SciPost Physics

Computation of entanglement entropy in inhomogeneous free
fermions chains by algebraic Bethe ansatz

Pierre-Antoine Bernard'*, Gauvain Carcone!, Nicolas Crampé? and Luc vinet!?

1 Centre de recherches mathématiques, Université de Montréal, PO. Box 6128, Centre-ville
Station, Montréal (Québec), H3C 3J7, Canada
2 Institut Denis-Poisson CNRS/UMR 7013 - Université de Tours - Université d’Orléans, Parc
de Grandmont, 37200 Tours, France
3 IVADO, 6666 Rue Saint-Urbain, Montréal (Québec), H2S 3H1, Canada
* bernardpierreantoine@outlook.com

December 17, 2022

34th International Colloquium on Group Theoretical Methods in Physics

Group Strasbourg, 18-22 July 2022
— doi:10.21468/SciPostPhysProc.?
Abstract

The computation of the entanglement entropy for inhomogeneous free fermions chains
based on g-Racah polynomials is considered. The eigenvalues of the truncated correla-
tion matrix are obtained from the diagonalization of the associated Heun operator via
the algebraic Bethe ansatz. In the special case of chains based on dual g-Hahn polynomi-
als, the eigenvectors and eigenvalues are expressed in terms of symmetric polynomials
evaluated on the Bethe roots.
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1 Introduction

The characterization of entanglement in many-body systems is motivated by its numerous ap-
plications in quantum information [1,2] and its role in describing quantum critical points [3].
This endeavour is usually carried out in bipartite situations, where the amount of entangle-
ment between a region and its complement is determined. While many techniques have been
developed to perform this task [4], analytical results for entanglement entropy in large systems
remain rare.

For spin chains and free fermions models, this problem reduces to diagonalizing a matrix
referred to as the truncated correlation matrix [5]. In cases where couplings are homogeneous,
for example the XX spin chain, this matrix is Toeplitz or Toeplitz+Hankel and one can use
the Fisher—Hartwig conjecture to compute the bipartite entanglement in the thermodynamic
limit [6, 7]. For more general couplings and truncated correlation matrices, applying these
techniques is not possible and different approaches are required.

Inhomogeneous fermionic chains associated to hypergeometric orthogonal polynomials
of the Askey-Wilson scheme [8] are solvable and describe a wide variety of models. It was
observed that their truncated correlation matrix admits a commuting tridiagonal matrix, iden-
tified as a Heun-Askey-Wilson operator [9-13]. This suggests an interesting connection with
the theory of integrable systems. Indeed, these operators arise in the transfer matrices associ-
ated to solutions of the reflection equations [14]. They correspond to Hamiltonians of XXZ spin
chains with specific boundary fields and have been shown to be dagonalizable via the algebraic
Bethe anstaz [ 15] (other methods have been developed in [16,17]). They are also examples of
the so-called homogeneous case in the context of the modified algebraic Bethe ansatz, which
has been designed to deal with generic Heun operators [14,18,19] and diagonalize integrable
models with arbitrary boundary conditions (see e.g. [18,20-24]).

This paper applies the algebraic Bethe ansatz framework to investigate the spectrum of
truncated correlation matrices of models associated to polynomials of the Askey-Wilson scheme.
In particular, the eigenvalues of the truncated correlation matrix of free fermionic chains as-
sociated to dual g-Hahn polynomials are provided in terms of solutions of a set of Bethe equa-
tions. In section 2, we recall the definition of free fermions chains associated to g-Racah
polynomials and diagonalize their Hamiltonians. In section 3, we discuss the problem of com-
puting the entanglement entropy and introduce the truncated correlation matrix. In section
4, we exhibit a commuting tridiagonal matrix referred to as the algebraic Heun operator and
diagonalize it via the algebraic Bethe ansatz. This yields a set of relations known as Bethe
equations. The eigenvalues of the truncated correlation matrix are then given in terms of
roots of these equations. The associated TQ-relation and the thermodynamic limit are briefly
discussed in section 5.

2 The model

Let us consider the following free fermions inhomogeneous Hamiltonian with nearest-neighbour
interaction J,, and magnetic field u,,

N—-1 N
H= Z(Jncj;cn-i—l +JnC;+1Cn)_ZMnCZCn’ (D
n=0 n=0
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where ¢, and ¢, are fermionic annihilation and creation operators satisfying

{Cr,;i’cr'l}: {szcn}:OJ {Cr'nxcn}:5m,n' (2)
For convenience, we enumerate the sites of the lattice from 0 to N. This model is equivalent
to an inhomogeneous XX spin chain. Indeed, the Jordan-Wigner transformation

T _ % 2 Z + _ % 2 2 -
€, =03071...0, 10, Ch=0307...0, 10, 3
allows to rewrite the canonical relations of the creation and annihilation operators (2) and the

Hamiltonian (1) in terms of spin-1/2 operators,

N
1
Jo(oyon +0%’0%’+1)—§Zun(1+0i). 4
n=0

We are interested in the case where the coupling parameters J,, and the local magnetic field
u, are constructed from the recurrence coefficients of the g-Racah polynomials [8]:

Jn = €4/ AnCn+1 , (5)

U = An+Cn_1_Y6q: (6)
where € = +1 and A,,, C, are defined by

B (aqn+1_1) (an+1_1) (aﬁqn+1_1) (ﬂ5qn+1_1) ,
T (1—apg™*1)(1 — apg™+?) 7
c - (Ba"—1(aq"—8)(apq"—1)(¢"" —q) ®
" (1—aBfg®)(1—afg?+1) '
The choice of such inhomogeneous interactions and magnetic fields yields analytical results for
the spectrum, as shown below. It also describes a large class of models thanks to the presence
of various parameters. Indeed, the constants A,,, C,, and u, depend on the five real parameters

g, a, B, v and 0, restricted only by the requirement that

AnCn+1 > 0, JN == 0. (9)

For instance, as shown in figure 1, we can get couplings J,, which are monotone in n or peaking
at a certain value. Taking q < 0 also gives models with oscillating couplings, reminiscent of
alternating spin chains [25].

2.1 Diagonalization of the Hamiltonian
In order to diagonalize H, it is convenient to rewrite this operator in matrix form as
o
H=(c,....cHal : |, (10)
N
where A is the hermitian (N + 1) x (N + 1) tridiagonal matrix given by

N

A= (Juln)(n+ 1] = pyln)(nl + Juln +1){nl), (11)
n=0
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q=0.9 OCeeCO—O———m— ) o) le) q=0.95 o -0 o "o o o ¢ o 0 o)
q=0.65 OmmOms=Oms=Qm==Qw=Q=O 0 O O O g=0.6 0O O O==Os=COm=Om=Ow==O O O O
q=0.3 O=mQw=O O O O O O O O O g=04 O O O O=w=OmmQm==O O O O O

@a=q " p=qg¥ M a=q "1, B=—q,

y=q N, 6= +q")/2 r=q*/2, 6 =q*/2
G =-0.99 O OO OO OO e OO - OO G=-0.99 OmmO OmmO OmmO  Om==QO  Om=O O
G =-0.85 OmmmOmm=Om—=Omm=O =m0 Ommm0 OO G=-0.9 OmmO OmmO  Om=O O==O0 O O O
q=-0.8 OmmOm=Om=Omm=Om==Om=0 00 OO q=-0.7 OmmmO~O=m=0 00 O O O O O
(C) a= q—N—l’ [)) :qZN’ (d) a= q—N—l’ ﬁ =q8N’
y=q N, §=qg N1 y=q N, §=q N

Figure 1: Inhomogeneous free fermions chains of length N = 10, based on g-Racah
polynomials, for different parameters (q, a, 3,7, 6). The vertices and edges represent
respectively the sites and the couplings. The color of the edges indicates the magni-
tude of J,,, i.e. the strength of these couplings. Darker color is associated to stronger
couplings.

with the convention Jy = J_; = 0. The vectors {|0),|1),...,|N)} are naturally associated to
sites in the chain and give the canonical orthonormal basis of CN*!. They will be referred to
as elements of the position basis. The spectral problem for A reads

Alwy) = wi|wy) , (12)

where N
) =D du(wi)ln) . (13)
n=0

Knowing that the entries of A are the recurrence coefficients of the g-Racah polynomials, one
deduces (see eq. (76)) that its eigenvalues w; are

wp =g +y5¢ . (14)
The wavefunctions ¢,(w;) = (wg|n) are given in terms of g-Racah polynomials R,,(cw;) [8]:
Aj4
TRn(wk). (15)
j

$ulw) ="V [ |
j=1

The definition of R,,(w; ) and the normalisation factors W are given in appendix A. The latter
are chosen such that the wavefunctions ¢, (w;) are orthonormal i.e.

N

N
D bn(0)m(w) =8,m and > du(@)du(wr) = . (16)

k=0 n=0

From these wavefunctions, we can define new pairs of fermionic creation and annihilation
operators in terms of which the Hamiltonian is diagonal:

H=> wilt, ke{0,1,...,N} (17)



SciPost Physics

where

N N
q=;%mmmd=;%wm; (18)

Note that the operators EZ and c;. are associated to the single particle excitations of the system,
with energies given by the spectrum of the matrix A. One may further observe that these
energies are invariant under arbitrary transformations of a, 8 and under

5§ -6k, y—yk 1, keR. (19)

This is not true of the coupling parameters J,, and local magnetic field u, which depend non-
trivially on (q, @, 8,7, ). Important properties characterizing these systems, like the entan-
glement entropy in the ground state, should thus depend on these parameters.

3 Entanglement entropy

Entanglement in a multipartite system AU B is measured by the entanglement entropy S,,
defined as

Sa=—tra(palnpy), (20)

where A is a subsystem of AU B with a reduced density matrix p, given by the trace over the
degrees of freedom in B,

pa = trg|Q) (0. (21)

In the following, we take A to be the first L +1 sites of the inhomogeneous free fermionic chain
introduced in the previous section. The states considered are obtained by filling up the first
K + 1 single particle states, taken as the Fermi sea,

) =] [eilop. (22)
k=0

where |0)) is the vacuum state annihilated by all operators ¢. For w; monotone in k, |Q2)) de-
scribes the ground state of Hamiltonians obtained as affine transformations of (10). In other
words, it gives the state for which the single particle excitations with negative energy are filled.

As observed in [5], computing the entanglement entropy S, of free fermions can be done
by diagonalizing the truncated correlation matrix. Indeed, it is known that [26]

SAz—Zcelnce+(1—c[)1n(1—ce), (23)
14

where the coefficients ¢, are the eigenvalues of the (L + 1) x (L 4+ 1) matrix C with entries C,,,
given by the 2-point correlation functions,

K
Cnm = «Q|C;,1leﬂ» = Z ¢n(wk)¢m(wk): n,me {O, 1’ L+ 1} (24)
k=0

This is a submatrix of the complete correlation matrix of the ground state C, i.e.

K
C=myCmy, C= Z |wr) (el (25)
k=0
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where 7, is the projector onto the vector space associated to sites of subsystem A,

L
A= In) (nl. (26)
n=0

The computation of the entanglement entropy is thus reduced to determining the eigenvalues
c,. With the help of the algebraic Heun operators, we shall see that the spectral problem for
the truncated correlation matrix can be treated in the algebraic Bethe ansatz framework.

4 Algebraic Heun operator

In this section, we introduce a tridiagonal matrix that commutes with the truncated correlation
matrix. To do so, we define an operator A* which is diagonal in the position basis

A*ln)y=2A,In), A,=q "+apfq". (27)

Using the difference relation of the g-Racah polynomials and the expression (15), one finds
the tridiagonal action of A* on the eigenbasis of A,

A |p) =T |wrgr) = i lor) + i o) - (28)
The coefficients J; and fi; are given in appendix A. The Heun operator T is then defined as
T = {A,A*}—(AL+)LL+1)A—(O)K+O)K+1)A*, (29)

and has the property of commuting with both the projector 7, and the complete correlation
matrix C,
[Ta TEA]:[T,C]:O (30)

This is shown easily by considering the commutators [T, 74 ] in the position basis and [T, C] in
the energy basis. Given relation (25), T also commutes with the truncated correlation C and
thus share with it a common set of eigenvectors. This is a crucial observation, in particular
because the Heun operator T can be identified in the transfer matrix of integrable models and
can hence be diagonalized via the algebraic Bethe ansatz [14,27].

4.1 Algebraic Bethe ansatz

The matrices A and A* give a representation of the Askey-Wilson algebra [28,29]:

1
AAA*—(q+a)AA*A+A*AA=€A+xA*+nI, (31)
1
A*A*A — (q + —)A*AA* +AA*A* = y*A+ EA* + ' T, (32)
q

where 7 is the N + 1 x N + 1 identity matrix and the constants &, y, ¥*, 7 and n™ can be
expressed in terms of the parameters in the Hamiltonian:

Coys(@-1)"  ap(eP-1)

- P S (33)
q q

E=—(q—1D*a(fs+B+r+1)+y(BS+5+1)+B5), (34)

n=(q—1*(q+1(ay(B6+5+1)+afs+y5(B5+ B +y+1)), (35)

6
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n*=(q—1*q+D(a®*B+a(B?6+B(+1)(E+1)+7)+Brd). (36)

The so-called dynamical operators can be defined in terms of the generators of this algebra:

—2L m+1 * 2m+2 4
_q CHHAAT e v, @R Hreut)
A(u,m) = (@pg?™ 1) ( TEE)) (aBq +1)A i A" |+ f1(u,m)Z,
(37)
and
m+2 —m—1 —m—1 __ m+2
Bluymy= PL_FOT gy LT OBy g
2(q+1) 2(1—q) 38)
(q +af y5u4)
—af(g+1A—- TA* + folu,m)Z.
The functions f;(u, m) and f,(u, m) are given in the appendix. These operators verify
B(u,m+ 1)B(v,m) = B(v,m+ 1)B(u, m), (39)
A(u,m+1)B(v,m) = f (u,v)B(v,m)A(u, m) + g(u, v, m)B(u, m)A(v, m) (40)

+w(u, v, )B(u, m)A(tvt, m),

where T = 1/(1/;1?. The functions f (u,v), g(u,v,m) and w(u, v, m) are given in appendix A.
Relations (39)-(40) were verified using directly the Askey-Wilson relations (31)-(32). This
is similar to the method used in [18,19] and distinct from the approach based on R and K
matrices [14,15]. The Heun operator (29) can be expressed in terms of A(u, L) and A(tu™!, L)
as

T =r(wA(u, L)+ r(tu ) A(tu™, L) — (r(u)fl (u,L)+r (Tu_l)fl (Tu_l, L))I, 41

where L |
o q(g+1 2p2. s 4 2L K+1 , —K—1 2 L
T(U)—m(a ﬁ '}/511 q +1—(')/5q +q )aﬂu q ) (42)
Next, let us consider the vectors |ii) defined as
[a) =B(@,L)[0), u={uy,uy,...,u.}, (43)

where
B(u, L) = B(uy, L—1)B(uy, L —2)...B(u;,0). (44)

Note that relation (39) implies that B(i, L) does not depend on the ordering of the variables
u;. Since the vectors |ii) are obtained by applying L times a tridiagonal matrix on the vector
|0), they are contained in the vector space spanned by {|0),|1),...,|L)}. As such, they are
eigenvectors of 1, with eigenvalue 1,

mald) = > i) (ila) = |a). (45)
i=0

The aim is to show that for specific parameters i, these vectors are also eigenvectors of T.
This requires two results. The first is the following relation between the dynamical operator
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A(u, m) and product of dynamical operators B(i, L):

L
ACu,m)B(@, L) = | | £ u)B(@ L)Aw,m—L)

i=1

+Zg(u ;, m— 1)]—[f(ul, ;)B (i, u, L) Alug,m— L)

(46)
I#J
—I—Zw(u u, m— 1)1_[f(rul ,u)B(ig, u, L) A(Tu; ' m— L),
l#}
where
B(iig,u, L) = B(uy, L —1)B(uy, L —2) ... B(u,m—1)...B(uy,0). 47)

This relation is obtained by computing the terms i = 1 and by using the symmetry in the
indices u; induced by relation (39). The second required result is the action of .A(u, 0) on the
vector |0). From the definition of .A(u,0) in terms of A and A*, and the action (11)-(27) of
these operators on the position basis, it follows that

A(u,0)10) = a(u)0), (48)

where

—2L 2
q 200209 A 2
— — + 1)+ 320 s, |+ 0 49
a(u) ((1_aﬁq)( oy ~HolBa” + 1) youde |+ fiw0) | (49)
In particular, we note that this action is diagonal. This feature shows that the modified algebraic
Bethe ansatz is not necessary and that the model we deal with corresponds to the particular
case developed in [15]. From this observation and relation (46), it follows that

L
Tla) = AQ@) @) + Y Ey(u, DB (i, u, L) [0), (50)
i=1
where
(@) = r(u)a(u)]_[f(u u) + r(tua(ru™) ]_[f(ru u;) 1)
(r(u)fl(u L) +r (Tu 1)f1 (Tu ! L))
and
E;(u,i) Z(r(u)g(u, u;, L—1)+r(tu Hg(rut,y;, )a(u )l_[f(ul, u;)
I#J . (52)
+ (r(’ru_l)w(’ru_l, u;, L—1)+r(ww(u,u;, L — 1))a(’cui_1) l_[f(fui_l, u;).
j=1
i#j

Thus, for a set of parameters u verifying E;(u, ) = 0, the vector |a) = B(&@, L) |0) is an eigen-
vector of T with eigenvalues A(ii), i.e.

T i) = A(@) ) . (53)
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Since the Heun operator T does not depend on the parameter u, the same is true of its eigen-
values A(i1). In particular, we find by evaluating (51) at u = O that the eigenvalues can be
expressed as

_ 2 2 _1yv2 (L
A1) = —(wg + wg41)A — % (aﬁqz +1+ g ) ~-1 (Z Ui) , (54)
i—1

afqg—1 q(q+1)

where U; = 5—2 + a/jyéul.z. Factorizing terms in the variable u in the conditions E;(u, i) = 0,
these reduce to the following conditions on i, referred to as the Bethe equations,
2 2.2
ﬁ q(u? —quj)(afyduiu; —1) (q —afysu})(afysuq<titl —1)
=1 (u?— quz)(aﬁ y5u2u —q?) g2 (ap yéui — 1)(qk+i+2 — ulz)
7&

(55)
(q+1)(?uf —1) (" —apuq”) a(uy)
ap (quf —1)(a* —v6ulq¥)  alzu;?)

To keep the notation simple, & = {uy,u,,...,u; } will refer from now on to Bethe roots, i.e. to
solutions of the set of equations (55).

4.2 Diagonalization of the truncated correlation matrix

Since the Heun operator T commutes with the truncated correlation matrix and is non-degenerate,
its eigenvectors |i) also diagonalize the matrix C,

Cla)=c@la), c(@eRr. (56)

To obtain an explicit expression for the eigenvalues c(ii) in terms of the parameters i, we
observe that the action of B(u, m) in the position basis is tridiagonal and given by

g™ B(u, m)|n) = VomIn+1) +Xym+ Yy nU) ) +Z, In—1), (57)

with U = 5—2 + afySu?. The coefficients Vims> Xnm»> Ynm and Z, ,, can be computed directly
from the definition (38) and the action of A and A* in the position basis (see appendix A). In
the case where § =0, i.e. the dual g-Hahn special case of the g-Racah polynomials [8], these
coefficients simplify greatly,

JIn

Vn,m = qn+1 ?

n=0arq(q""'—q"), Ypn=1—q"'", Z,,=0. (58)

In particular, B(u, m) becomes a raising operator in the sense that (n — 1| B(u, m) |[n) = 0. This
allows to compute the wavefunction (n|i) of Bethe vectors:

L—n n—1 L—n L—n—r
J: 1— n+1 _
(Tllﬁ) = q_L(L_l)/2 (!_[ 1— qf) (l_(! qu—l ) Z (a}/q( — f )) Sr(U), (59)
=1 1=

r=0 q

where U = {U;,Us,..., U, } with U; = qui_z. The terms S,(U) are symmetric polynomials of
degree r in the variables U; defined by

S,(M= > UU,...U,, So(0)=1. (60)

i <ip<-+<i,



SciPost Physics

Then, one can use the representation of the truncated correlation matrix in the position basis
(24) to obtain a formula for its eigenvalues in terms of Bethe roots. For any n € {0,1,...L},
we find

(n| C |u —L(L-1)/2 L

_4d
EEEECT Z bynS: (D), (61)

c(a) =

where

K L— L—n’ -1 . i\
= Z Dal0) () (1‘[ 1 —qf) (]‘[ qf ;1) (“Yq(;_f )) G
k=0n'=0 =1

i=0

This is valid for parameters it which are solutions of the Bethe equations (55). For 3 = 0, these
equations reduce to

Q |fN

) ¢ (q—au})(q—yu?)(q—vou?)

L (ulz
o e T CT D)

(63)
J

5 TQ-relations and thermodynamic limit

Equations (54) and (61) show that the spectra of the Heun operator and of the truncated
correlation matrix can be obtained by solving Bethe equations. An alternative approach is
given by interpreting the expression (51) for the eigenvalues of T as a g-difference equation.
In the case f =0, (51) can indeed be rewritten as

vQuaG) = LRE— ZDE 10 o) - pw)ew) o

+q"(q+ DU —qg “ U —ayq)(U—y5¢“+*1)Q(U/q)

where p(U) is the following polynomial in the variable U,

25(q+1)° +1)U
p(U):—aY fﬁ ) + Y((;KH) (ay5q2K+L+2+qK(a5+a+y6+5)+aqL)

(65)
—2q(ay+a+yo6+ }f)U2 +2(q+ 1)U3,

and Q(U) is a polynomial of degree L, the zeros U; of which are expressed in terms of entries
of a Bethe root 1 = {uq,uy,...u; }:

L L
Q) =] [w-uv) =D (-1)"s, (DU (66)
i=1 i=1

Thus, one can use the zeros of polynomial solutions of equation (64) to identify Bethe roots.
This equation is referred to as the TQ-relation in the literature.

Let us now further fix! § =0, y € [0,1] and q < 1. Inserting the r.h.s of (66) in equation
(64) yields a three term recurrence relation for the symmetric polynomials S, (U):

0= Gn+1Sn+1 + (pn + A(a))sn + en—lsn—l’ (67)

1The choice of parameters 5§ = 0, 3 = 0 corresponds to the affine g-Krawtchouk limit of the g-Racah polynomials

[81.

10
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where

o,=(@+1)qg "+(q+1)q"—2(q+1) (68)
pn=1(q+1)g" ¥ (ayqK““ + i) +(@+D(a+7)g " —2q(ay +a+y)  (69)

ar(@+1)

L q"+ay(qg+1)q " (70)

en=—ay(@+1) (¢ X +q ")+

In the thermodynamic limit N — oo, the parameter a = ¢~V !, with 0 < ¢ < 1, goes to
infinity and (67) becomes effectively a two term recurrence with solution

+0(a™). (71)

L-1 _

i1+ AU
Sn:SLl |p1+16‘ ()
i=n t

The condition that S_;(U) = 0 then requires the eigenvalues A(i1) of T to take certain values

A@) € {—p,, +0(a®) | ne€{0,1...,L}}. (72)

The spectrum of the Heun operator given by this approximation is compared to spectra found
using other methods in Table 1. One notes that the values match up to two digits at N = 49.
This suggests that exact asymptotic results may be obtainable in the thermodynamic limit.

Solutions of —p, for Numerical

S_4(U)=0 | ne{0,1,...L} | diagonalization of T
-778916 -778741 -778916
-592816 -592623 -592816
-444746 -444544 -444746
-327294 -327099 -327294
-234579 -234418 -234579
-161955 -161865 -161955
-105783 -105813 -105783
-63253.2 -63460.2 -63253.2
-32283.3 -32687.9 -32283.6
-11583.9 -11957.8 -11583.9

Table 1: Eigenvalues of the Heun operator (N = 49, L = 9, K = 24, ¢ = 0.8,
a=q™N!, B=0,y=0.5 6= 0) obtained by three methods. The first column
are zeros of S_,(U) seen as a polynomial of degree L + 1 in A(i1). The polynomial
was obtained by solving the three term recurrence (67). The second column corre-
sponds to the approximation (72) of the spectrum found in the thermodynamic limit.
The third is the result of diagonalizing T using scipy’s linear algebra package [30].

6 Conclusion

Computing bipartite entanglement for free fermionic chains amounts to determining the spec-
trum of a truncated correlation matrix. For systems associated to g-Racah polynomials, it has
been shown how this matrix can be diagonalized via the algebraic Bethe ansatz. In particu-
lar, its eigenvalues and eigenvectors have been given in terms of solutions of Bethe equations.

11
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The associated Bethe roots were also found to be related to zeros of polynomial solutions of a
g-difference equation, referred to as the TQ-relation. This led to an approximate expression
for the eigenvalues of the commuting tridiagonal matrix in the case 6 =0 and N — oo.
While these results do not provide an explicit formula for the bipartite entanglement, it
establishes a clear connection between a central problem in quantum many-body physics and
a set of tools coming from the study of integrable models. Future research should thus be di-
rected toward investigating, notably in their thermodynamic limit, the solutions of the Bethe
equations and TQ-relation that were found. Derivation of asymptotic expressions for these
would provide the groundwork necessary to analyse the interplay between coupling inhomo-
geneities in free fermions chains and the presence of entanglement in the ground state.
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A Appendix

A.1 g-Racah polynomials
The g-Racah polynomials are defined by [8]

—n a n+l ,—x 5 x+1
Rn(wx)=4¢>3(q Pa™ a7 16 q;q) 73)
aq 69 rq
with
w,=q > +y5q"H. (74)

The parameters are restricted by the truncation condition Ry _;(x) = 0. For instance, one can
use a and fix
_ ,~N-1
a=q . (75)

These polynomials also satisfy the following recurrence relation
(wx —1- Y5q)Rn(wx) =Aan+1(wx) - (An + Cn)Rn(wx) + Can—l(wx) (76)
where

B (aqn+1_1) (an+1_1) (aﬂq"“—l) ([55qn+1_1)

= (1= apg (1 - apg?) 7
_ (Bg"=1)(aq"=8)(apq"—1) (" —q)

G = (1 — B (1 —apq®™) 7

The normalisation weight is

(B1vq,6¢;0)n(r8q, aq, BEq, yq; Qr(1 —y5q* 1)

W, = .
T (182 BL On(g, a1y q, B1vq, 64; Q)k(afq)(1 —y5q)

(79)
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These polynomials also have a difference equation of the form (28), with coefficients given by

5 | A=egt DA = B¢ A —ygt (A —yEgtH)
k (1—y5q2k+1)(1 — y5q2k+2)

(80)
(1—q"D)(A—alydg)(A — B lygk1)(1 — g% 1) (aBq)
(1—y8q%+2)(1 —y6q?+3)
_ (1—ag"N(1 - B¢ (A —yd* (A —y5¢")
k (1—y5q2k+1)(1 —y5q2k+2) @1
L 10 -¢90-6¢YB—rqNa—r5¢") | abaq
(1—78q%)(1—y5q?+1)
A.2 Functions in the algebraic Bethe ansatz
The functions in the definition of the dynamical operators are:
) = 2¢™ (q+ apysu’) u?n(q +1)g 21+
1 u2 (afqel+tam+l — qZL) (q2—1)2(q2 — aBysu?) &)
N (q + 1) T)*(Y5u4q_2L+1 _q2m+4) B qum+2
(g2 —1)2 (g2l — afq2l+2m+1) (2 — afysut) ’
and
aBa?l+2m+3 4 02 (g + aBveu® 5 qPLrmEl 4 g B Eg2LH2me3 4 g2l
fz(u’m):( Bq : ¢**)(q +apy )+(n PEq £q )_ (83)
The functions in the relation between the dynamical operators are:
2 2
—qv?)(apysu?v?—q
fluv)= (u ! ) (84)

q?—v2)(afyéuzv2—q)’

(q—1)(q —a[a’y5v4)(a[3’v2 2L+2m+3 quZL)
Sl m) = ) (@B — ) (g — aPyravd) (85)

and
afB(qg—1) (aﬂ}/5v — 1) (Y5U2 2 2L qZ(L+m+2))

5 b . 86
WUV = B — 0B q2ene) (q— afr5v*) (g — afr6uv?) (80)

The coefficients giving the action of B(u, m) on vectors in the position basis are:
Vn,m — Jn (q—n—l _ aﬁqm+2 _ a/qu+1 + a2ﬂ2 2m+n+4) , (87)
¥ B Mnkn(a[jq2m+3 + 1) aﬁ(q + 1) (n*q2L+m+1 + a/3 €q2L+Zm+3 + quL) (88)

mme (q+1) g1 (@—1)%(q + 1)1 ’
2L+2m+3 2L
+
Yom=—q"" 2 + (aPg o < ), (89)
’ q
and

Zn,m — Jn—l a/5 (q2m+3—n + qn _ qm+2 _ qm+1) . (90)
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