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One-Dimensional Quantum Systems with Ground-State of Jastrow Form Are Integrable
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The exchange operator formalism (EOF) describes many-body integrable systems using phase-space variables
involving an exchange operator that acts on any pair of particles. We establish an equivalence between models
described by EOF and the complete infinite family of parent Hamiltonians (PHJ) describing quantum many-
body models with ground-states of Jastrow form. This makes it possible to identify the invariants of motion for
any model in the PHJ family and establish its integrability, even in the presence of an external potential. Using
this construction we establish the integrability of the long-range Lieb-Liniger model, describing bosons in a
harmonic trap and subject to contact and Coulomb interactions in one dimension. We give a variety of examples
exemplifying the integrability of Hamiltonians in this family.

Integrability in both classical and quantum many-body sys-
tems is associated with the existence of conserved quanti-
ties. At the quantum level, the latter correspond to operators
that commute with the system Hamiltonian and govern the
nonequilibrium dynamics and thermalization of a system in
isolation [1, 2]. Several integrable models have been realized
in the laboratory, prompting their use as a test-bed for quan-
tum many-body physics, statistical mechanics, and nonequi-
librium phenomena [3, 4].

The integrability of a system may be proven by finding the
set of conserved quantities. In one spatial dimension, this is
possible in systems that are exactly solved using Bethe ansatz,
which posits that the wavefunction of any quantum eigenstate
admits an expansion in terms of plane waves with suitable
coefficients and quasimomenta. The latter set the integrals
of motion, are also known as the Bethe roots or rapidities,
and serve as “good” quantum numbers [5, 6]. An alternative
framework is the exchange operator formalism (EOF) [7, 8],
in which the Hamiltonian of the quantum system admits a de-
coupled form in terms of generalized momenta, which readily
allows for the identification of integrals of motion. This ap-
proach can be applied to the study of excited states, as demon-
strated in systems with inverse-square interactions [9, 10].
An encompassing notion of quantum integrability relies on
scattering without diffraction, encoded in the Yang-Baxter
equation [11-13], when collisions between particles can be
described exclusively as a sequence of two-body scattering
events. The system is then solvable by algebraic Bethe ansatz,
i.e., using the quantum inverse scattering method. Integrals of
motion can be derived from the transfer matrix [13] or invok-
ing the asymptotic Bethe ansatz [14, 15]. While a definite no-
tion of quantum integrability remains under debate, many of
these approaches are closely interrelated [6, 16]. In particular,
EOF is related to the Yang-Baxter equation and asymptotic
Bethe ansatz [17, 18].

An important class of quantum systems is characterized by
a ground-state of (Bijl-Dingle-) Jastrow form, in which the
wave function is simply the pairwise product of a pair func-
tion [19-21]. This facilitates the computation of correlation
functions in these systems [14]. The family of parent Hamil-
tonians with Jastrow wave functions (PHJ, for short) can be

determined by solving an inverse problem: by acting with
the kinetic energy operator in the ground-state wave function,
one can recast the resulting terms in the form of a many-body
Schrodinger equation, thus identifying the parent hamiltonian.
This approach has its roots in the early works by Calogero
and Sutherland [22-24]. It has been extended in a number
of ways [25, 26] and by now, for identical particles without
internal degrees of freedom, the complete family of PHIJ is
known both in one and higher spatial dimensions, provided
that the ground-state wave function includes at most the prod-
uct of one-particle and two-particle functions [27, 28]. The
corresponding Hamiltonians generally contain two-body and
three-body interactions. It was shown by Kane et al. [29]
that the three-body contribution does not affect the low-energy
physics. Further, the conditions for the three-body term to
vanish or reduce to a constant have been long-established in
the homogeneous case, in the absence of an external potential
[14, 30, 31].

Paradigmatic instances of PHJ are integrable. Hard-core
bosons in the Tonks-Girardeau regime, realized in the labora-
tory with ultracold gases [32, 33], have ground state of Jas-
trow form [34-36] and are integrable, being related to nonin-
teracting fermions via the Bose-Fermi duality [3, 34, 37]. The
Calogero-Sutherland model with a Jastrow ground state has
a harmonic spectrum, it can be mapped to a set of indepen-
dent harmonic oscillators [38—40], and satisfies the asymptotic
Bethe ansatz [14, 15]. Similarly, the attractive Lieb-Liniger
(LL) model of bosons subject to contact interactions, used to
describe ultracold gases in tight waveguides [41, 42], has a
bright quantum soliton as Jastrow ground-state [43]. This sys-
tem is solvable by coordinate Bethe ansatz, which yields the
Bethe roots as integrals of motion [5, 6, 44, 45].

One may thus wonder the extent to which the ground-state
correlations can determine the complete integrability of the
system, and what are the required conditions for this to be
the case. In this Letter, we show that the complete family
of one-dimensional many-body quantum models with ground-
state of Jastrow form is integrable. To this end, we first estab-
lish the equivalence between this family and models described
by EOF. In doing so, we identify explicitly the integrals of
motion. Our construction holds in the presence of an exter-
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nal potential, which allows us to show the integrability of the
long-range Lieb-Liniger model, describing bosons confined in
a harmonic trap and subject to both contact and Coulomb in-
teractions in one spatial dimension [27, 46].

Systems described by EOF— Consider the family of one-
dimensional systems of identical particles without internal de-
grees of freedom. It will prove useful to consider those mod-
els subject to pair-wise interactions that are possibly supple-
mented with three-body interactions. In this context, EOF is a
powerful framework due to Polychronakos that explicitly ex-
hibits the integrability of a many-body quantum system in one
spatial dimension [7, 8]. Its application has been particularly
fruitful in Calogero-Sutherland-Moser systems involving two-
body inverse-square interactions [14, 22, 23, 25, 47, 48], as
discussed in [7, 8].

Let M;; denote the exchange operator, which exchanges the
positions of two particles labelled by i and j, respectively.
This operator is Hermitian, idempotent Ml.zj = I and symmet-
ric with respect to the indices, i.e., M;; = M ;. For any 1-body
operator A; = A(x;), it obeys the relations M;;A; = A;M;; and
M;jAr = AgM;; for distinet i, j, k [7, 8, 49]. Note that when
for spinless identical particles, M;; can be identified with the
permutation of two particles. In terms of the canonical posi-
tion and momentum coordinates, x; and p; = —i%d/0x;, one
can introduce the generalized momenta

ﬂz:Pi+iZVijMij, (D

J#L

for particles j = 1,--- , N. The so-called prepotential function
Vij = V(x; — x;) should be antisymmetric (i.e., V;; = =V};)
to guarantee the Hermiticity of the generalized momenta. Us-
ing the latter, one can construct a permutation-invariant quan-
tities I, = };n7. In particular, /> is quadratic in p;’s, and
resembles the Hamiltonian of many-body systems. To de-
scribe states of N particles, consider the tensor product of
the single-particle Hilbert space H, i.e., H®". For indis-
tinguishable particles, states are restricted to the bosonic or
fermionic subspaces of H®, denoted as H; with ¢ = +1 for
spinless bosons and { = —1 for spinless fermions. We de-
fine the projector P, onto H; as [S0] Pp(xy, x2, --- , Xy) =
% 20 W (X, Xgy, -+, Xoy), Where o denotes a permuta-
tion of the tuple (1, 2, ..., N). Projecting I, onto the subspace
‘H; and using

Ml‘jP( = P(M,‘j = gP(, (2)
we obtain P LP,/2m) = PHoP;, where Hy is the
translation-invariant quantum many-body Hamiltonian de-
fined as follows

Hy = —+— Z(ghv’ + V) -

D Vil 3

i<j<k

where Vi = ViV + Vi Vi + Vi Vi is fully symmetric and a
prime denotes the spatial derivative. The form of H, will play
an important role in proving the integrability of the family of

Hamiltonians generated by EOF and PHIJ. Specific choices of
the prepotential function V(x) gives rise to well-known mod-
els. For V(x) = A/x, V;j vanishes by permutation symmetry
and one recovers the Hamiltonian of identical particles with
inverse-square interactions [14, 22]. For V(x) = A cot(ax), V;jk
is constant and Hy involves the inverse sine square potentials.
The case V(x) = csgn(x), corresponding V;j being a nega-
tive constant, gives rise to the celebrated Lieb-Liniger (LL)
model [44, 45] describing ultracold gases in tight-waveguides
[3, 41]. For all these cases where V;j vanishes or is constant,
I, commute with each other. As the system Hamiltonian coin-
cides with I, on the bosonic or fermionic sector, the set of I,
can be identified as invariants of motion, i.e., [1,, [,,] = 0. We
note that all the models that have been shown to be integrable
by the EOF in Ref. [7] happen to have a ground-state wave
function of Jastrow form, which we discuss next.

Parent Hamiltonians with Jastrow ground-state.— Con-
sider a homogenous one-dimensional many-body quantum
system described by a ground state of Jastrow form [19-21],

o) = | £ @)

i<j
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this is, the pairwise product of the pair function f;; = f(x; —
x;) [14]. In the “beautiful models” [14] that concern us here,
quantum statistics is encoded in the symmetry of f(x) which is
an even function for bosons and odd for fermions, i.e., without
resorting to the use of permanents or determinants. The case
of one dimensional anyons can similarly be taken into account
by including a phase factor 6, i.e., f(x) = e ¥ f(—x) [51-53].
The complete family of PHJ of ground-state of the Jastrow
form (4) has been identified in one spatial dimension [27] and
includes paradigmatic models such as the LL gas with con-
tact interactions [44, 45] and the rational Calogero-Sutherland
model with inverse-square interactions [22, 23], as well as the
recently introduced long-range LL. model [46]. For a given
choice of f, the parent Hamiltonian H, takes the form

7 L e ]
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Here, f’ and f” denote the first and second spatial derivatives
of f, respectively. The explicit expressions for this Hamil-
tonian directly follow from evaluating the Laplacian on the
Jastrow wave function (4) and recasting all resulting terms in
the form of a Schrodinger equation.

Equivalence of EOF and PHJ for spinless indistinguishable
particles.— We now establish the correspondence between
EOF and PHIJ for spinless identical particles. Comparing the
EOF Hamiltonian and the PHJ in Egs. (3) and (5), the two-
body terms are equal if hzf”(x,-_,-)/f(x,-j) = {hVi’j + szl Thus,
the prepotential reads

'’

10g(fz f : (6)
J fj

Independently of whether the pair function is symmetric or
antisymmetric, its logarithmic derivative is guaranteed to be

d
Vij={ho—



odd fl’J/ fij=— fjfl./ fiji- Thus, this property holds for spinless
bosons and fermions. The antisymmetry of the prepotential in
Eq. (6) guarantees the Hermiticity condition of the associated
generalized momenta in the EOF,

T =pl+1{hZ£MU (7)
g Y

The prepotential in Eq. (6) further ensures the equivalence
of the three-body interaction in the EOF and the PHJ. Thus,
any spinless system described by EOF, as in Eq. (3), has
a ground-state of Jastrow form with a pair function f;; =
expl [ dyV(y)/(¢{h)]. Conversely, the complete infinite fam-
ily of PHJ can be recast in the EOF provided (6) is satisfied.
This makes it possible to identify the class of PHJ that is inte-
grable as we shall see later.

Embedding in an external potential.— The embedding of a
system described by EOF in an external potential is known in
the case of a harmonic trap [7]. For the embedding of a ho-
mogenous system in an arbitrary trapping potential, we draw
inspiration from supersymmetric quantum mechanics [54] and
introduce the one-body superpotential W; = W(x;) in terms of
which the external trapping potential U; will be identified. We
define the operators

T

. T
a4 = ———iW,, a =

V2m

and the permutation-invariant quantities [, = 2. h!, where
h; = ala;. Projecting I; onto H;, we find P[P, = P HP;,
where H is the Hamiltonian of the system in the presence of
the trap, i.e.,

2
H:H0+ZUI~—§\/;ZVU(W1'—W_/), )

i<j

+iW,, ®)

with the external potential U; being determined by the Riccati
equation
2 -
Ui=W,; mw,. (10)

As a familiar example, when Hj is the homogeneous Calogero
model with inverse-square interactions [22] and W; =
Vm[2wx;, Eq. (9) reduces to the rational Calogero-Sutherland
model [23, 47] including a harmonic trap.

In PHJ, the ground-state wave functions is not limited to
the homogeneous form (4), but also includes more general
ground-states

Wo =[] £i] [expon = @[ Jexp,  an

i<j i i
where the one-body function v; = v(x;) accounts for the role
of the external potential U; = U(x;) that breaks translational

invariance [27]. Specifically, if Hy is the parent hamiltonian
of @ in Eq. (4), then Wy has the parent Hamiltonian

P
H=H0+ZUL'+EZ(V,'_VJ‘)]TU, (12)
i i<j

with the one-body local external potential U; given in terms of
the function v; by

_ hz N\2 7’
Ui=5- [ +v7]. (13)
As a result, the Hamiltonian H includes the external potential
U; and an additional pairwise (two-body) potential which is
generally of long-range character.

The equivalence between EOF and PHJ require that the
one-body and potential and the additional long-range term
are equal in both representations. Comparing Eq. (10) and
Eq. (13), the superpotential W; and the function v; entering
the one-body function of the Jastrow form are related by

Wi = ———. (14)

Upon substituting Eq. (14) into Egs. (9, 12), we find that
the additional long-range potentials coincide, given the corre-
spondence Eq. (6) is identified. The ground state of the Hamil-
tonian with the external potential in terms of the prepotential
and the superpotential is

¥y = exp (—@ Z fﬂ W(y)dy) [ Texp [M]

lh
15)
This establishes the equivalence between EOF and PHJ in the
presence of external potential.

Integrability via projection formalism.— For quantum sys-
tems with classical analog, as the PHJ, one can define quan-
tum integrability by promoting the Poisson bracket into com-
mutators in the definition of classical integrability. Polychron-
akos [7] pursued along this line and showed that 1, = }; n!
become integrals of motion, i.e., [I,, I,,] = 0, Vn, m, in the
restricted case in which V;j; vanishes or is constant. Having
shown that any spinless model described by EOF is a PHJ with
a Jastrow ground state, we next establish the integrability of
the complete family of PHJ models, i.e., without restrictions
on the three-body potential V;j or the external potential U;.

Note that any physical observable O for spinless indis-
tingusishable particles must be permutation invariant, i.e.,
O(x1, x2, -+, xn) = O(Xery5 Xoys*** 5 Xoy ), ¥ permutation o
As a consequence,

i<j

[P;, Ol =0, (16)

which can be easily checked by acting on any wave function
in H®N [49]. Eq. (16) implies the a permutation-invariant
observable is block diagonal on H; and its orthogonal com-
plement. We define an observable is local if it only involves
derivatives with respect to the coordinates up to a finite or-
der. Then permutation invariance and locality implies that if
a permutation-invariant and local observable O vanishes on
H;, then it also vanishes on the full Hilbert space H' 8N That
is [55],

p{OPg =P§O=O7){ =0=0=0, amn



for a permutation-invariant and local observable O.

Egs. (16, 17) lead to the following theorem regarding the
commutators of two permutation-invariant observables, which
is extremely useful in proving integrability.

Theorem 1. For two permutation-invariant and local observ-
able O,, and O,,, the following three conditions are equivalent
to each other (i) [O,, On] = 0 (ii) PO, Ou1P; = 0 (iii)
[P(Onpg, P(Ompg] =0

The equivalence between (i) and (ii) is a consequence of
Eq. (17). The equivalence between (ii) and (iii) follows from

P[0y, OnlP; = P0WOWP7 — PrOnOP;
= PgOnP;OmP( - P(OmPZO,Pg
= [P(Onpg, P(Ompg],

where we have used Eq. (16).

Theorem 2. Both the quantum mechanical homogenous
model (3) and the inhomogeneous model (9) generated in
EOF are integrable, with the integral of motion being I, for
the homogenous model and I, for the inhomogeneous model.

To prove Theorem 2, let us first observe a very interesting
property due to the projection #, and the exchange operator
M;;. Although the generalized momentum 7; involves N de-
grees of freedom due to the prepotential term, when it is mul-
tiplied by M;; from the left, it still satisfies the exchange rule
for 1-body operators [49]. As a consequence,

PP = P M Py = P M My Py = Per'Pe. (18)
A similar equation also holds for 4;. For a more general ver-
sion of this identity, see [49].

On the other hand, since the integrals of motions I, and I,
are permutation invariant and local, one can reduce their com-
mutativity to condition (iii) in Theorem 1. Using Eq. (18) or
the analogous equation for 4;, it follows that the condition (iii)
in Theorem 1 is satisfied, with O, = I, or O,, = I,. This con-
cludes the proof of the integrability of the Hamiltonians (3)
and (9).

A few comments are in order. First, since we have proved
the equivalence between EOF and PHJ, the Hamiltonians (5)
and (12) are therefore also integrable. Second, it is possible to
build integrals of motions for families of classical models gen-
erated by the EOF and PHJ according to the quantum-classical
correspondence. One can expand the powers in I, and I, and
compute P;1,P; and P.I,P; explicitly with Eq. (2). Then
one is left with the expressions $;K, P, and P{f(n?); , Where
K, and K,, contain only the phase space variables but no ex-
change operators. In particular, we note that K, = Hj and
K, = H; see [49], where one obtains H by projecting I, onto
7{(. According to Theorem 1, K,,’s and K,’s must commute
on the whole Hilbert space H®", respectively. Transitioning
to the classical model, where the commutator is demoted to
Poisson brackets, the Poisson brackets of K,,’s and K,,’s must
vanish, respectively. Thus, we see that K,,’s and K,’s are also

the integrals of motions for the classical model with Hamilto-
nians (3, 5) and (9, 12), respectively.

Discussion.— It is worth noting that the Jastrow wave func-
tions @y, ¥y may not be the true ground state of the corre-
sponding PH]J if they cannot be properly normalized. Never-
theless, the family of models generated by EOF and PHIJ is
always integrable, regardless of the normalization of the Jas-
trow wave function.

For example, if f;; = exp(glx;jl), Hy becomes the well-
known LL model [27]. However, the Jastrow wave function
is normalizable only when g < 0, which corresponds to the
McGuire bright soliton [43]. Therefore @ is no longer the
ground state wave function of the repulsive LL model. How-
ever, as we have discussed previously, the integrability of the
Hamiltonian is not affected, so our result reproduces the in-
tegrability of the LL model with the integral of motion being
I, or K,. More interestingly, upon introducing the external
harmonic potential, according to Eq. (11), ¥y becomes nor-
malizable even if @; is not and Eq. (5) corresponds to the
Lieb-Liniger-Coulomb model introduced in Refs. [46], i.e.,

H= Z +g) [—5(x,,) et 1 8
19)

i<j
with ground state Ey = This system de-
scribes harmonically confined bosons subject to contact and
Coulomb interactions or gravitational attraction in one spatial
dimension. Ref. [46] characterized its EOF representation and
ground state properties. Using Theorem 2, we conclude that
this system is integrable, with the integrals of motion being
I,=Y, hy.

Further physical examples of integrable PHJ systems are
provided in the Supplemental Material [49], which includes
Refs. [30, 56]. The proof leading to the integrability of PHJ
essentially takes advantage of the permutation invariance and
EOF. As aresult it can be applied to models defined on the real
line as well as those embedded in an external potential. Like-
wise, it holds for systems with hard-wall confinement or a ring
geometry, provided the pair function f;; and the one body po-
tential v; or W; fulfill the corresponding boundary conditions.

Conclusion.— We have established the equivalence be-
tween the families of one-dimensional many-body quantum
systems generated by the exchange operator formalism and
parent Hamiltonians with a ground-state wavefunction of Jas-
trow form, describing indistinguishable particles with no in-
ternal degrees of freedom. Making use of the projection oper-
ator onto the spinless bosonic or fermionic subspace, we have
proved the integrability of all these systems by constructing
explicitly the corresponding integrals of motion. Embedding
these translation-invariant models in an external potential pre-
serves the integrability, in the presence of long-range inter-
actions, as we have illustrated in the long-range Lieb-Liniger
model and related systems.

These findings advance the study of many-body physics
by uncovering the implications of ground-state correlations
on integrability. They should lead to manifold applications

—+ ma)x
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in the study of quantum solitons, quantum quenches and the
thermalization of isolated integrable systems (governed by
integrals of motion), and strongly-correlated regimes, gen-
eralizing the super-Tonks-Girardeau gas [57], among others.
Our results bear also implications on numerical methods for
strongly-correlated systems such as variational methods and
quantum Monte Carlo algorithms, in which the ubiquitous use
of Jastrow trial wavefunctions may impose integrability on
systems lacking it. It may be possible to extend our results to
higher spatial dimensions [28], higher-order correlations [58],
the inclusion of spin degrees of freedom [8], mixtures of dif-
ferent species [36], and distinguishable particles [59, 60].

Acknowledgement.— 1t is a pleasure to acknowledge dis-
cussions with Pablo Martinez Azcona and Aritra Kundu.

* jing.yang@uni.lu
T adolfo.delcampo@uni.lu

[1] J. Dziarmaga, Advances in Physics 59, 1063 (2010).

[2] T. Mori, T. N. Ikeda, E. Kaminishi, and M. Ueda, Journal of
Physics B: Atomic, Molecular and Optical Physics 51, 112001
(2018).

[3] M. A. Cazalilla, R. Citro, T. Giamarchi, E. Orignac, and
M. Rigol, Rev. Mod. Phys. 83, 1405 (2011).

[4] X.-W. Guan, M. T. Batchelor, and C. Lee, Rev. Mod. Phys. 85,
1633 (2013).

[5] M. Takahashi, Thermodynamics of One-Dimensional Solvable
Models (Cambridge, Cambridge, 1999).

[6] M. Gaudin, The Bethe Wavefunction, edited by J.-S. Caux
(Cambridge University Press, 2014).

[7]1 A.P. Polychronakos, Phys. Rev. Lett. 69, 703 (1992).

[8] A. P. Polychronakos, Journal of Physics A: Mathematical and
General 39, 12793 (2006).

[9] L. Lapointe and L. Vinet, Communications in mathematical
physics 178, 425 (1996).

[10] H. Ujino and M. Wadati, Journal of the Physical Society of
Japan 65, 653 (1996).

[11] C. N. Yang, Physical Review Letters 19, 1312 (1967).

[12] R. J. Baxter, Philosophical Transactions of the Royal Society
of London. Series A, Mathematical and Physical Sciences 289,
315 (1978).

[13] V. E. Korepin, N. M. Bogoliubov, and A. G. Izergin, Quantum
Inverse Scattering Method and Correlation Functions (Cam-
bridge, Cambridge, 1997).

[14] B. Sutherland, Beautiful Models (World Scientific, 2004).

[15] B. Sutherland, Phys. Rev. Lett. 75, 1248 (1995).

[16] J.-S. Caux and J. Mossel, Journal of Statistical Mechanics: The-
ory and Experiment 2011, P02023 (2011).

[17] H. Ujino and M. Wadati, Journal of the Physical Society of
Japan 64, 4121 (1995).

[18] A. P. Polychronakos, Nuclear Physics B 961, 115243 (2020).

[19] A. Bijl, Physica 7, 869 (1940).

[20] R. B. Dingle, The London, Edinburgh, and Dublin Philosophi-
cal Magazine and Journal of Science 40, 573 (1949).

[21] R. Jastrow, Phys. Rev. 98, 1479 (1955).

[22] F. Calogero, Journal of Mathematical Physics 12, 419 (1971).

[23] B. Sutherland, Journal of Mathematical Physics 12, 246 (1971).

[24] B. Sutherland, Phys. Rev. A 4, 2019 (1971).

[25] F. Calogero and C. Marchioro, Journal of Mathematical Physics

14, 182 (1973).

[26] P. J. Gambardella, Journal of Mathematical Physics 16, 1172
(1975).

[27] A. del Campo, Phys. Rev. Research 2, 043114 (2020).

[28] M. Beau and A. del Campo, SciPost Phys. Core 4, 30 (2021).

[29] C. L. Kane, S. Kivelson, D. H. Lee, and S. C. Zhang, Phys.
Rev. B 43, 3255 (1991).

[30] F. Calogero, Lett. Nuovo Cim. 3, 411 (1975).

[31] L. Samaj and Z. Bajnok, Introduction to the Statistical Physics
of Integrable Many-body Systems (Cambridge University Press,
2013).

[32] T. Kinoshita, T. Wenger, and D. S. Weiss, Science 305, 1125
(2004).

[33] B. Paredes, A. Widera, V. Murg, O. Mandel, S. Folling, I. Cirac,
G. V. Shlyapnikov, T. W. Hinsch, and I. Bloch, Nature 429, 277
(2004).

[34] M. Girardeau, Journal of Mathematical Physics 1, 516 (1960).

[35] M. D. Girardeau, E. M. Wright, and J. M. Triscari, Phys. Rev.
A 63, 033601 (2001).

[36] M. D. Girardeau and A. Minguzzi, Phys. Rev. Lett. 99, 230402
(2007).

[37] M. Girardeau, H. Nguyen, and M. Olshanii, Optics Communi-
cations 243, 3 (2004).

[38] N. Kawakami, Journal of the Physical Society of Japan 62, 4163
(1993).

[39] K. Vacek, A. Okiji, and N. Kawakami, Journal of Physics A:
Mathematical and General 27, L201 (1994).

[40] N. Gurappa and P. K. Panigrahi, Phys. Rev. B 59, R2490 (1999).

[41] M. Olshanii, Phys. Rev. Lett. 81, 938 (1998).

[42] E. H. Lieb, R. Seiringer, and J. Yngvason, Phys. Rev. Lett. 91,
150401 (2003).

[43] J. B. McGuire, Journal of Mathematical Physics 5, 622 (1964).

[44] E. H. Lieb and W. Liniger, Phys. Rev. 130, 1605 (1963).

[45] E. H. Lieb, Phys. Rev. 130, 1616 (1963).

[46] M. Beau, S. M. Pittman, G. E. Astrakharchik,
Campo, Phys. Rev. Lett. 125, 220602 (2020).

[47] B. Sutherland, Journal of Mathematical Physics 12, 251 (1971).

[48] J. Moser, Advances in Mathematics 16, 197 (1975).

[49] J. Yang and A. del Campo, Supplemental Material (2022).

[50] J. W. Negele and H. Orland, Quantum Many-particle Systems
(Perseus Books, Reading, MA, 1998).

[51] A. Kundu, Phys. Rev. Lett. 83, 1275 (1999).

[52] M. D. Girardeau, Phys. Rev. Lett. 97, 100402 (2006).

[53] M. T. Batchelor, X.-W. Guan, and N. Oelkers, Phys. Rev. Lett.
96, 210402 (2006).

[54] F. Cooper, A. Khare, and U. Sukhatme, Physics Reports 251,
267 (1995).

[55] This observation was put forward first by Polychronakos [7],
using a heuristic locality argument. However, we emphasize
the argument misses an important ingredient, the permutation
invariance. In [49], we give a formal proof inspired by the co-
ordinate Bethe ansatz [6, 31].

[56] M. Beau, unpublished (2017).

[57] G. E. Astrakharchik, J. Boronat, J. Casulleras, and S. Giorgini,
Phys. Rev. Lett. 95, 190407 (2005).

[58] G. Carleo, L. Cevolani, L. Sanchez-Palencia, and M. Holz-
mann, Phys. Rev. X 7, 031026 (2017).

[59] S.R.Jain and A. Khare, Physics Letters A 262, 35 (1999).

[60] S. M. Pittman, M. Beau, M. Olshanii, and A. del Campo, Phys.
Rev. B 95, 205135 (2017).

[61] A. Erdelyi, Higher Transcendental Functions Volume 3, Vol. 3
(Dover Publications, Mineola, N.Y., 2007).

and A. del


mailto:jing.yang@uni.lu
mailto:adolfo.delcampo@uni.lu
http://dx.doi.org/10.1080/00018732.2010.514702
http://dx.doi.org/ 10.1088/1361-6455/aabcdf
http://dx.doi.org/ 10.1088/1361-6455/aabcdf
http://dx.doi.org/ 10.1088/1361-6455/aabcdf
http://dx.doi.org/ 10.1103/RevModPhys.83.1405
http://dx.doi.org/10.1103/RevModPhys.85.1633
http://dx.doi.org/10.1103/RevModPhys.85.1633
http://dx.doi.org/10.1017/CBO9781107053885
http://dx.doi.org/10.1103/PhysRevLett.69.703
http://dx.doi.org/10.1088/0305-4470/39/41/s07
http://dx.doi.org/10.1088/0305-4470/39/41/s07
http://dx.doi.org/10.1103/PhysRevLett.19.1312
http://dx.doi.org/10.1098/rsta.1978.0062
http://dx.doi.org/10.1098/rsta.1978.0062
http://dx.doi.org/10.1098/rsta.1978.0062
http://dx.doi.org/10.1142/5552
http://dx.doi.org/10.1103/PhysRevLett.75.1248
http://dx.doi.org/10.1088/1742-5468/2011/02/p02023
http://dx.doi.org/10.1088/1742-5468/2011/02/p02023
http://dx.doi.org/10.1143/jpsj.64.4121
http://dx.doi.org/10.1143/jpsj.64.4121
http://dx.doi.org/ https://doi.org/10.1016/j.nuclphysb.2020.115243
http://dx.doi.org/https://doi.org/10.1016/0031-8914(40)90166-5
http://dx.doi.org/10.1080/14786444908521743
http://dx.doi.org/10.1080/14786444908521743
http://dx.doi.org/10.1103/PhysRev.98.1479
http://dx.doi.org/10.1063/1.1665604
http://dx.doi.org/10.1063/1.1665584
http://dx.doi.org/10.1103/PhysRevA.4.2019
http://dx.doi.org/10.1063/1.1666291
http://dx.doi.org/10.1063/1.1666291
http://dx.doi.org/10.1063/1.522651
http://dx.doi.org/10.1063/1.522651
http://dx.doi.org/10.1103/PhysRevResearch.2.043114
http://dx.doi.org/10.21468/SciPostPhysCore.4.4.030
http://dx.doi.org/10.1103/PhysRevB.43.3255
http://dx.doi.org/10.1103/PhysRevB.43.3255
http://dx.doi.org/10.1007/BF02790495
http://dx.doi.org/10.1017/CBO9781139343480
http://dx.doi.org/10.1017/CBO9781139343480
http://dx.doi.org/10.1126/science.1100700
http://dx.doi.org/10.1126/science.1100700
http://dx.doi.org/10.1038/nature02530
http://dx.doi.org/10.1038/nature02530
http://dx.doi.org/10.1063/1.1703687
http://dx.doi.org/10.1103/PhysRevA.63.033601
http://dx.doi.org/10.1103/PhysRevA.63.033601
http://dx.doi.org/10.1103/PhysRevLett.99.230402
http://dx.doi.org/10.1103/PhysRevLett.99.230402
http://dx.doi.org/https://doi.org/10.1016/j.optcom.2004.09.079
http://dx.doi.org/https://doi.org/10.1016/j.optcom.2004.09.079
http://dx.doi.org/10.1143/JPSJ.62.4163
http://dx.doi.org/10.1143/JPSJ.62.4163
http://dx.doi.org/10.1088/0305-4470/27/7/002
http://dx.doi.org/10.1088/0305-4470/27/7/002
http://dx.doi.org/10.1103/PhysRevB.59.R2490
http://dx.doi.org/10.1103/PhysRevLett.81.938
http://dx.doi.org/10.1103/PhysRevLett.91.150401
http://dx.doi.org/10.1103/PhysRevLett.91.150401
http://dx.doi.org/10.1063/1.1704156
http://dx.doi.org/10.1103/PhysRev.130.1605
http://dx.doi.org/10.1103/PhysRev.130.1616
http://dx.doi.org/10.1103/PhysRevLett.125.220602
http://dx.doi.org/10.1063/1.1665585
http://dx.doi.org/https://doi.org/10.1016/0001-8708(75)90151-6
http://dx.doi.org/10.1103/PhysRevLett.83.1275
http://dx.doi.org/10.1103/PhysRevLett.97.100402
http://dx.doi.org/10.1103/PhysRevLett.96.210402
http://dx.doi.org/10.1103/PhysRevLett.96.210402
http://dx.doi.org/https://doi.org/10.1016/0370-1573(94)00080-M
http://dx.doi.org/https://doi.org/10.1016/0370-1573(94)00080-M
http://dx.doi.org/10.1103/PhysRevLett.95.190407
http://dx.doi.org/10.1103/PhysRevX.7.031026
http://dx.doi.org/https://doi.org/10.1016/S0375-9601(99)00637-4
http://dx.doi.org/10.1103/PhysRevB.95.205135
http://dx.doi.org/10.1103/PhysRevB.95.205135

Supplemental Material for
“One-Dimensional Quantum Systems with Ground-State of Jastrow Form Are Integrable”

CONTENTS

I. The exchange operator
A. Properties of the two-particle position exchange operator M;;
B. Properties of the three-particle position exchange operators M, j;

II. Projection onto the bosonic and fermionic subspaces
III. Derivation of Eq. (3)

IV. Results related to integrability
A. Proof of Eq. (16)
B. Proof of the block-diagonal structure of permutation-invariant observables.
C. Proof of Eq. (17)
D. Effective 1-body operator

V. Guide to discover new integrable systems

A. Recovering the integrability of well-known models
1. Calogero model with and without a trap
2. Tonks-Girardeau gas, describing 1D hard-core bosons in a trap
3. The Sutherland model: inverse-square interacting particles on a ring
4. Lieb-Liniger gas

B. Predict the integrability of existing quasi-solve models or new models
1. Quadratic Long-Range LL model
2. Long-Range Hybrid LL model
3. Generalized Hyperbolic model
4. Sutherland model in a trigonometric trap

C. Fixing interactions first: Toda-like interactions in the continuum

I. THE EXCHANGE OPERATOR

In this section, we give a rigorous definition of the exchange operator used in the main text and derive its properties from first
principles.

A. Properties of the two-particle position exchange operator M;;

Consider the N-fold tensor-product of a single-particle Hilbert space H, i.e., H®, where we do not assume a particular
exchange statistics for the particles. This means that the particles may be distinguishable or not. The position exchange operator
M;; acting on the spatial coordinates x; and x; on a many-particle state y; € H®" is defined as

Mijhs (X, Xiy oo Xjy oo XN) = (X, Xy ooy Xy oo XN, D FE (SD

where Y(x1,---x;, ---, xj, -+~ xy) is the wave function on H®N and s denotes the internal degrees of freedom, which can
account for spin in identical particles. By definition, we find

M = M;;. (S2)
Furthermore, according to this definition, it follows that

Mizjws(-xl"“-xh Y -xj’ XN) = lps(xla"'xi, T, -xjs “'-xN)a (S3)



which implies that M;; is idempotent, i.e.,

M} =1 (S4)

The inner product on H® is
N
CAE Zf]_[dxk¢:(x1,---x,», Xy XWX e Xy ). (S3)
K k=1
The adjoint of M;; is defined as (M;xp, ¥) = (¢, M;jp). Explicitly expanding the inner product according to Eq (S5), we arrive at

N
Zfl_[dxk[ij¢s(xl,-~~ s Xi e Xy XWX, Xy e, Xy e X)
K k=1

N
:Zfl—[dkuSz(xl,u. s Xiy "'-xj» ~.-xN)lﬂs(_x1’..._xj, cee X, ...xN)
B k=1

N
=Zfl_]dxk¢§(x1,"' s Xjy o Xiy o XN)Miplg(X1, s Xy e, Xy XN, (S6)
K k=1
which indicates that
MG Xi o Xy ) = B X X ), (87)

Comparing above equation with Eq. (S1), we conclude that M;; is a Hermitian operator,

M;j = ij. (S8)
We define operators or observables
A = A(x), (59)
Ajj = A(xi, X)), (S10)
Aij = A(xi, X}, Xp), (S11)

where the dependence on the internal degrees of freedom of O is suppressed. Then one can easily find that

N
@, MiAw) = (M, Aw) = ) f [ Ty, -, x i, - )OO Ger, iy =+, x5, -+ ) (S12)
K =1

For k # i, j,
N
Zf]_[dxl¢:(xl,"‘ > Xjs o X, w0 (X, Xy Xj, *t* XN)
s =1
N
=Zf]_[dx1¢’;<x1,---,x,-,---xi,---xN>0(xk)¢s<x1,---x,»,---,xj,---xN)
s =1

N
=Zfl_[dx1¢§f(x1,"' s Xy Xy o XNOO)M (X1, Xjy -5 Xiy -0+ XN)
s =1
=(¢p, OxM ) (S13)
We conclude that

M,'J'Ak = Aij,' = AkM,'j, for i, j, k, distinct. (514)



If k = i, then we find

N
(¢, MijAip) = Zfl_[dxl(ﬁﬁ(xl»"' s Xyt Xy XN)OXY (X1, - Xy e Xy o0 XN)
s =1
N
= Zf]_[dxl¢:(xl,"‘ s Xjy oo Xiy o XA M i (X1, -+ Xjy -y Xiy - XN)
s =1

N
= Zfl_[dxl(ﬁz(xl"“ s Xis '“xjs '"XN)A(Xj)M[ij(XI,"'.xl', Y xjs "'.XN)
s =1

= (¢, A;M; ), (S15)
where we have used change of the dummy indices x; — x; and x; — x; in the second last equation. We find
M;jA; = AiM;; (S16)
and similarly
M;jA; = AiM;;. (817)

One can extend the above arguments to many-body operators A; ... with little effort. For example, for two-body operators Ay,
one can find

M;jAy = Ay, for i, j, k, I, distinct (S18)
M;jA . = AgM;;,  for i, j, k, distinct (S19)
M;jAy; = AuM,;j, for i, j, k, distinct (S20)
M;jAij =AM, (S21)
M;iAj = AiiM;;. (S22)

B. Properties of the three-particle position exchange operators M,

The particle exchange operator with three indices is defined as
Mijk = Miijk’ for N i, j, k, distinct. (523)

With the properties of the two-particle exchange operator, one can easily show that M, is invariant under cyclic permutation,
ie.,

M;jx = Mji; = My (S24)
However, it is not fully symmetric in its indices. In particular, M;; # M ;. Furthemore, for all distinct i, j, k, [,
Mg A; = AM;j (S25)

since A; commute with M;; and M . Furthermore, one can explicit check that

M;jgA; = MjjAiM ;. = AjM; ., (S26)
My Aj = MijArMj = ArMj, (S27)
MijAr = MijAiMjc = AiMiji. (S28)

II. PROJECTION ONTO THE BOSONIC AND FERMIONIC SUBSPACES

In EOF, one may restrict the construction to the bosonic or fermionic subspace to simplify the calculation or motivated on
physical grounds. For example, it was shown by Polychronakos [7, 8] that if the prepotential is V;; = [/x;;, then

1 1 1 1 I(1- M)
o= — 2_ 2,2 N 2 TV S29
227 m an 2m Zp, m (x; — x))? (529



This Hamiltonian is still defined on H®". Recall that the Hilbert space H; of identical particles is a subspace of H®. We define
the projection operator on H® to H; as P;. It can be readily checked that for any ¥/(x, x, -+, xy) € HEN,

1
M Pap(x1, xp, -+ 5 xy) = MZ(il)aMijlﬁ(xm,... Xt Xy s Xy

1
= ﬁz(il)a+]lp(xo'],-.. xJi,...xgj cee szN)

= £Pp(x1, X2, -+, XN), (S30)

PeMip(x1, xo, -+, xn) = Pep(X1, - Xjy - Xiy -+ XN)
= (EDP(x1, - Xiy o Xjy e XN)

1
=N Z(il)‘”llﬁ(xm"“ Xops ' Xay * 0 Xgy)

= +Pp(x1, X2, =+, Xy). (S31)
Thus, we conclude
[P, Mij]1 =0, (S32)
PcMij = MijPr =Py (833)
Therefore, when projecting onto the bosonic or fermionic subspace, Eq. (S29) becomes
1 1
RPelPe= 3 0, = PellesPe (s34)
where
1 W ()
Hes=5— ) pi+— ) —5 S35
cs ZmZp' m;(xi—xj)z (S35)

is the rational Calogero model. The procedure in Eq. (S34) is effectively equivalent to replacing M;; = (1.

However, we warn the audience that when focusing on spinless bosons or fermions, setting M;; = I requires some caution.
For example, when calculating [p;, Y»; VieM ] withi # j, had one setting M = {1 before actually calculating the commutator,
one would obtain

2
[pir D VieMuPc] = LV, (S36)
k#j
On the other hand, a rigorous calculation following Eqs. (S14-S22) shows that
[pi, Z VMl = [pj, ViM;] = [pi, VilMj; + Vil pi, Mj]
k#j
= iV, My; = Vij(pi = pp)Mij. (i # j) (837)
Upon projecting this relation onto H,, by setting M j = I, which yields
[Pis ) VikMyIP; = LihV, = {Vig(pi = p)). (S38)
k#j
This example clearly shows that [A, B]P; # [A, BP,] and in particular
[A, BP;] = [A, BIP; + BIA, P,]. (S39)

The caveat we would like to give to the audience is that whenever one would like to set M;; = +I, say, on physical grounds, one
should bear in mind that at the formal level a projection has been introduced, which has to be taken into account to work out the
correct algebra.

Finally, we mention the following interesting lemma for spinless indistinguishable particles, thanks to the EOF and the pro-
jection operator:



Lemma 1. For any k-body operator A, ..; acting on states of N-spinless indistinguishable particles, P A;,.... P, is “super-
symmetric”, i.e.,

P{Ail...ikpg = P(A]ljkpé', (S40)
where (j1, ja, -++, jx) is arbitrary k-tuple, not necessarily a permutation of (i, - - - i)

Proof. The proof is to take advantage of Eq. (S4) and Eq. (2). The intuition for the proof can be easily seen from the case where
indices (ji, ja, -, jx) are distinct:

PAi i Pr = PMijy - Mi My, - My, A i P
:P{Miljl : Mlk]kAjl ]leAJAMlkjkMHhP{

= PégkAjl“'jk{ 7)5
=PrAj..; Py (841

With the above intuition, one can easily prove the general case without any difficulty. m

III. DERIVATION OF EQ. (3)

Given the generalized momenta

i = pi +IZ VijMija

J#L

the EOF Hamiltonian is defined as

51 L= om Zﬂ
2
2;12[;7,4-12 VUM”]
J#I
= Z

which is the sum of a purely kinetic one-body term, a two-body term, and a three-body term.We next use the fact the two-body
term can be rewritten making use of [p;, V;;] = —iA, 0;V;; = —ihVi’j together with V;;M;;p; = Vi;p;M;;.

In addition, we note that the third term on r.h.s. of Eq. (S42) with j = k becomes a two-body term —V;;M;;V;iM;; =
-V jVj,-Mizj = +Vl.2j, using the fact that V;; is antisymmetric in its indices. Thus

i t IZ(szl/Ml] + Vl]Ml]pl Z V M Vlek
J#EI Jok#i

, (S42)

1 1 )
5h=5m Z 2 4 Z(hvaij +iVii(pi + )My + VZ) ~ Z VM, VM
i # i ket
1 !
" 2m Z Tt Z(thMU + Vi) - Z VijijMijMikl
i J#i i+ j£ki
] ’
= % Z -+ Z(thMij + V,zj) - Z V,'ij,'M,'jkl , (543)
i J#i i# j#k#i

where in the last step we have swapped the indices i and j and used the fact that V;; is antisymmetric in its indices, and that
M is the three-particle exchange operator defined in Eq. (S23). Taking advantage of the invariance of M, under the cyclic
permutation of i, j, k, we can further symmetrize the last term on the r.h.s. of Eq. (S43) as

Z VljvklMljk - 5 Z (Vljvjk + ijvkl + th lj)Mljk - 5 Z Vt/lejka (544)
i# j#Ek#i /#k#l ]#—k#l

where Vi = Vi;Vj + Vi Vi + Vi V. Upon projecting to the bosonic or fermionic subspace, we find,



1 L,
%Pglngng( Zpl +—Z(§hV-+Vij)— 6_m Z V,'jk]Pg

i#j J#Ek#I

(S45)

Since Vi’j and Vlzj are symmetric in the indices i and j and V;j is fully symmetric in permutation of any pair of the indices, the

sums in above equation can be further rewritten as

Zp, + —Z(ghv + V) - Z Vijk

i<j z<j<k

1
—P,I .
sz"g 2P = P

Therefore, we find Eq. (3).

IV. RESULTS RELATED TO INTEGRABILITY

In this section, we discuss some results that are used in the proof of integrability discussed in the main text.

A. Proof of Eq. (16)
For any permutation-invariant observable O(x, x;, - -+, Xy),
1
P{O()Cl, X2, 500, -xN)l:b('xl’ X2, "0, .XN) = ﬁ ZO(-X(le -x(7'27 Y xrrN)lJ’(xo']s x(Tz’ ) X(TN)
o

=O0(xy, X2, -+, XN)P(x1, X2, -+, XN),
for any Y(xy, xp, --+, xy) € H ®N Therefore, we conclude that

[P, O] = 0

B. Proof of the block-diagonal structure of permutation-invariant observables.

(S46)

(S47)

(S48)

Proposition. A permutation-invariant observable is block diagonal on H; and 7’(§l where H ; is the orthogonal complement of

H; on JHEN,

Proof. We denote the projector onto H ; as Pé. Then, for a permutation-invariant observable O, according to Eq. (16), it can be

easily seen

7)(07)2 = OPQVP? = O,
P?OP( = P(P?O = 0,

whence it follows that
0= PgOPg@P?OP?,

which concludes the proof.

C. Proof of Eq. (17)

Eq. (17) is equivalent to the following proposition:

(S49)
(S50)

(S51)

Proposition. If a permutation-invariant and local observable O vanishes on H;, then it must vanish on the full Hilbert space

HeN,



Proof. Assuming A (xy, xa, -+, xy) € H®N, which is not necessarily symmetric or anti-symmetric. We borrow inspiration

from coordinate Bethe ansatz [6, 31] and construct another symmetric or anti-symmetric wave function ¢(x, x, --- , xy) € H;
¢(x1, X2, -+, xN) = Z LT (Ko Koy = X JOH Xy = Xy )+ O (Xery = X0y O (X, = Xor)) (852)

o
where o is a permutation of the tuple (1, 2, ---, N) and 6y(x) is the Heaviside function. It is worth to note that ¢ is not P .

For example, if ¢ € W_L, then P = 0 while ¢ # 0 as long as ¢ # 0. Since O vanishes on H therefore

O(xy, x2, -+, XN)P(x1, X2, -+, xy) =0 (853)
which implies

O(x1, X2, *++ s XNW(Xerys Xgyy =+ X)) =0 (S54)
for Xy, < X¢, <+ < Xg. Eq. (S54) implies that

O(x1, x2, -+, XNW(x1, X2, -+, xy) =0 (S55)

for x; < xp < -+ < xy. However, our goal is to show it holds in all the regions. To reach this goal, let us take advantage
of permutation invariance. Note that r.h.s. of Eq. (S54) implies the x;’s on l.h.s. are dummy indices. Therefore, Eq. (S54) is
equivalence as

O(xomt, Xgzts ooy Xga W1, X2, -+ X)) = O(x1, Xa, -+, XNW(x1, X2, -+ xy) =0 (S56)
where o' is the inverse permutation of o. So far, we have shown that Eq. (S55) holds on all the allowed regions of
(x1, X2, -+~ xy). On the boundary where at least two of the coordinates coincide, locality of O implies that the value of Oy
on the boundary is full determined by the its value on the neighborhood outside the boundary, where Oy vanishes. Thus, Oy
must also vanishes on the boundary. O

It can be shown that [7]

[, ;] = Z Vik(M;j — M jix). (S57)
[y
Thus (M, jx — M ix)P; = 0 and we obtain
[, mj1P; = 0. (S58)

Furthermore [7;, 7;] is local since they only involve at most second derivative of the coordinate. However, it does not vanish on
the whole Hilbert space H®Y because [r;, 7;] is not permutation-invariant. So here we can see for a local, but not permutation-
invariant operator, even it vanishes on H,, it may not vanish on H®".

D. Effective 1-body operator

The operator

Wi=i) ViMix (859)

ki

acts an effectively 1-body potential, in the sense that it satisfies the exchange rule for 1-body operators, even if it involves N
degrees of freedom! Indeed,

M,JW] = IZ Ml]V]kM]k = 1 Z Ml]V]ijk + lMlJleM]t
k#j k#i, j
= i:g: ‘Gkﬁlwﬂlw'+i‘ejﬂﬂjﬂﬂj
k#i, j
= iZ VaeMaM;; = WiM;;. (560)

k#i



Further,

MWy = iz M;;VuMy =i Z M;;ViuMyy +1M;;VicMy; + iM;; Vi My

I#k I#k, i, j

=i Z VklelMij + iniMkiMij + inijjMij
I#kd, j

= iz VaMuM;j = WiM;;. (S61)
1#k

Therefore, 7;, a;, aj and A; act all as effectively 1-body operators, i.e., they satisfy the exchange rules of a 1-body operator.

V. GUIDE TO DISCOVER NEW INTEGRABLE SYSTEMS

The systematic investigation of models in the PHJ family [25-28] has been limited to date given that the resulting models
were expected to be, at best, quasi exactly solvable, i.e., models in which only part of the spectrum can be determined. Our work
establishes the equivalence between the PHJ and EOF family and proves the integrability of the PHJ models by identifying the
corresponding integrals of motion. The identification of new integrable models in this family is straightforward. It suffices to
choose a prepotential V(x) or pair function f(x), compute their derivatives, and use Eq. (3) or Eq. (5) in the main text to determine
the Hamiltonian of the model in the real line. Similarly, Eq. (9) or Eq. (12) in the main text readily gives the Hamiltonian of the
model in the presence of an external potential. For the convenience of the reader, we shall give the general integrable Hamiltonian
in the EOF and PHJ family explicitly and then provide a user guide to discover new integrable systems. The general integrable
Hamiltonian reads

2
; 1
H=Y [;L + U,-] + = | (envy + VE = EN2mVi Wi = Wil) = > Vigl, (S62)
i m m i<j i<j<k
or in term of the Jastrow wave function it reads
2 2 17 4 1 £ 'y Y
D; h (fz] , fz]] (fz]fzk fij Jk ik jk)
H= — +Ui|+— —+ v, =)= |+ - + , (S63)
Z(Zm ] m ; fii Y i;k fiific  fijifie  SSi
where Vij = V(xi - Xj) is an odd fll[lCtiO[l, U,‘ = U(xi), ‘/V, = W(X,‘), Vijk = Vijvjk + ijVki + Vk,‘Vl‘j, and
S (x)
V(x) = (h , (S64)
ST
hi
W(x) =- Vv (x), (S65)
V2m
fi
U(x) = W?(x) - —W'(x), (S66)
V2m
K2 )
= [ +v7]. (S67)
The wave function associated with Eq. (S62) is
Wo = [ Jexpa [ | £ (S68)
i i<j
m X Xij
= exp(—T > f W@)dy| [ | expln f dyVy)l. (S69)
i i<j

In some situations, one may prefer to choose the pair function f(x) or the prepotential V(x) such that the three-body potential
Vijx reduces to two-body potential. It has been shown by Calogero [30] that in this case V(x) must takes the form

V(x) = al(x; g2,83) +fx, (870)



where a, B, g2, g3 are constants and {(x; g2, g3) is the Weierstrass zeta-function (see e.g., Chap 13 of [61]). In this case, for
x+y+z=0,one can find

VOV + V)V(2) + V()V(x) = O(x) + Q) + Q) (S71)
where
O(x) = % [ = aV'(x) - V2(x)]. (S72)
One check that V(x) in Eq. (S70) is odd in x and thus Q(x) is even in x. Therefore (S62) becomes [24]
H=)" % + D Ui+ % D U[envi + Vi = (N = 2015 = EN2mVig(Wi = W) (S73)
i i i<j
where N is the number of particles. The general solution Eq. (S70) immediately implies the following property of V(x):
Lemma 2. [If V(x) satisfies (S71), so does V(x) — Bx [30]. That is,
V(x) = V(x) - Bx, (S74)
0(0) = 0() +xV(x) - %ﬂ2x2. (875)
Now we are in a position to give the guidelines for constructing an integrable Hamiltonian:

1. As we have mentioned in the main text, the Hamiltonian (S62) is always integrable regardless of the normalizability of
f(x). When f(x) is not normalizable, the Jastrow wave function (S68) is no longer the ground state wave function of Eq.
(S62). However, Eq. (S62) is always legitimate.

2. The only requirement on f(x) is that it has well-defined parity; it should be an even or odd function. Both parities lead to
an odd prepotential V(x). One can either choose f(x) or V(x) as the starting point for constructing the Hamiltonian.

3. When restricting particles in a ring with circumference L, all the potentials must be periodic in L, which dictates that f(x)
or V(x) must also have period L. W(x) and v(x) are also required to have the periodicity L.

Following the above guidelines, one should be able to construct an unlimited number of integrable models, as we now illustrate
with examples. In what follows, we shall use the notation x;; = x; — x; and X;; = (x; + x;)/2 so that the many-body Hamiltonian
is written in a compact way.

A. Recovering the integrability of well-known models

Now we show that the PHJ-EOF family includes canonical examples of one-dimensional integrable systems. Thus their
integrability is proven immediately with Theorem 2 in the main text.

1. Calogero model with and without a trap

We shall employ Eq. (S63) to generate the model and consider

_ _l@ 2
v(x) = R (S76)
f(x) = xl', 2 € [0, 00). (S77)

As we have mentioned in the guidelines, f(x) is unnormalizable since the configuration space is now unbounded. But the
integrability of the parent Hamiltonian is not affected. Here, we also would like to emphasize that since the absolute value | - | is
involved, care needs to be taken when taking derivatives. It is straightforward to calculate

d d , ,

E'F | = o {F()sgn[F(0)]} = F'(x)sgn[F(x)] + 2F (x)F (x)3[ F(x)]. (878)



We note the following identities

FSIF(x)] = 0, x # &, (S79)
f FOOF (D0[F(0)ldx = )| f 26(2)dz = 0, (S80)
k

where & is the zeros of F(x) and z = F(x). Thus, one can think of F(x)d[F(x)] = 0 at all points, as long as it is not multiplied
by a factor that is singular at the zeros of F(x). Therefore, we obtain

d
5IF(x>I = F'(x)sgn[F(x)], (S81)
and using Eq. (S81), we find
F/(x) = Ax*Tsgn(x). (S82)

As for the second derivative of the pair function, its explicit evaluation yields

” -1 26(x)
S (x) = Al [ T } : (S83)
According to Eq. (S64), we find
A A

V(x) = {hmsgn(x) = {h;. (S84)

Furthermore, we notice that when A4 # 1

@a-1 26x) 1 A-1

X o W[(ﬂ =D +2|xl6(x0)] = A (S85)

where we have used Eq. (S81) to conclude that |x|6(x) is negligible, in comparison with the A — 1 term, whenever the latter is not
zero. To summarize,

A (S86)

AD 2 e0, 1)U (1, )
7’ — |22 ’ ’ ’

[l

One can further check that the three-body potential vanishes and that the long-range potential induced by the external harmonic
potential is also a constant. Thus we find that the parent Hamiltonian (S63) reads

2 B2 AQ=1)
o EALD 2e[0, DU (1, ),
H= (% + zmngf) - Ep+ {h_ i et (S87)
i m o |xjl -

where

Nhw . N(N — DAliw
2 2 ’
The first line of Eq. (S87) in the literature is usually referred to as the (rational) Calogero model [22]. To the best of our

knowledge, the careful treatment of the Calogero model in the case A = 1 was first discussed by Mathieu Beau in 2017 [56].

Eo = (S88)

2. Tonks-Girardeau gas, describing 1D hard-core bosons in a trap

The Tonks-Girardeau regime describes one-dimensional hardcore bosons [34, 35]. Consider the value A = 1 in Eq. (S77). The
interaction between the particles according to Eq. (S87) is set by 6(x;;)/|x;;|. This interaction is equivalent to a repulsive delta
interaction with infinite strength, which describes the hard-core potential in the Tonks-Girardeau gas. In this case, the ground
state wave function becomes according to Eq. (S68)

maw;
W) = exp [-2—;_10 xf] [ Th (S89)

i i<j

in agreement with [35]. The corresponding ground state energy is Ey = % + w



3. The Sutherland model: inverse-square interacting particles on a ring

We shall employ Eq. (S63) to generate the model and start with

a1

£(x) = | sin (”—;) , (S90)
v(x) =0. (S91)
According to Eq. (S81), we find
, Ar| . (x|t X . (7x
f(x)= T sm(f) cos(f)sgn [sm (f)] (892)
and
f(x) Ar (nx)
V(x) = {(h—— = {h— cot|—]. S93
(X){f(x) gh—cot{ 7 (593)
Eq. (S63) becomes the Sutherland model for A € [0, 1),
2 2 2
p; hnm A1-1)
H = L + — (—) N P - EO’ (S94)
Zi: 2m  m\L ; sin2 (Tj)
with the limiting case 4 — 1 reduces to the Tonks-Girardeau gas on a ring, which is similar with Eq. (S87), where
7\2 PREN(N? - 1)
== —. S95
0 (L) 6m (595)
4. Lieb-Liniger gas
The Lieb-Liniger model reads [44, 45]
p; R
H= — 4+ — 2g0(x;;)| — Eo, S96
sz+m;g<x,> 0 (396)
where
nPgN(N? - 1
Ey = _M. (S97)
6m
We shall employ Eq. (S63) to generate Eq. (S96) and consider [27],
J(x) = exp(glx), (S98)
v(x) =0, (599)
which leads to
V(x) = gsgn(x). (S100)

Since sgn(x)sgn(y) + sgn(y)sgn(z) + sgn(z)sgn(x) = —1 for x + y + z = 0, the three-body potential is a constant. The two-body
potential term is the delta potential.

B. Predict the integrability of existing quasi-solve models or new models

Embedding the Lieb-Liniger gas in a harmonic trap will lead to the long-range Lieb-Liniger model [27, 46]. However, only
its ground state property is discussed previously and its integrability is not clear in the previous literature. Theorems proved in
the main text show that the long-range Lieb-Liniger model is not only quasi-solvable but also integrable. Below we give more
applications of these theorems and show that a variety of related models are actually integrable.



1. Quadratic Long-Range LL model

According to Lemma 2, one can shift Eq. (S100) by a linear function and take

V(x) = {hlgsgn(x) — Bx]. (s101)
Setting W(x) = 0, we find
2 -1 1
0(x) = [—% + gBlxl - Eﬂsz], (S102)
and Eq. (S62) becomes
2 2 2
_ P; h NB~ ,
H = Z Tt Z] [2g6<x,-,> ~ NgBlxijl + Tx,;,} - Eq, (5103)

where

Ey (S104)

2 6

_ n [N(N— DB &N(N* - 1)]
— )

This Hamiltonian was first constructed by Calogero [30] with the Jastrow wave function. Its integrability was not clear
previously. Theorem 2 in the main text shows that this Hamiltonian is also integrable.

2. Long-Range Hybrid LL model

W(x) = \/gwx, (S105)

Considering the prepotential (S101) together with

one finds Eq. (S73) becomes

2
_ pi 1 2
H—Z%+§mw in—Eo (S106)
n? mw NB mw
+Z;[2g6(xij)—g(Nﬂ+ 7)|x,-,|+ﬁ(7+7);@], (S107)

where

_ Nhw  Wg2N(N*-1)
L} 6m ’

Eq. (S107) is a further generalization of the Long-Range LL model discussed in the main text and Refs. [27, 46], which we
discuss for the first time here. This model is also integrable, according to Theorem 2 in the main text. Interestingly, upon taking

(S108)

maw

= S109
B=-3 (5109)
the long-range Coulomb interaction vanishes and Eq. (S107) simplifies to
2 2 2
3 pi 1, , I mw 2
H—Z%—kimw in +Z;2g6(xi,-)—W;xij—Eo. (S110)

The above Hamiltonian describes the Lieb-Liniger gas in a harmonic trap with quadratic interaction between the particles. Again,
it is integrable according to Theorem 2 in the main text.

The same holds true if one takes
W(x) = — /gwx, (S111)

which leads to an unnormalizable wave function according to Eq. (S69). However, as we have mentioned the integrability of the
Hamiltonian is not affected by the normalization of the wave function. Thus, the sign of w does not matter.



3. Generalized Hyperbolic model

Since we know V(x) = {hida coth(ax) generates the hyperbolic model [7]. According to Lemma 2, we take
V(x) = {h[Aacoth(ax) — bx], (S112)

and find
1
O(x) = I [/labx coth(ax) — zbzxz + constam] . (S113)

Following the guidelines, we find in the absence of external potential (i.e., W; = 0), Eq. (S73) becomes

2 2 2 E,
P’ h A1) e 2]
_ N ————— — ANabx;;coth(ax;;) + =Nb*x7,| — Ey, (5119
H Z 2m m o Linhz(axij) ! T2 ! i

where

Ey

o [bN(N -1) P@NW - 1)] (S115)

m 2 6

This model was discussed by Calogero [30] and was only known as quasi-solvable previously, i.e., only the ground state wave
function is known. Here, Theorem 2 in the main text indicates that this Hamiltonian is also integrable.

4. Sutherland model in a trigonometric trap

To the best of our knowledge, the possibility of embedding a periodic potential for the Sutherland model has not been yet
discussed in the literature. We take this step with the PHJ-EOF approach. We shall employ Eq. (S63) and take f(x) to be
Eq. (S90) and

mw (L\* ., (7mx
V()C) = —E (;) S (I), (5116)
which yields
hw 2nx mw?L? drx mw?L*
U(x) = —7 COS(T)— WCOS(T) m (8117)
We have computed before f’(x)/f(x) in Eq. (S93). According to Eq. (S63), we find
o= p,-z hw 27 x; mw?L? Amx;
—Z%—Z TCOS - +—167r2 cos T
n? 2 A1-1 A ij 27X
+—Z (f) %—ﬂcos(ﬁ)cos( ﬂx’) - Ey, (S118)
m L) gin (T'/> h L L
where
2 /127}12 2 _ 1 2L2
Eoz(f) NN - 1) _ Nme (S119)
L 6m 1672

In the thermodynamic limit L, N — oo with N/L kept fixed, so that one can readily check Eq. (S118) reduces to the Calogero
model in a harmonic trap. Thus Eq. (S118) can be viewed as the generalization of the embedded Calogero model to the embedded
the Sutherland model. Again, if one flips the sign of the frequency w, the integrability is preserved.



C. Fixing interactions first: Toda-like interactions in the continuum

The above examples have been found in the PHJ-EOF family by choosing the pair function f(x). As an alternative, one can
twist the construction around, by fixing the interactions first. For the sake of illustration, let us consider a two-body potential
that decays exponentially with the interparticle distance over a length scale ¢, e.g.,

hzg
Vo= —2 ) ehullt, (S120)

This potential is a generalization to the continuum of the Toda interactions and can also be considered as a low-density approxi-
mation to the hyperbolic potential, e.g., as discussed in [14, 27]. Thus, we expect

R

Ignoring the singular terms for the moment, this differential equation for x > 0 admits as a specific solution

+ singular terms. (S121)

f(x) = 1o (2 vgle™"), (S122)
where I,(x) is the modified Bessel functions of first kind and order . This solution motivates the choice
fx) = Iy (2 ygle ™) (S123)

for all x. This pair function decays smoothly as function of x to unit value. To compute f”'(x)/f(x), care must be taken for the
absolute value. Using Eq. (S81), we can readily calculate

dly (2 ygle™/°) _dy (2 ygte™)

dx /x| sgn(x)
= —2¢7" yigIy (2 vgle ™) sgn(x), (S124)
&Iy (2 ygle™™C) Iy (2 ygle™™)  dly (2 ygle™")
a2 = 20 * da oW
a1y (2 yJgle™W/¢
= —0( d;/l‘ile ) =27\ (2 ygle ) 5(x). (S125)
Thus we find
f'(x) ey 5 (2 vgle—lxl/l)
=-2 — 7 : S126
f(x) \/ge IO (2 \/gle*|x|/€) Sgn('x) ( )
S (%) _ e
_f(x) = ge co(x), (S127)
(S128)
where
2zl (2 vzt
c= M (S129)

In(2 vzt)

The corresponding three-body potential is nonzero, as expected, and takes the form given in Eq. (S63) with f’(x)/f(x) given by
Eq. (S126). The expression of f’(x)/f(x) sets the generalized momenta x; through Eq. (7) in the main text and the corresponding
integrals of motion 7,. The resulting Hamiltonian thus takes the form

p;
H= Z ﬁ + - Z [ge_lx"‘fl/(’] - C(S(xij)] + Vi. (S130)

i<j



Given 1(0) = 1, i.e., the wave function does not decay when particles are far apart, the Jastrow wave function is not normal-
izable in the in absence of an external trap. We thus consider the case where system is trapped. The ground state of the trapped
system is then

Wo = ¢ % 20 | hol2€ vg exp(—lxil/O)]. (S131)
i<j

The long-range two-body potential due to the embedding of the external harmonic trap in Eq. (S63) is similarly given in terms
of the modified Bessel functions.
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