU=0 — 00135114, BIENU=0
—0.127997, and B, =" = 0.178398.

For U4 — +00, all nine distinct coefficients [see Fig. 13(e)]
and 13 cosinusoidal terms survive in expression (31);
the corresponding state is given by the first expression
in Eq. (AS). In this case, the nine distinct coefficients
are Bt =2/m, Bt =-2J5/3n), Byt =
2/(57), Bl =26/(157), ByH® =2/(157), By =
—2/(3/5m), Bl}* =4/(57), By =1/(3n), and
By = —2/(v/57).

We note that Zgg’"‘”(kl, k) = 2g§’~+°°(k1, k).

For he excited state denoted as i = 8r(7/) (i = 8 for 0 <
U< +4+ooand i =7 for —oo <U < 0) and for Y — —o0,
five distinct coefficients [see Fig. 13(f)] and six cosinu-
soidal terms survive in expression (31); the corresponding
state is given by the second expression in Eq. (AS). In this
case, the five distinct coefficients are Bg'foo =2/m, Bf’foo =
0, By~ =6/(57), B} = —4/(5n), By ° = 16/(157),
By =0,B7°=—4/157),87° = 0,and B}, * = 0.

In the noninteracting case (U = 0), for which the Hubbard
eigenvector is given by Eq. (B6), all 13 cosinusoidal terms
and nine distinct coefficients are present in Eq. (31), in
agreement with Fig. 13(f), that is, Bgr(n),u:o =2/n =
0.63662, By7"H=" = _0.300105 BY7HM=0 = 0.111766,
BYUDHU=0 = 0.124185, B TDU=0 = 0.0246755, By [PHU=0

= —0.0506849 B [PM=" = —0.410902, By VY= =

0.154523, and B3 [""“=" = 0.0466808.

For Y/ — +00, only the constant coefficient survives [see
Fig. 13(f)]. The corresponding state is given by the first
expression in Eq. (A6) and it is a NOON state of the form
(1300) + |003))/+/2. In this case, the second-order correlation

1S

2GS ) = st 2D (F2)
T

For the excited state denoted as i =9 for —oo <U <
+o00 and for Y — —oo, all nine distinct coefficients [see
Fig. 13(g)] and 13 cosinusoidal terms survive in expression
(31); the corresponding state is given by the second ex-
pression in Eq. (A7). In this case, the nine distinct coef-
ficients are B) ™™ =2/7, B ™™ = —2/5/(3n), By > =
—2/(5m), By ° =26/(157), By, =2/(157), By [ =
—2/(3/5m), By =—4/(57), By;° =—-1/(37), and
By = 2/(+/57).

In the noninteracting case (({ = 0), for which the Hubbard
eigenvector is given by Eq. (B7), 10 cosinusoidal terms
and seven distinct coefficients are present in Eq. (31), in
agreement with Fig. 13(g), that is, Bg,u:o =2/m = 0.63662,
BMY=" = —4y2/(3n), B =0, BY=4/0Gn),
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FIG. 14. The A coefficients (dimensionless) [see Eq. (36)] for the remaining eight excited eigenstates of three bosons trapped in three
linearly arranged wells as a function of U/ (horizontal axis, dimensionless). This figure complements Fig. 7 in the main text. (a) i = 3r(4/).
(b)i =4r@3l).(c)i =5r6l).(d)i =6r(5l).(e)i="Tr8l). ®) i =8r(7]).(g)i =9. (h)i = 10. See text for a detailed description. The choice
of online colors is the same as in Fig. 7, that is, A, constant (light blue); .A,, violet; A, green. For the print grayscale version, excluding the
top constant Ay horizontal line, the positioning of the two remaining curves at i/ = —30 is as follows: [(a)—(d)] .A; — upper curve; A, —

lower curve. [(e)—(h)] .A; — lower curve; A, — upper curve.

89,1/(:0 — O,

BY1=0 = 1/(127), 141

By~ = —1/(3v/2n),
ByY=" = —7/(127), and ByU=" = 1/(v/27).

For U4 — +o00, only the constant coefficient survives [see
Fig. 13(g)]. The corresponding state is given by the first
expression in Eq. (A7) and it is a NOON state of the form
(—1300) + |003))/+/2. In this case, the second-order correla-
tion is

2gb,+oo(k k) = % 2 ,—2(k3+k3)s? F3
o k)= —s"e . (F3)

For the excited state denoted as i = 10 for —oco < U <
+o00 and for &/ — —oo, three terms survive, including the
constant one [see Fig. 13(h)]. The corresponding state is that
of all three wells being singly occupied. In this case, the
second-order correlation function is given by

2
26y (ki k) = 5 —sPe NS 4 2 cosld (ki — ko)
T

+ cos[2d (ky — k2)]1}. (F4)

In the noninteracting case ({{ = 0), for which the Hub-
bard eigenvector is given by Eq. (BS), all 13 cosinusoidal
terms and nine distinct coefficients are present in Eq. (31),
in agreement with Fig. 13(h), that is, 6(1)0,1,1:0 =2/r =
0.63662, BIOU=" = 22/, B0 = 1z, BIOU=0 —
2/, BRA = 1/ am), BRA = 13, B0 =

1+1 -
2/m, BY50 = 1/(47), and B )10 = —1/(v/27).

ForU{ — +oo only the constant term, Bl® = 2/, survives
[see Fig. 13(h)]. The corresponding state is the triply occupied
middle well. In this case, the second-order correlation func-
tion is

2 gb,+oo

2 o
o k1, k) = ;s2e—2(kl +H3)5 ")

APPENDIX G: FIRST-ORDER MOMENTUM
CORRELATIONS AS A FUNCTION OF U FOR THE
REMAINING EIGHT EXCITED STATES

Figure 14 complements Fig. 7 in that it displays the three
distinct coefficients A'(U/)’s for the remaining eight excited
states (explicit numerical values can be found in the Supple-
mental Material [67]). The dependence of these coefficients
on the interaction strength I/ is better deciphered by using as
reference points the special cases at ¢/ — £oo and U = 0.
Note that in all cases the 3’ values at the end points U = 330
in the figure are close to the corresponding limiting values at
U — +oo.

In particular, for the excited state denoted as i = 3r(4[)
(i=3for0<U < +o00 and i =4 for —o0o <U < 0) and
for U — —oo, all three cosinusoidal terms survive in ex-
pression (36) [see Fig. 14](a); specifically one has Aé’_oo =

0.797885 = 2/7, A}~ =+/10/3y/7), and A}~ =
V2/(5/70).

For the noninteracting case (U =0), all three
coefficients survive in expression (36) [see Fig. 14(a)];
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specifically one has AS’MZ)M:O =0.797885 = /2/x,
ATEDUZ0 — 376126, and AY U0 = —0.140078.

For U4 — +o00, all three cosinusoidal terms survive in
expression (36) [see Fig. 14(a)]; specifically one has Ag’+°° =
0.797885 = 2/, AX*® =./10/(3/7), and A>T =
V2/(5y).

For the excited state denoted as i = 4r(3]) (i = 4 for 0 <
U <400 and i =3 for —o00o <U < 0) and for U — —o0,
only one cosinusoidal term survives in expression (36) [see
Fig. 14(b)]; specifically one has Ag'_oo =0.797885 = /2/m,
AP =0, and A3 = 0.

For the noninteracting case (U = 0), all three coeffi-
cients survive in expression (36) [see Fig. 14(b)]; specifi-
cally one has Ay *"Y=" = 0797885 = 2/, A}VY=0 =
0.376126, and A3 Y= = 0.140078.

For U — +o00, two cosinusoidal terms survive in expres-
sion (36) [see Fig. 14(b)]; specifically one has .Ag’+°° =
0.797885 = /2/m, AT = 0, and A3 = 34/2/(5/7).

The excited state denoted as i = 5r(6l) (i =5 for 0 <
U < 400 and i =6 for —oo < U < 0) is U independent;
see the first expression in Eq. (A3) or second expression in
Eq. (A4). In this case, two distinct coefficients (correspond-
ing to two cosinusoidal terms) survive in expression (36),
that is, A1 = AS™® = /277 = AU = 0.797885,
AP = AP = AYOPYE0 =0, and AT = AST =
A ODU=0 — _3./3/(5/7); see Fig. 14(c).

For the excited state denoted as i = 6r(5/) (i = 6 for 0 <
U< +ooand i =5 for —o0o < U < 0) and for Y — —o0,
all three cosinusoidal terms survive in expression (36) [see in
Fig. 14(d)]; specifically one has A3~ = 0.797885 = /2/7,
AT = /10/(3/7), and A3~ = —/2/(5/7).

For the noninteracting case (4 = 0), two coefficients are
present in expression (36) [see Fig. 14(d)]; specifically one
has: ASCDHU=0 = 0797885 = \/2/7, ASCDHU=0 =0, and
Agr(sz),u=0 _ —2\/5/(5ﬁ).

For U/ — +o00, all three cosinusoidal terms survive in
expression (36) [see Fig. 14(d)]; specifically one has A8'+°° =
0.797885 = /2/m, A$T™ = —/10/(3/7), and AT =
—V2/(5/7).

For the excited state denoted as i = 7r(8]) (i = 7 for 0 <
U < +ooand i =8 for —oco < U < 0) and for Y — —o0,
all three cosinusoidal terms survive in expression (36) [see
Fig. 14(e)]; specifically one has Ag’_oo =0.797885 = /2/m,
A= = —/10/(3y/m), and A3~ = V2/(5/7).

For the noninteracting case (({ = 0), all three coefficients
are present in expression (36) [see Fig. 14(e)]; specifi-
cally one has A)®U=0 = 0797885 = /2], A]"®DU=0 =
—0.376126, and A= = —0.140078.

For U — 400, all three cosinusoidal terms survive in
expression (36) [see Fig. 14(e)]; specifically one has AZ)’+°° =
0.797885 = 2/7, A} " = —/10/(3/7), and A)T> =
V257,

For the excited state denoted as i = 87(7]) (i = 8 for 0 <
U< +4+ooand i =7 for —oo <U < 0) and for U — —o0,
two cosinusoidal terms are present in expression (36) [see
Fig. 14(f)]; specifically one has A}~ = 0.797885 = /2/,
A7 = 0,and AL~ = 32/(5/7).

For the noninteracting case (U = 0), all three coeffi-
cients are present in expression (36) [see Fig. 14(f)]; specifi-
cally one has AS"0U=0 = 0797885 = /2/m, A¥TDU=0 =
—0.376126, and A 7= = 0.140078.

For U4 — +o00, only the U/-independent term survives in
expression (36) [see Fig. 14(f)]; specifically one has A§’+°° =
0.797885 = /2/7, A¥** = 0, and A5 T = 0.

For the excited state denoted as i = 9 for —oo < U < 400
and for Y — —oo0, all three cosinusoidal terms are present in
expression (36) [see Fig. 14(g)]; specifically one has Ag’_oo =
0.797885 = /2/7, A7 ™ = —/10/(3/7), and AY™™ =
—V2/(5/7).

For the noninteracting case ({ = 0), two coefficients are
present in expression (36) [see Fig. 14(g)]; specifically one
has AJY=" = 0.797885 = /2/7, AY=" = —4/(3/7), and
A9,U:0 —=0.

2

For U/ — +o00, only the U/-independent term survives in
expression (36) [see Fig. 14(g)]; specifically one has Ag’+°° =
0.797885 = /2/m, A} = 0, and A "™ = 0.

For the excited state denoted as i= 10 for —oo <
U < +o00 and for U — —oo, only the {/-independent term
is present in expression (36) [see Fig. 14(h)]; specifi-
cally one has A}~ = 0.797885 = /2/7, A;" ™ = 0, and
AlO,—oo = 0.

2

For the noninteracting case ((/ = 0), all three coefficients
are present in expression (36) [see Fig. 14(h)]; specifically one
has A"Y=" = 0.797885 = /2/x, A\*Y=" = 2/ /7, and
AU = 1//27.

For U4 — 400, only the U-independent term survives
in expression (36) [see Fig. 14(h)]; specifically one has
At =0.797885 = /277, A®T® = 0,and A>T = 0.
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