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Abstract

We derive an exact formula for the field form factor in the anyonic Lieb—Liniger
model, valid for arbitrary values of the interaction ¢, anyonic parameter k,
and number of particles N. Analogously to the bosonic case, the form factor
is expressed in terms of the determinant of an N x N matrix, whose elements
are rational functions of the Bethe quasimomenta but explicitly depend on k.
The formula is efficient to evaluate, and provide an essential ingredient for sev-
eral numerical and analytical calculations. Its derivation consists of three steps.
First, we show that the anyonic form factor is equal to the bosonic one between
two special off-shell Bethe states, in the standard Lieb—Liniger model. Sec-
ond, we characterize its analytic properties and provide a set of conditions that
uniquely specify it. Finally, we show that our determinant formula satisfies these
conditions.

Keywords: anyonic Lieb—Liniger model, Bethe ansatz, exact results, correlation
functions

1. Introduction

Dimensionality plays a crucial role in the study of many-body quantum physics. For instance,
the well-known Fermi liquid theory breaks down in one-dimension, due to the drastic effects
of interactions compared to the higher dimensional case [1]. Even more fundamentally, it is
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closely related to the quantum statistics of indistinguishable particles: while in three spatial
dimensions they can only be Bosons or Fermions, two-dimensional systems allow for anyonic
statistics, with properties that interpolate between the two [2] and are responsible for unique
physical phenomena, such as, e.g., the quantum Hall effect [3].

As a recent development, a series of studies suggested the possibility of confining anyons
in one dimension, by exploiting experimental techniques that are in principle already avail-
able within cold atom physics [4—6]. These works paralleled several theoretical speculations
on the subject, which culminated in the study of concrete models of one-dimensional anyons
[7—17]. Focusing mainly on ground-state and thermal physics, these investigations already pro-
vided quantitative predictions for several quantities, including correlation functions [16,18—-22]
and the (particle) entanglement entropy [23,24]. As a distinguished qualitative feature, it was
found that anyonic gases at equilibrium display a momentum distribution that is not symmetric,
signaling the fact that the Hamiltonian breaks parity symmetry [25-32].

The vast majority of these studies was restricted to infinitely repulsive anyons, since finite
interactions bring about additional computational challenges. This is true also in the integrable
anyonic Lieb—Liniger gas [15,16], which generalizes the well-known model of point-wise
interacting Bosons introduced long ago [33]. Indeed, despite the underlying integrability, the
computation of correlation functions is a hard problem. In the bosonic case, after many years
of technical advances, beautiful results have been derived for the ground-state [34—41] and
at thermal equilibrium [42—-49]. However, so far much less attention has been devoted to the
anyonic case.

In the past ten years, the ability to compute correlation functions in integrable systems have
become even more urgent, due to the possibility of realizing them using cold atom settings
and of testing directly theoretical predictions against experiments [50,51]. Furthermore, the
increasing interest in isolated systems out of equilibrium [52,53] has provided a strong moti-
vation to compute correlation functions for arbitrary excited states. In the Lieb—Liniger gas,
this led to the discovery of new analytic formulas for one-point correlation functions [54—61]
and form factors [58,62—-64] (the first determinant formula for the field form factor in this
model was obtained in reference [65], see also references [66,67]). The latter are matrix ele-
ments of local operators between different energy eigenstates, and are particularly important
out of equilibrium. Indeed, they represent one of the building blocks of the so-called quench
action method, an analytical approach to tackle exactly the dynamics of interacting integrable
systems [68—72].

In the case of anyons, several studies have already shown that intriguing properties emerge
beyond equilibrium physics, including, for instance, a ‘dynamical fermionization’ which
appears to be quite robust against different protocols [73-77]. However, these works were
restricted, once again, to the infinitely repulsive regime, while up to now no analytical tools
were available to tackle the case of finite interactions.

In this paper we study the form factors between arbitrary energy eigenstates in the anyonic
Lieb—Liniger gas, and derive an exact formula for the creation and annihilation fields of the
model. The latter is valid for all the values of anyonic parameter and interaction, both repulsive
and attractive, and for any number of particles N. Analogously to the bosonic case [62,65], the
form factor is expressed in terms of the determinant of an N x N matrix, whose elements are
rational functions of the eigenstate quasimomenta, and is efficient to evaluate. Our formula
provides an important first step toward the study of the model beyond the infinitely repulsive
regime, both in and out of equilibrium.

Due to the anyonic fractional statistics, the computation of correlation functions in the any-
onic Lieb—Liniger gas presents additional difficulties with respect to the bosonic case, which
can be studied by means of standard tools within the algebraic Bethe ansatz [78] (ABA). For
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this reason, instead of tackling the computation directly in the anyonic model, we map the
form factor to the matrix element of the bosonic field between two special off-shell Bethe
states (which will be defined in the next section). This allows us to make use of standard tech-
niques within the ABA formalism, and follow the strategy developed in reference [64], where
a set of determinant formulas were derived in the bosonic case.

The rest of this article is organized as follows. In section 2 we introduce the anyonic
Lieb—Liniger model, and its solution using the Bethe ansatz. In section 3 we present our main
result, namely the determinant formula for the field form factor, which is derived in the rest of
the paper. In particular, in section 4 we map the problem to a computation of matrix elements in
the bosonic Lieb—Liniger model. This is then tackled using the algebraic Bethe ansatz, which
is reviewed for convenience in section 5. In section 6 we derive a formula for the norm, while
the one for the form factors is finally proven in section 7. Our conclusions are consigned to
section 8, while the most technical aspects of our work are reported in a few appendices.

2. The model and the field form factors

2.1. The Hamiltonian and the Bethe ansatz solution

We consider the anyonic Lieb—Liniger Hamiltonian [16]

L
Hy = / dx [ WL TAC) + LWL DTA T (1)
0

where c is the coupling constant of the model, which describes a gas of anyons confined in the
segment [0, L]. The anyonic fields satisfy the commutation relations

Wy (x) U (x2) = e ™G () Uy (1) + 6 () — x2), )
U (x0) T () = ™20 (x0) U (1)), 3)
Wy (x1) Uy (x2) = ™ CT2DW, (x2) Uy (x1), 4)
where
+1, x>0,
€x)=<{-1, x<0, (5)
0, x=0.

Here k is the statistics parameter, and the above expressions reduce to the traditional bosonic
and fermionic commutation relations for x = 0, 1 respectively.

The Hamiltonian (1) generalizes the well known bosonic Lieb—Liniger model [33]. It was
introduced and solved using the Bethe ansatz by Kundu [10], and systematically analyzed by
Batchelor et al [14,16] and Patu ef al [15,18,19]. In the following, we briefly review the aspects
of its solution that are directly relevant for our purposes. Note that we will employ the same
conventions used in reference [18].

We start by recalling that the Hamiltonian (1) acts on states of the form

1 L L
WN):\/W/O dzl--~/0 devxy @1 -z Uha) - - Ul @) [0),  (6)
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where |0) is the Fock vacuum state. For consistency with equations (2)—(4), the wave function
has to satisfy
XN ( s Zis Zitls - - ) = eme(z"fz"“)XN ( s Zitls Zis - - ) . (7

Note that the order of the field operators in equation (6) is important.
Next, the eigenvalue equation Hy;|¢)y = Ey|¢))y can be reduced to the quantum-
mechanical problem [14,15]

Hyxn @1, - -528) = Enxv @1, ---528) (8)
where
N o2
HN:Z( 82>+2c > (- 9)
=1 <j 1< j<k<N

Equation (8) has to be supplemented with a set of boundary conditions for the quantum mechan-
ical wave function xy. As discussed in [15], the anyonic commutation relations are not con-
sistent with requiring periodic boundary conditions for all their coordinates z;. In this work,
following reference [18], we will make the consistent choice

XN(()’ZZa"’aZN):XN(LaZ2a~~~3ZN)a (10)
v (2150, .., zn) = €7y (21, Ly - 2w) (11)
XN @122, 0) = TNy 21,2, L L) (12)

The eigenvalue problem (8), with the additional conditions (7) and (10)—(12) was solved in
reference [10,14,15] using the coordinate Bethe ansatz approach. As in the well-known bosonic
case [33], it was found that each N-particle eigenstate is associated with a set of quasimomenta,
or rapidities {\ j}f}’:l which generalize the concept of particle momenta for free Fermi gases.
The rapidities \; must satisfy the Bethe equations

Y )\ — A\ +ic

ML — g—imR(N=1) 1
H()\—)\k—lc> (13)
k#Ej

where
, c
= — 14
cos(km/2) a4

Given a solution to the Bethe equations (13), we can write, up to an arbitrary normalization,
the wave function of the corresponding eigenstate as [15]

T MATWH{ wezk—f)]
b

TESN j<k ﬂ(k) o W(J)

N2 4 (o)
v (21, {N}) = L\/m
(15)

where €(x) is defined in equation (5), while the sum is over all the permutations m € Sy of the
N rapidities. The corresponding energy eigenvalue is
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E[{\}L Z/\Z. (16)

The wave function (15) defines a state also when the rapidities do not satisfy the Bethe
equations, which we call off-shell. In the case when the Bethe equations are instead satisfied,
we call the state corresponding to (15) on-shell.

2.2. The field form factors

In this work we are interested in the form factors of the creation and annihilation operators.
Explicitly, we consider

FN“*N{ D A } \/m/ A" yd"2xy 0 (o {A})

X (21, ool {a}) (0] 00 W () WAO] (o) -+ W] @] 0)
(17)

and

1
Gnn+1 | X { {u AN NH} = \/W/dNdeHZXTV (1o oonl{mi})
X XN+ (215 - vt {A)) <0 ‘\IJA 01 Ta () Ta(0)T] (zan41) - - Tl (Zl)‘ 0> .
(18)

These expressions can be rewritten using the commutation relations (2)—(4). In particular, it is
straightforward to compute [15]

Fvo [ OGP (s
— \/m/szX1*v+1 (21 -z x{A}) xv (21 o awl{nd) (19)

while we simply have

GyN+1 [ﬂ{m}y:l,{)\j}yif} = (FN+1N [x2{>\j}7if,{uj}7:1b*~ (20)

Note that the wave functions are not normalized. Then, in order to obtain the normalized form
factors, we also need to compute

(W[ Ty) = /szx; (21 anl D) v (zia -zl {AD) 1)

3. Summary of our results

3.1. The field form factor

Let {4}, and {)\ j}N *1 be two sets of rapidities satisfying the Bethe equation (13), such that
i 7 M, V], =1,....,N,k=1,...,N+ 1. Our main result is the following formula
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N+1 N+1
GN,N+1 { {,u]}j 1,{)\]}N+1} = i Z)\ Z/,LJ X H )\jk+ic')
k=1
N+l N N+1
_ dety1 (6 + Up)
X Vi(k) = V; (k) - — (22)
,Hl kHl % ,[[1 \ @) (Vi (5) =V, (%))
where \jx = Aj — A\, while
N .
o ol — N\ £
V) = ez Lt in = A1 (23)
Hm:l )\m — )\j +ic’
. N
1 H 1 (,um - >\j)
ik — (o K s - K s ) 24
U]k Vf(/ﬁ) V (I{) HN+1 — )\]) [Q (>\j >\k) Q (>\p )\k):l ( )
Q,(x,y) = cos(mk/2)K T (x,y) +1 sin(rx/2)K (x,y), (25)
with
2
+ _
K" (x,y) = Gyt (26)
L 2ix—y)
K (x5y)_ (x_y)2+c,2' (27)

Finally, ), is an arbitrary complex constant (the value of equation (22) does not depend on ).

3.2. The norm

As a byproduct of our study, we also obtained a formula for the norm of on-shell Bethe states,
which is of course crucial in order to compute normalized form factors. It turns out that it
is expressed in terms of the same Gaudin matrix appearing in the Lieb—Liniger model (after
substituting ¢ — ¢’). Explicitly, we derived

)\ by 2+ /2
(Uy|Ty) = ’NH( 5y _")Ak)f det G, (28)
where
N
Gix = |L+ ZK+(>\j, A;-)] Sk — KT ). (29
r=1

3.3. Numerical checks and discussions

We have tested the validity of equations (22) and (28) against direct numerical calculations,
for different values of x, ¢, L, x and N. In particular, we have computed both the form factor
and the norm for different energy eigenstates by performing numerically the multi-dimensional
integrals of the wave functions, for N = 2, 3,4, 5 (we mainly focused on the ground-state and
small excitations above it). The result obtained in this way was always found to be in agreement,
up to the precision of the numerical integration, with our analytic formulas.
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Due to the increasing complexity of the Bethe wave functions, we could not test our formulas
for higher values of N. We note, however, that the test is already highly nontrivial for N =5,
where the direct calculation involves integration of many terms over a four-dimensional space.
We were able to perform such integrals using the program Mathematica, and found that our
prediction was always verified with a relative error smaller than € ~ 10~, which we attribute
to the inaccuracy of the multidimensional integration (as expected, the relative error was found
to decrease for smaller values of V).

Finally, we comment on the fact that equation (22) is valid only for sets of rapidities { u j}f}’: 1

{\; zjv:+11 with p; # A\, Vj, k. A priori, it might happen that for different on-shell Bethe states
; = A for some j, k. However, at least in the limit of large ¢ (and  # 1) it was shown in
reference [ 18] that this can not happen. For finite values of ¢ and &, in analogy with the bosonic
case [62], we still expect this not to happen except possibly for a negligibly small number of

states, due to the strong constraints imposed by the Bethe equation (13).

4. Preliminary observations and mapping to a bosonic form factor

In this section we show how the anyonic form factor between on-shell Bethe states can be
mapped onto the matrix element of the Bose field between special off-shell Bethe states in the
standard Lieb—Liniger model. The starting point is given by the following formula, relating
the form factors of the field at different points in space

N+1 N
Fypw |5 A Aoy =exp [ =1 DN =) uji] x
=1 =1

X Fytinv [0§{>\j}1,y:+11, {/ij}],yﬂ} : (30)

This is the same relation that holds in the bosonic Lieb—Liniger model, and that was also
derived in reference [18] for the case of infinitely repulsive anyons. In fact, it is possible to
prove it also in the case of finite interactions, based exclusively on the form of the Bethe wave
functions and on the fact that the rapidities satisfy the Bethe equation (13). In particular, one
can show that

N+1 N
d .
P s S| = =i [ D00 =D | Fvew [ DGR (d
j=1 j=1
€29)

which yields immediately equation (30). The derivation of equation (31) is straightforward, but
involves very unwieldy manipulations of the Bethe wave functions. For this reason, we report
the proof of equation (31) in appendix A. Note that taking complex conjugation of equation (30)
we also obtain

N+1 N

GNN+1 [x;{uj}l}]:l,{)‘j ﬂyill} —exp [i [ D N=D w)x
j=1 j=1

X GNN+1 [O; (Y Ijvill} : (32)
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Equation (30) is extremely useful, as it allows us to only focus on the computation of the
form factor at x = 0. Dropping the dependence on the rapidities, we can rewrite it in terms of
the Bethe wave functions as

cION+D/2

Fy4in(0) = N1

. =N
e iTRN/2 § § [ dVz e 127=121 (Ao —Hx(j)

UESN+17TGSN

J

N . . .
y {1 ic’ ] {1 N IC’e(Zj — zk)] {1 lc/G(Zj — Zk)}
1 >\O'(N+1),O'(j) N okl )\U(J),a(k) Ho(j),ok)

(33)

where we employed the shorthand notation Ay = A; — A, and used that z; > 0.

Up to the trivial prefactor e ™V/2_ the rhs of equation (33) is almost the same expression for
the form factor that one would obtain in the bosonic Lieb—Liniger model. There are, however,
two differences. First, the interaction ¢ has to be replaced by its effective value ¢’. Second, and
most importantly, the rapidities A; and p; must satisfy the anyonic, and not the bosonic, Bethe
equation (13), with a nonzero statistics parameter k.

In summary, we showed that in order to obtain the anyonic form factors, we can compute
them in the bosonic Lieb—Liniger model (with interaction set to ¢’) between two off-shell Bethe
states, whose rapidities satisfy a set of ‘twisted’ boundary conditions given by equation (13).
We note that the twist in the Bethe equations depends on the number of rapidities, which is
an essential ingredient determining the nontrivial features of the final result, and which is dif-
ferent from what encountered, e.g., in integrable spin chains with diagonal twisted boundary
conditions.

In order to compute these form factors in the Lieb—Liniger model, we will follow the same
strategy developed in reference [64], where determinant formulas for several observables were
derived. On the technical level, this is based on the algebraic Bethe ansatz approach; in the
next section, we briefly review it, and present the aspects that are needed in our subsequent
derivations.

5. The algebraic Bethe ansatz

In this section we introduce the algebraic Bethe ansatz, which is the natural framework for the
computation of correlation functions in integrable models [78]. In particular, here we describe
the ABA for the (bosonic) Lieb—Liniger model, with interaction strength ¢’.

One of the fundamental objects in this framework is the monodromy matrix

_ (A0 B
””‘(a» m»)’ B9

where A(\), B(A\), C(\), D()\) are operators acting on a reference state which we denote by
|0). These operators satisfy a set of nontrivial commutation relations encoded in the famous
Yang—Baxter equations, involving the R-matrix

S, D)
_ g(p, N) 1
ROW ) = L eu ) ’ 33)
S, N)



J. Phys. A: Math. Theor. 53 (2020) 405001 L Piroli et al

where the empty entries are defined to be vanishing and where

A —p+ic
A—p
ic

A—p

JO ) = (36)

g 1) = (37)

The operator entries of the monodromy matrix act on the Hilbert space generated by the Bethe
states

N
[1B»00), (38)
j=1

with dual states

N
O] cop. (39)
=1
while the action on the reference state of the operators A(A), D()) is given by
AN[0) = a(N)[0) . DV)[0) = d(X)|0). (40)
In the Lieb—Liniger model the functions a()), d()\) are
a\) = e A d(\) = el (41)

‘We further define for later convenience the function

a(N) —i\L
AN =—==¢"" 42
r(\) an (42)
Finally, it is useful to define rescaled operators
1 1
BN an N, C) a0 c), (43)
where d()\) is given in (41).
In the following we will be interested in two quantities. The first one is the norm
N = lim (0[CO) -+ - COWB(uy) - - B(1)|0), (44)
{uit i~
while the second one is the field form factor
N N+1
N s IS Yo rop ) = O] T eupm @ [ T BAp0). @45)
j=1 j=1

In both equations (44) and (45) we made use of the fact that BT(/]) = C(u), where i is the
complex conjugated of p [79].

The framework summarized in this section can be considered as the algebraic counterpart
of the wave-function formalism of the coordinate Bethe ansatz. In particular, all the quantities
computed using the representation (38) for the Bethe states can be related to those obtained
using the wave functions (15) (for x = 0). For instance, it can be shown that the function Gy

9
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in equation (45) is proportional to Gy y4 defined in equation (18), which is what we aim to
compute. This will be shown in detail in section 8. In the following two sections, instead, we
will focus entirely on the algebraic formalism and derive determinant formulas for A" and Gy
defined above.

6. Computation of the norms

In this section we provide a determinant formula for the norm (44). Let us first define the scalar
product between different Bethe states

S A Ay ArOD Y- Arup o] = (0ICAD) - - - COWB(uw) - - - B(141)]0).
(46)

This is a well-studied object in the ABA formalism [78,79]. Using the known commutation
relations between the matrix elements of the monodromy matrix (34) and equation (40), one
immediately sees that (46) can be expressed as a rational function of the rapidities, where r();)
and r(y;) play the role of functional parameters. In particular, the scalar product can be formally
rewritten as [78]

S [ sk b ) = S0 TTred v (B A1) @

Here the sum is with respect to all partitions of the set {\;} U {14} (consisting of 2N elements)
into two disjoint sets {1/} and {17} possessing equal numbers of elements; the coefficients
Ky are rational functions of the rapidities that do not depend on the vacuum eigenvalues (),
().

In the case when the rapidities {)\;} satisfy the standard Bethe equations (namely
equation (13) with x = 0) this rational function can be expressed in terms of the famous
Slavnov formula [80]. It turns out that the same formula holds, with minor modifications, also
when {)\;} satisfy the twisted equation (13), as we now show.

In order to see this, consider the normalized scalar product

S TN A ArO} {r(up}] = e ™ VNS TOUY (b ArOp . {r(up}] . 48)

From equation (47) it is immediate to see

S TN A rOD L {rup}] = S [N Ak FODL ] . @9)

where #(\) = e ™™ =Dr()). Due to the Bethe equation (13) we have

F(\)) = ﬂ A= i (50)
! _kfl Aj— X +ic '
k)

From equations (49) and (50) we see that Sis expressed as the same rational function cor-
responding to the overlap between an on-shell Bethe state in the bosonic Lieb—Liniger model
and an off-shell state with vacuum expectation values 7(1:;). We can thus apply directly Slavnov

10
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formula [80] to obtain

[{AJ} {uih AArp}, {"(Mj)} Hg()‘]’ A (Hkes f47) H h(Aj, p)dety My,

J<k Jk=1
(€29)
where
SO\, )
h(\, 1) = , 52
(A, ) <O ) (52)
and
8y i) X g(uz,/\k) FQ, Am)
= . 53
N v hWMJIﬂMw) 43

From equation (51) we can finally compute the norm taking the limit {;;;} — {);}. The cal-
culation is completely analogous to the one originally reported in reference [80], and presents
no difficulty. In particular, we have

N = {M}m{& }8 A b {rOW ) {r(up}]

— ™ NN gim S [} gk {rOp ) ()]

{ﬂj}j"{)‘ }j

_ 1’rh(N I)N IN (>\ - >\k)2 +C,2 %
— H O — WP det WA (54)
where
. . TG A
;=1 In¢ F\) . (55)
' ’gﬂaM}

We recall that here 7#(\) = e ™V =Dp(\) = e ™ N=D =\ We can simplify equation (54)
further, using

e 0 ol o o
mﬁwm”““”gﬂaM}‘ﬁa”“““gﬂ%M>

(9 i f(>\ s )\k)
_ i In i ,LH J . (56)
8)\]( { k;éjf(Ak,)\])
Then, putting all together, we finally obtain

iTh(N— / Aj—A : + cl2
/\/[{)\j}j] — iRV 1)NCNHﬁ detyG i, (57)
i< J

where the matrix G is defined in equation (29).
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7. Computation of the form factors

In this section we provide a determinant formula for the field form factor (45) in the case when
the two sets of rapidities {\;} and {y,} satisfy the twisted Bethe equation (13). In fact, we will
treat a slightly more general case, as we now explain.

First, analogously the scalar product (47), the function Gy in (45) can be written as a sum
of rational functions of the rapidities, with 7();) and r(y;) appearing as functional parameters.
In the following, we are interested in the expression that we get by replacing these functional
parameters with explicit rational functions. Specifically, introducing

M — x +ic
1qms
I (Al q) H pWpr— (58)
we choose
N+1 .
iTgk >\k >\f +IC
r) = In1({As A g) = e H W —s (59)
k?‘:J
1’r I lu’k IU’J + IC
) = On(pus pjpg = 1) = e D [ 252 (60)
J Nt 1 Ll_ll [ — u; — ic
k#j

With the above definitions, the expression for the form factor becomes a rational function
of the rapidities, with no dependence on the functional parameter r(\) left. With a slight abuse
of notation, we continue to denote this function by Gy. More precisely, we define

G (g Lt AND) = Ov{ i AN {rp Y {rODYED vwp=towttm. npa-vt -
(O =Ly 1) Ay}

(61)

We stress that this function is defined for arbitrary values of the rapidities and of the parameter
g, even though it is physically relevant only for sets satisfying the Bethe equation (13), and
with the choice ¢ = N.

There are arguably different ways to compute the function Gy(q, {1}, { ¢ }). In the rest of
this section, we will follow the strategy developed in reference [64] which provides a rather
clean way of proving the final result. Note that we will derive a formula which is valid for
general ¢, and at the end of the calculation we can simply set g = N.

71. Analytic properties of the form factor

Following reference [64], we begin by stating two fundamental propositions regarding the form
factor Gy. These are presented below, and provide a strict characterization of the latter in terms
of its analytic properties.

Proposition 1. Consider the function Gy defined in (61). Then the following properties
hold

(a)
Go(g, 0, \) = (—iv/c)e™, (62)

12
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(b) Consider p, € {1 j}l}’:l; then the asymptotic behavior of Gy as a function of [, is given
by

Jim Gu(g. {pj} {2} = 0; (63)

(¢c) Consider Gy(q, {11}, {\;}) as a function of p, € {y1;}Y_,. Then it is a rational function
and its only singularities are first order poles at ji,, = N, j=1,...,N+1;
(d) The residues of the form factors are given by the following recursive relations

N N+1
G (s (o Ao, ~ 8 M) [T £ ) [T £ A
Fm ot
N+1 N
= T SO AOTT £ 1) | G (@ i jrems {0} i) - (64)
j=1 j=1
JFk Jj#Em

The second proposition tells us that the analytic properties listed above uniquely specify the
form factor, and reads as follows.

Proposition 2.  Let {Hy = Hn({;})_1, {\; 7;11 } be a family of functions and suppose

that Hy satisfies properties (a)—(d) of proposition 1 for every N > 0. Then

HN({NJ}IJY:h{)‘j 1]Y:+ll) = Gn(q, {/’Lj}jjyil’{)\j ],y:+11 : (65)

The proofs of these propositions follow closely the ones reported in appendices A and B of
reference [64], with only minor modifications required with respect to the bosonic case. For
this reason, we omit them here, and refer the reader to eeference [64] for all the necessary
details.

72. The determinant formula

In this section we exhibit a candidate expression for the rational function corresponding to the
field form factor. We will then show that it satisfies all the properties of proposition 1. Thus,
thanks to proposition 2, this will allow us to conclude that it is the correct expression.

The candidate function for the field form factor reads

elamh(N+1) g—irNm/2 N1 .
HN({NJ}’ {)\j}) = - \/? H ()\jk + lC/)

k=1

N+1 N N+1

1 _ detN_H ((Sk + U‘k)
Vik)—V; / X (66
x EEAJ—M I (Vi —viw) (Vi () — V- () (66)

=1

where Vji, Uj are given in equations (23) and (24) respectively, while )\, is an arbitrary com-
plex number. We have conjectured this expression based on the formula for the bosonic form
factor derived in reference [62]. In particular, we looked for the ‘minimal modification’ of the
latter which could satisfy properties (a)—(d) of proposition 1.

Before proving that equation (66) satisfies the properties of proposition 1, let us show that
‘Hy does not depend on the parameters A,. This is done by means of some identities involving

13
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sums of rational functions, that are reported for convenience in appendix B. First, define

= _ HQ’:1 (e — A))

N § SO ©n
k#j
Oi(k) = Vi (k) =V} (r). (68)

For k=2,...,N+ 1 add to the first column of the matrix 6 + Uy column k multiplied by
Ex/Z;. From identity (B.1) in appendix B it follows that the first column becomes proportional
to V;r (r) =V, (k). Exploiting the multilinearity of the determinant we get

dety4g (5jk + Ujk) - dety (Mjk)

= , 69
V() — Vo () 5, (6%
where
% , ifk=1,
My = Vi(R) =V (k) (70)
O +Uj , otherwise .

Now, fork =2,...,N + 1, add to column k of matrix M j column 1 multiplied by iQ,.(\,, A¢)
[defined in equation (25)]. Exploiting again the multilinearity of the determinant we obtain

g (410) = g (7). ™

where

—_
=

T v if k=1,
My ={ Vi0=Vito (72)
o+

1 —_ .
m:‘jgﬁ()\j, M), otherwise.

In the final expression (72) A, has disappeared: we conclude that the lhs of (69) and thus
‘Hy in (66) are independent of the parameter \,. In fact, with this procedure we also see that
Hy, as a function of the parameter j,,, does not have poles corresponding to the zeroes of
V; (k) — Vp‘ (k), since these factors are canceled by the determinant in the numerator in the
rhs of equation (66).

We shall now show that Hy satisfies properties (a)—(d) of proposition 1. Property (a) is
trivial. To see that the second is true, it is sufficient to observe that

Hy{ it {ND = o, h, (73)

which follows straightforwardly from equation (66).

Property (c) is also easy to prove. In fact, we have already shown that there are no poles
corresponding to the zeros of VIT (k) =V, (k), which implies that the only poles can be at
Mk = )\j.

As the only nontrivial part of the proof, we have to show that property (d) is satisfied.
Suppose p, — A¢. In this limit, all the elements of the row ¢ of the matrix d; + Uy become
zero, except for the diagonal one, so it is straightforward to compute

14
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eiqms",N e—ih‘,(N—l)ﬂ'/Z
llmH rJos >\ ~ rs )\’ -
Jim v{at AN ~ g 4)( Jo )

x| I f s ) [ [ £ O A = 4 T TF G A T s 1)

=1 =1 =1 =1

i it i~ i
x [T Que+ie HHA H (Vi) = Vi ()
j/llj7'Sz j;&} i#'l /#l
1
dety (5jk + Ujk) R (74)

Ve =V, ()

where V- and Uy, are defined in (23), (24) for the sets of rapidities {11} ., {);} j¢. Com-
paring with equation (66), we have thus shown that the function Hy satisfies property (d) of
proposition 1.

8. From the algebraic Bethe ansatz to the wave functions

The results derived in the previous sections hold within the framework of the ABA. In this
section, we discuss the correct prefactors that must be taken into account when using the wave-
function formalism introduced in section 2.

The relation between the two frameworks is given by the formula [78]

(0| W(xy) - - \Il(xl)HB()\J)\O ) = (—ive)Y exp (—1—Zxk>

j=1

iV xAp ic’ e(xy — x;)
X e'% J - —= "7,
s (-

PeSn Jj<k
(75)

where W(x) are bosonic operators. This gives us the precise wave function corresponding to
the Bethe state (38). Comparing to the conjugate of equation (33), we conclude

N+1 N+l
0|H CluTO) [ [ BAI0) = (—i)e ™M exp <—1—Z M+ I—Z M) Gr w41

j=1 j=l1
% [0 b A (76)

and also

N N
O[T D] BONIO) = (Ty|Ty), (77)

j=1 j=1
where (Uy|Wy) is defined in equation (21). Note that in the previous sections we have always
worked with the normalized operators B(\) and C(\) defined in equation (43), which are related

to B(\) and C(\) by the prefactor d(\) = ¢'*/2. Taking this into account, we can derive directly
the exact expression for Gyy1 and (¥y|¥y) from equations (76) and (77), in terms of the

15
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formulas in equations (57) and (66). By doing this, we finally obtain the results anticipated in
equations (22) and (28).

9. Conclusions

In this work we have derived an exact formula for the (normalized) field form factor in the
anyonic Lieb—Liniger model, valid for arbitrary values of the interaction ¢, anyonic parameter
k, and number of particles N. The final result is a remarkably simple generalization of the
bosonic formula first derived in reference [65] (see also [62]), and is expressed in terms of the
determinant of an N x N matrix whose elements are rational functions of the Bethe rapidities.

From the physical point of view, our formula represents the starting point for many numer-
ical and analytical calculations. For instance, a natural application of our result would be the
computation of the Green function, namely the expectation value of the operator \I/L (WAL
(also at different times). This could be done very efficiently using the ABACUS algorithm
[48,81-84], for arbitrary excited states and large numbers of particles.

Another particularly interesting direction would be to exploit our formula to derive nonuni-
versal prefactors in the Luttinger-liquid description of the 1D anyonic gas, along the lines of
references [85—87]. In turn, this would make it possible to study the system in inhomogeneous
settings, both in and out of equilibrium, thus generalizing recent results obtained in the bosonic
Lieb—Liniger model [88—90]. We plan to address these problems in future work.
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Appendix A. Proof of equation (31)

The proof of equation (31) is nontrivial, and is derived in the following. First, throughout
this section we choose a different normalization for the wave functions, which makes the
computations a bit lighter. In particular, we use

e\Z;—2
(zj—2) Z(—l)ﬂeizi’v:l A r(n)

TESN

X H [)\-,,(]) — >\7r(k) — iC/€ (Zj - Zk)] . (Al)

j>k

wlzh b =e i

Using this wave function, the form factor is written as

Fyiin(x) = Z Z(—l)”’T e ot / AV e IR/ €= =i 2/ (Mo ta(h)

O’ESN+1TFGSN

N
X H P\J(NJrl),J(j) + iC’E(X — Zj)] H [)\U(J),g(k) + iCIE(Zj — Zk)]
Jj=1 N> j>k>1
X [po(hom — ic'e(zj— z)]) , (A2)
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where we used the shorthand notation \jx = Aj — A¢. Taking the derivative w.r.t. x, we obtain

d . . . N
o _1\o+T s —ixA, N —i(rr/2)Y 0 €(zj—x)
ap P = E E (D7 (=1Asv41))e (’“”/d ze =10

UESN+17T€SN

iSO =t i
% e 122 =12 (Ao()—Hx() H oot +ic'e(zj — z0)]

N> k=1
N

X [o(pow — ic'e(zj — z0)] H Ao+ 1o + ic'e(x — z))]
=1

+ Z 2:(_1)“7r e AW+ / dVz e 1521 50t~

O'GSN+17TESN

X H [Aotpoto +ic'€(zj — 2] [pohow — ic'e(z; — 20)]

Nz j>kz1
y ZN: i{ —i(mr/De(zj—x) [)\ ey A
2 ar 1© oo + ic’e(x — z))] }
N
X H e TG [N\ vy o i e — 20)] | | - (A.3)

We now focus on the second term, and show

N
Z Z Z(_1)0+ﬂ e—ixA”(N+1>/dNZ e 1= 5N 1n()

r=1 c€SN | TESN

d o |
X dx {e_l(ﬂ'h//z)F(Zr—X) [/\U(N+1),a(;-) Ticle(x — Zr)] }

X
X H [)\0(]),(7(1() + iClﬁ(Zj - Zk)] [Ma(}),a(k) - iC/€(Zj - Zk)]
N> k1
N
% H e i(mr/ ez —x) [/\H(N+1),a(k) Ticle(x — Zk)]
e

N
Z Z Z(_l)a+w e W ov+1) /sz e 201 5ot () (=i (Mot — 112 ]

r=1 c€Sy 1 TESN

X H [Aotpoto +ic'€(zj — 2] [pothow — ic'e(z; — 20)]
N> k=1

N

y H e TG [N o + i — z)] ] - (A4)
k=1
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In order to do this, we proceed as follows. The rhs is a sum of N terms labeledby r = 1, ... N.
Consider a generic term r, and perform integration over the variable z, in the multiple integral.
The integral of the factors depending on z, yields

L N
/ erH [)\a(k),ﬂ(r) +ice(zx — Z;-)] [Ma(k),a(r) —ice(zx — Zr)]
0

k=1
k#Er

< e iR/ Dez—x) ov 100 +icex — 2,)] e izr(Rat) —Hr(n)

N
=TT Powon +ic'ea = 2] [towom — ice(zi — 2]
i
. L
L B . e~z Qo(n=Hr(r)
X e TG [N v o) + i€ e(x — Zr)]) Zi Dot — fim]
- o(r) — Mxn@r) 0
L N
d . .
- / dzr [T Powow +ice@ = 2] [Howon — ic'e —2)]
0 r —
(=
o - . e_izr()\(r(r)_.“’ﬂ'(r))
x iR/ ez —x) Aoyt 100 + ic'e(x — Z;-)]) ﬁ (A.5)
- o(r) — Mm(r)

Crucially, it is easy to see that the first term is vanishing, due to the Bethe equation (13). In
order to evaluate the second term, we use the identity

de (x — z,)

@ —20(x — zn) (A.6)

so that the second integral in equation (A.5) becomes

Lood [ f . .
- / dzra H [)\U(k),a(r) + 16,6(Zk - Zr)] [/Ja(k),a(r) - 1C,E(Zk - Zr)]
0 7\ k=1
k#r

e ier(Aotr)—tinn)
—i [Ao) = ()]

X @ TG [N vy o + i e(x — 2,)] e*iz’(A”U)*“”(/)))

where

LN
)y = — / erH Moo +ice(z — 2] [How.ow — ic'e(z — 2,)]
o
e~ (Vo =t
—i Doty = )]

(A.8)

d o .
% di (e—l(‘lﬂsr/z)F(Zr—x) p\a(N+l),a(r) + lc/e(x - Z;-)])
Zr

18



J. Phys. A: Math. Theor. 53 (2020) 405001 L Piroli et al

N —izp(Ar(ry— )
o e\ Aol THn(r)
k%), = Zicl (eil(ﬂ—h/zk(zpi/o )\ + iC/€ X =2z ) TN T
(%), > [Arv+-.0 x—z)]) = Doy — fin0]
p=1
pEr

N N
X H Moo + i€z — z,)] H (oo —ice@ —2)] | . (A9)
k=1
k#=r,p

7:5

EE
LA

( ) i , N ( i/ 2)ezp—) A\ . ( )] e_izp()\a(r)_lhr(r))
* %k k), = 21C e P +1ce(x — 2 )—
r ; [ a(N+1),0(r) y4 i [)\U(r) — /J,ﬂ-(,-):l

pEr
N N

< | I Powow +iceG—20] TT [towor —ic ez — 2]
k=1 k=1
k#r k#r.p

(A.10)

We can now plug these expressions into the rhs of equation (A.4), and obtain

N N
Z Z Z(_l)ﬂ-‘rﬂ' e—ix)\a(N-'rl) H /ng e—im()\(r(x)_lhr(x)) [—1 ()\(7(}’) - /J,ﬂ,())):l
s=1

r=1 O’ESN+17FGSN #
SEr

< [T Petrow +ice@ = )] [opom — ez — )]
N jk>1
kA

X () 4 Gox)r 4 G %), ] (A.11)

Now, we claim that the second and third terms, proportional to (xx) and () respectively, are
vanishing. Let us consider for example the term proportional to (). We have

N N
. N
503 (11 [ | 3 S esbomne Bhstoaro

rp=1 s=1 oESN1TESN
r#p sEr +

N
X H g i/ DeCz—x) [AU(N—H),(T(k) +ic'e(x — Zk)]

k=1
k#r.p

X I | No(hot + i€z — 2] [ogrow — ic' ez — z)]
N> j>k>1
kor#r

X e T [N vy o) + i€ = 2p)] oo T ice(x — z,)]

« e (Ao T Aot —Hor)~Ho(p) (A.12)
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We claim that the terms in the sum over the permutations o € Sy appear in pairs with oppo-
site sign and equal absolute value, and thus cancel exactly. Indeed, for each permutation o
consider the permutation & = 7,., o o where 7,, swaps ), and A, leaving stable ); for j # r, p.
Clearly, (—1) = —(—1)7, so that the first line in the above sum gives opposite signs for the
two permutations. On the other hand, lines 2 through 5 are exactly equal for the two terms, so
that we have an overall minus sign, as anticipated.

With a similar reasoning (now involving the permutations 7 instead of o), we can prove that
the term proportional to (#xx) is also vanishing. Next, using

d o .
= (e"(’””/ D@D Ao 1y.00) + ic’e(x — Zr)])
Z
d —i(rk/2)e(zp—x 1
— - (e TR/ [\ o) + i€ —zr)]) (A.13)

and the definition in equation (A.8), we see that equation (A.11) implies equation (A.4).
Putting equations (A.3) and (A.4) together, we finally obtain

i1’"N+1,N(X) = Z Z(—l)“” e AoV +1) / dVz 3*127:121(*0(1)*1%(/))

dx
TESN 1 TESN
N+1 N
x [—i (Z Aoty =Y Mvr(r)ﬂ [T Dovow +icez — 2]
r=1 r=1 NZj>k>1

N
% [,Ua(j),a(k) _ iCIS(Zj _ Zk)]) (H eﬂ(m‘h‘/Z)e(Zk*x) [)\J(NJrl),a(k) + ic’e(x _ Zk)])
k=1

N+1 N .
= {—i (Z Ar— Zﬂr>:| Z Z (=17 TTe Wow+1) /sz 3*121:1 Zj(*our#w(j))
r=1 r=1

TESN 41 TESN

X H [No(rotw +ic€z; — 20)] [Hoow — ic'ez; — z0)]
N> k1

N
« <H e—i(m‘h‘/Z)e(zkfx) [>\0(N+1),a(k) + iCIS()C _ Zk)])

k=1

Fyyin(x). (A.14)

Appendix B. Useful identities

In this appendix we discuss some identities involving sums of rational functions. The first
useful identity is

N+1 Y G — 2
i KT A) s T (Vs = 0) — V(= 0)), B.1
DK, T T T =0 mV=0), B
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where Vf(n) and K™ (x, y) are defined in equations (23) and (26). Equation (B.1) is obtained
applying the residue theorem to the complex function

1 HN—1 (,um - Z)
s\&) = B N m= . B.2
8:(2) (z =X — i)z = A+ i) TIVE O — 2) (B.2)
Indeed the function g,(z) has first order poles for z = A;,j = 1, ..., Ay41 and for z = A, £ic,

while it is easy to see that it has vanishing residue at infinity. Using the fact that the sum of the
residues has to be zero one immediately arrives at identity (B.1).
The second useful identity is

HZ:I (,um - >\j) _
[JHSSTOMEDY)

N+1

D) K (O A)

J=1

+ (Vi =0+ V (k=0), (B.3)

where K~ (x, y) is defined in (27). Equation (B.3) is obtained applying again the residue theorem
to the complex function

z—A) I, (o —2)
(Z — )\s - iC/)(Z - >\s + icl) HN+1 (>\m — Z) )

m=1

8s(z) = (B.4)

Finally, putting equations (B.1) and (B.3) together, we arrive at the third useful identity

Hl,zzl (Um - >\j) _
HZ;; (Am — >‘j)

where Q,.(x,y) is defined in (25).

N+1

IZ QK(AU >\j)

j=1

(Vi) = Vi (), (B.5)
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