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Abstract. For a given statistical model, the bipartite fidelity F is computed
from the overlap between the groundstate of a system of size N and the tensor
product of the groundstates of the same model defined on two subsystems A
and B, of respective sizes N4 and Ng with N = N4+ Npg. In this paper, we
study F for critical lattice models in the case where the full system has periodic
boundary conditions. We consider two possible choices of boundary conditions
for the subsystems A and B, namely periodic and open. For these two cases,
we derive the conformal field theory prediction for the leading terms in the 1/N
expansion of F, in a most general case that corresponds to the insertion of four
and five fields, respectively. We provide lattice calculations of F, both exact
and numerical, for two free-fermionic lattice models: the XX spin chain and the
model of critical dense polymers. We study the asymptotic behaviour of the
lattice results for these two models and find an agreement with the predictions
of conformal field theory.
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1. Introduction

Understanding entanglement and correlations in quantum many-body systems is an
important challenge in modern theoretical physics. The interest for these questions stems
from the understanding that quantifying entanglement, an idea that originated in the
information theory community [1, 2], is useful to diagnose phase transitions and describe
the critical behaviour of many-body systems [3—5]. Entanglement now plays a prominent
role in seemingly unrelated research areas, such as information theory, condensed matter,
high energy physics and black holes physics.

Among the numerous existing entanglement measures, the so-called entanglement
entropy is the most broadly studied one, both in equilibrium situations [6-11] and
out of equilibrium [12-15]. It is an efficient tool to measure bipartite entanglement in
pure states. Consider a system in the pure state 1), composed of two complementary
subsystems A and B. The entanglement entropy S, is defined as the von Neumann
entropy [16] of the reduced density matrix of subsystem A,

Sa=—tr(palogpa), pa=trpp, p=I[){], (1.1)

where trp indicates a trace over the degrees of freedom in B. The entanglement entropy
does not depend on the subsystem that is traced over: S, = Sp. For systems that are
not critical, the entanglement entropy satisfies an area law [9, 17]: it is proportional to
the area of the boundary between the two subsystems. In particular, for non-critical
one-dimensional quantum systems, it saturates to a constant value in the limit of large
system size N — oco. In contrast, for critical one-dimensional quantum systems, the
entanglement entropy diverges logarithmically with the system size in the scaling limit:
Sa o log N. The prefactor is predicted by conformal field theory (CFT) [5-7] to be
proportional to the central charge c,

Sy = %1ogN+O(1), (1.2)
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where a is the number of contact points between the two subsystems. If the whole
system is defined on a periodic lattice, we have a = 2. On the contrary, if one end of the
subsystem A is attached to a boundary, then a = 1.

Another observable that shares many features with the entanglement entropy is the
fidelity [18—-22]. It is defined as the overlap between the groundstates of two Hamiltonians
that differ by a small perturbation. The Hamiltonian of the system H()\), where A
parameterises the perturbation, has the groundstate |A). The fidelity is

(Ai[Ao)?

A (el o) | (1.3)

f()‘la )‘2) = ‘

As a particular example, we consider the situation where \ parameterises the interaction
between two complementary subsystems,

H(\) = H* + H? + g™, (1.4)

where H* and H” are the Hamiltonians of the subsystems A and B, respectively. The
term H™ contains the interaction between the two subsystems. We denote by [1)?), [17)
and [¢*P) the groundstates of H4, H? and H*? = H(1), respectively. The logarithmic
bipartite fidelity [23, 24] is then defined as

(¥ @ PpPlypAt)?
(V4 @ PBIPA @ YB) (PAP[YAF) |7

Fap = —log (1.5)

with the notation [1)* ® ®) = [¢*) @ [1®) for the groundstate of H(0). Similarly to the
entanglement entropy, this quantity vanishes when the involved groundstates are of the
form |¢) = ®jV:1 ;) with |¢;) independent of j and N. Otherwise it is a positive real
number.

An integrable quantum model in one dimension often underlies a statistical model
in two dimensions [25]. The transfer matrices T'(u) for the latter commute at different
values of the spectral parameter u, and the Hamiltonian of the former is obtained as
a leading term in the expansion of T'(u) around uw = 0. From its definition in terms
of scalar products of groundstates, the bipartite fidelity then has an interpretation in
terms of partition functions in the two-dimensional model. If in the one-dimensional
model, the boundary conditions for the system and the two subsystems are open,
the corresponding model in two dimensions is defined on a domain that resembles a
pair of flat pants. We call it the flat pants domain. It is illustrated in the right panel of
figure 1.

Similarly to the entanglement entropy, the logarithmic bipartite fidelity is an efficient
tool to detect quantum phase transitions. For non-critical models it satisfies an area law,
whereas it diverges logarithmically with the system size for one-dimensional quantum
critical systems. On the flat pants geometry, Dubail and Stéphan [23, 24] used CFT
arguments to derive the 1/N expansion of the logarithmic bipartite fidelity up to order
N~'log N. In particular, they found that the leading term is proportional to log N, with
a prefactor that depends on the central charge ¢ of the theory. In the simple case where

https://doi.org/10.1088/1742-5468 /abcleb 4
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N

Ny Np Na Np
Figure 1. The periodic pants geometry, the skirt geometry and the flat pants
geometry.

there is no change in boundary conditions between the two subsystems, this term is
c
Fﬂat pants — g IOgN + O(]-) (16)

In [24], the authors in fact considered a more general case where the Hamiltonians
H*, H? and H*? have different boundary conditions applied to the endpoints of the
chains. In the CFT, this corresponds to a situation where four primary fields are inserted
on the flat pants domain. The three leading terms in the large-N expansion of F are
proportional to log N, 1 and N 'log N and the explicit expressions for their coefficients
are found to depend on the conformal data, namely the central charge, the conformal
dimensions of the fields and the four-point function of these fields. In two previous
papers, we checked these conformal predictions with analytical lattice computations for
the XXZ spin chain at A = —1 [26], and for the model of critical dense polymers [27],
a lattice model known to be described by a logarithmic CFT of central charge ¢ = —2
28, 29]. In [27], we also extended the prediction of [24] to the cases where one and two
of the fields are logarithmic. We argued that the bipartite fidelity allows one to measure
the central charge of the model, rather than the effective central charge.

In [23], Dubail and Stéphan also investigated the behaviour of the bipartite fidelity
on a second geometry: the one drawn in the central panel of figure 1. We call it the skirt
domain. For the quantum chain, the state |1)*?) used to compute (1.5) in this case is
the groundstate of the Hamiltonian with periodic boundary conditions, whereas |1/1A>
and [¢)P) are the groundstates for the open chains of the subsystems A and B. The
results of [23, 24] cover the simplest case where no boundary condition changing fields
are inserted. The resulting 1/N expansion that they obtain for the bipartite fidelity
reads

Fuirt = glogm i(éw +G(1—1))+C+O(N "log N), (1.7)

where z = N 4/N is the aspect ratio, C is a non-universal constant, and

~ _3—6x+4x2

G(x) log x. (1.8)

1—2

In this paper, we provide new CFT predictions and lattice computations of the
bipartite fidelity on two domains with periodic boundary conditions. The first is the
periodic pants domain, for which the full system and the two subsystems all have periodic
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boundary conditions. It is depicted in the left panel of figure 1. To our knowledge, there
are no previously known results for the bipartite fidelity on this geometry. The second
is the skirt domain, where we will push further the investigation initiated in [23]. We
will consider the more complicated case where boundary condition changing fields are
present in the CFT context, and will derive the leading terms in (1.7) up to order
N 'log N.

Accordingly, the bulk of the paper is divided into two large sections: section 2 covers
the case of the periodic pants domain, and section 3 focuses on the skirt domain. Each
of these two sections is divided into four subsections. The first subsection gives the
conformal predictions for the leading terms of F in its large-N expansion, with the
details of the calculations presented in appendix A. The second and third subsections
give the exact calculations of the bipartite fidelity for the XX spin chain and the model
of critical dense polymers, respectively. These are two free-fermionic models for which
one can diagonalise the Hamiltonian explicitly and write F as a determinant, which can
be evaluated in product form in certain favourable cases. The fourth subsection uses
both exact asymptotic calculations and numerical evaluations of the determinants to
compare the lattice results with the CFT prediction. Some of the technical details of
the asymptotic calculations are relegated to appendix B. We present final remarks in
section 4.

2. Bipartite fidelity on the periodic pants geometry

In this section, we consider the bipartite fidelity for physical systems A, B and AB,
of respective lengths N4, Ng and N = N4+ Np, which are all endowed with periodic
boundary conditions. For one-dimensional chains, the fidelity is defined as

Fp = —log |[(X* @ XP|xAP)* (2.1)

where (v® w| is a short-hand notation for (v| ® (w|. The states (X°| and |X®) are
respectively the left and right groundstates of the Hamiltonian of the chain of the system
S. These states are normalised in such a way that (X% X¥) = 1.

For two-dimensional lattice models, the fidelity is defined as

(7")°

Zazs 73| (2.2)

JFp, = lim —log

M—00

Here ZSB is the partition function defined on the periodic pants geometry depicted in
the left panel of figure 1. The perimeter at the top is N, the perimeters of the legs A
and B are N4 and N, and the height is 2M. Likewise, Z4, Z8 and ZA"P are partition
functions on cylinders of height 2M and perimeters N 4, N g and N, respectively. Clearly,
the bipartite fidelity depends on the choices of boundary conditions assigned to the top
and bottom of these lattices. For suitable choices of these boundary conditions, the
partition functions are all non-zero and the limit M — oo in (2.2) is well-defined.

As is well-known, certain families of integrable models in two dimensions are related
to one-dimensional quantum spin chains [25]. In these cases, the two definitions (2.1) and
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(2.2) coincide. In section 2.1, we give the conformal prediction for the leading terms in
the large- N expansion of the bipartite fidelity. In sections 2.2 and 2.3, we compute F, for
the XX spin chain and for the model of critical dense polymers. Finally, in section 2.4,
we compare the asymptotical behaviour of the lattice results with the predictions of
CFT.

2.1. Predictions of conformal field theory

In this section, we give the conformal predictions for the bipartite fidelity on the periodic
pants geometry. The details of the calculations are given in appendix A. Let us consider
a one-dimensional quantum critical system of characteristic size N. For large N, its free
energy f behaves as

f - fbulkj\f2 + fsurfaceN + fshape IOgN + fcst + - (23)

where the dots indicate that lower-order terms are omitted. In this expression, the
first two terms are proportional to the area and the surface of the domain. They are
non-universal in the sense that they depend on the details of the theory’s short-range
interactions. In contrast, the term f,,. is universal. It depends on the geometry con-
sidered and on the data of the underlying CFT, namely the central charge ¢ and the
dimensions A;, A; of the conformal fields. Finally, the term f.. also depends on the CFT
data. Because the free energy can always be shifted by an overall non-universal constant,
arguments of CFT can only predict f. up to a non-universal additive constant.

From the definition (2.2), the bipartite fidelity on the periodic pants domain
corresponds to the following difference of free energies:

Fo =2fp = fen) = feva) — fevg)s (2.4)

where f, is the free energy on the periodic pants domain and f,p) is the free energy on
the cylinder of perimeter P. The bipartite fidelity can then be seen as a renormalised free
energy. It depends on two independent characteristic lengths, NV and NN 4, with the third
characteristic length given by Np = N — N 4. We consider the asymptotic behaviour of
F, in the limit where N and N4 are sent to infinity with the aspect ratio z = N4/N
kept fixed. It has the large-IN expansion

Fo = golog N + g1(x) + gz(as)Nfl log N +---. (2.5)

The coefficients g, g,(x) and g,(x) can be computed by the methods of CF'T. In this
framework, the periodic pants domain is described as an infinite horizontal strip of width
N drawn in the complex plane. The strip is decorated with two slits that divide its left
half into two strips of width Nx and N(1 — z). The boundary conditions are periodic
along the strip’s edges and along the slits so as to reproduce the geometry of the left
panel of figure 1. In particular, due to the periodicity, the two endpoints of the slits are
identified as a unique point in the domain. We refer to this point as the crotch point.

https://doi.org/10.1088/1742-5468 /abcleb 7
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z 24 = 00 e G e
xN/2 _
Wy (1+0i7) wy(1—240i")
Wp wy (07£01")
TN o) (1-2)N N w0
w, (074-0i")
w, (1740i7) xN/Z wy(1—2+0i")
ojt7e 1 w0 o,
Z3 22 21 0

Figure 2. The function w,(z) maps the complex plane onto the periodic pants
geometry. On the right part of the figure, the dashed and dotted lines are identified
pairwise.

The mapping from the complex plane to the periodic pants geometry is

N
wy(z) = oy (x log(z— 1)+ (1 —x)logz) + K,,

N
K, = . (xlogz + (1 —x)log(l —x)).
s

This map is illustrated in figure 2.

In a general setting, we consider the situation where four fields are inserted on the
periodic pants geometry. A field ¢, is inserted at —oo in the leg A, a field ¢, is inserted
on the crotch point, a field ¢4 is inserted at —oco in the leg B, and a field ¢, is inserted at
+00. We denote by w;, with ¢ = 1,...,4, these positions in the periodic pants domain,
and by z; the corresponding positions in the complex plane obtained from the inverse
map w, 1(2). For simplicity, we assume that each field ¢, is spinless with conformal
dimensions A; = A,.

The first term g, in the expansion (2.5) is obtained as a direct application of the
Cardy—Peschel formula [30] for conical singularities. Indeed, the slit’s endpoint in the
pants domain corresponds to a single conical singularity of angle 47, as can be seen from
the expansion of w,(z) about the point z = z,. The resulting expression for g, depends
on the dimension of the field ¢, and on the central charge:

&
go =7 +20. (2.7)

The next term ¢, (z) depends on the aspect ratio x and on the dimensions A; of the
four fields. In the general setting where the four fields are non-trivial primary fields,
g1(z) also depends on the four-point function of the fields ¢, ¢, ¢35 and ¢,. A similar
dependence was found in [24] for the flat pants domain. Here, we only state the resulting
expressions, with their derivations given in appendix A. We give the result in two cases:
(i) no field is inserted on the crotch point and the fields ¢,, ¢; and ¢, are primary, and
(ii) the four fields ¢; are vertex operators with charges ¢; = ¢; and conformal dimensions
A; = A; = ¢2/2. For case (i), the known form of the three-point functions allows us to
find

https://doi.org/10.1088/1742-5468 /abcleb 8
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gi(z) =4 <A4 - Axl - A_Sx) (zlogz + (1 — z)log(l — z))
+ 1—02 (G(z) + Gl — )+ C (2.8)
where
G(z) = Wlogw (2.9)

and C'is a constant with respect to x. This constant is non-universal. For case (ii), the
n-point function of the vertex fields is

<H¢(zi,zi)>= IT 12— =, Zqizo, (2.10)
i i=1

1<i<jy<n

and the function g, (z) reads

2

1
gi(z) =2 [qf (1 — E) — @ —2q3q0 — %2 + (1 — x)] log(1 — x)

c

9 (G(z) + Gl —2))+ (2.11)

+{qg < @, x—1—x}+

where C” is a constant. In (2.11), the contribution marked by a bracket indicates that
the first term must be recopied but with the substitutions indicated inside this bracket.

Finally, we find, also in appendix A, that the prefactor g,(x) of the N~ 'log N term
is

(2.12)

where the multiplicative constant =, the extrapolation length, is a non-universal constant.
This holds for cases (i) and (ii).

2.2. Lattice calculation for the XX spin chain

2.2.1. Definition of the model. The first lattice model for which we compute the bipar-
tite fidelity is the spin—% quantum XX chain. It is a simple model of quantum magnetism
where neighbouring spins interact isotropically in the xy plane. We consider the XX spin
chain on a ring of length N with a diagonal twist. The Hamiltonian acts on the Hilbert
space (C?)®N with the local canonical basis

DE (é) . = (2) : (2.13)

https://doi.org/10.1088/1742-5468 /abcleb 9
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It is convenient to introduce the Pauli matrices o* = ((1) (1)), oV = (? 61) and

o (6 _01), as well as the identity matrix I, = ((1) (1)) We use the notation

0—;%:]12@)...@]12®g“®]12®...®]12, a=xy,2, j=1,...,N. (2.14)
] e
J— -J

The Hamiltonian of the model is
N-1
H=-Y"(0/07.1+0;05) - “oxor —e Poyof (2.15)
j=1

where o* = %(a”" +i0Y) and ¢ is the twist angle. We restrict our investigations to the case

where N is an even number. The Hamiltonian commutes with the total magnetisation
S* = %Eévzl 0.

In order to study the bipartite fidelity, we consider the same model on two smaller
systems A and B. Their degrees of freedom are defined on smaller rings of lengths N 4
and Np, and their respective twist angles are ¢, and ¢5. The three twist angles ¢, ¢4
and ¢ are three free parameters. We impose that both lengths are even numbers that
satisfy N4+ Np = N. The aspect ratio is x = %

We denote by H, H* and H” the Hamiltonians of the whole system, of subsystem A
and of subsystem B, with respective groundstates | X%}, | X¢!) and | X). The subscript 0
indicates that these states belong to the subspaces of zero magnetisation. Defining the

dual states as
(v] = [v)T, (2.16)

the states (X8|, (X¢!| and (XP| are then the left-groundstates of the Hamiltonians H,
H* and H®. The logarithmic bipartite fidelity for the XX spin chain on the periodic
pants domain is

R = —log|[ (X © X71X3)[ (2.17)
where | X{'P), | X{') and | XP) are assumed to have unit norms.

2.2.2. Diagonalisation of the Hamiltonian. The diagonalisation of H is standard. It
uses a Jordan—Wigner transformation and a Fourier transform. The result is

N
H ==Y "2 cos(b)) (2.18)
k=1
where
1 & 1 &
m _Z eu@k: ¢, qu _ _Z e—l]@k: CT,
\/N]ﬂ Nj:l ’
ok — N .
k=0 2 4 8% odd, (2.19)
6, — N 2
om(k— 1) — N
ult Ng) ¢ 5 + 5% even,

https://doi.org/10.1088/1742-5468 /abcleb 10
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c; = (—1)! (1:[ O'Z) o, cj = ( o ) o (2.20)

The operators p,;, and ,uz satisfy the usual fermionic anti-commutation rules

With k in the set {1,..., N}, we have a full set of fermionic operators. It is how-
ever useful to extend the range of k to negative values using the periodicity properties
ey =y, and ML—N = ,uz. For ¢ € (—m, m), the groundstate of H is unique. It lies in
the magnetisation sector S* = 0 and is given by

and

Mzzx N)/4’ :U’N/4’0> N even
Xop =4 I 0) = [4---4). (2.22)

Howya ™ Hiy—ypal0) 5 odd,

Due to the anti-commutation relations of the operators p,; and ,u}, the groundstate
has norm one, namely (Xo|X,) = 1, where

N

<0|,UN/4 © o H(4—N) /4 o even,
(Xo| = N (2.23)
<0‘,U(N—2)/4' © H(2-N) /4 o odd,

is the left groundstate of H.

2.2.8. Bipartite fidelity. In order to compute the bipartite fidelity, we introduce the
fermion operators for the subsystems A and B:

Ny Ny
]_ s A
A _ ijo; —ijo; 2.24
e’ ¢, e c 24a,
M, \/N_A; J (Nk \/N—AZ ( )
R R
B _ i(j—Na)of Byt _ —i(j=Na)OF 1
Ky = /=~ Z € G ()" = Z e b (2.24b)
NBj:NA+1 NBj:NA+1 !
where
21k — N
'WT@‘ 2A + (874 odd L M
04 = A SHA =23 "o, 2.24c
' 2n(k = 5) = @ Na + (S*)* even & 23‘2—; ! ( )
\ NA 2
(2t o (57 odd, o
B __ B \NB _ © z
2 — 4 (5%)” even, j=Na+1
\ NB 2

https://doi.org/10.1088/1742-5468 /abcleb 11
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The three groundstates | X¢'Z), | X¢!) and | XF) have unit norms. Using Wick’s theorem,
we evaluate the overlap in (2.17) as a determinant. The corresponding matrix contains
the anti-commutators of the operators ,LLL and pi or pP. After simplification, the result
is

‘<X64 ® XOB|X643>| — 2—N/2N—N/2x—N.71/4(1 . x)—N(l—m)/4 |det A| : (225)
with
1+ eiiﬂ—x(zklfl) efi((lb/l*l”d?) . . Nz
- [r@k=1) _ w@K—1) _ ¢,-uo =L
R Rl B CR T o N
kK = 1 4 eil0—0n) gin(1=a)(2h—1)" gies . Na 1 N =1y
sin [ m(2h—Na—1) _ @K1 ¢B*(1*I)¢:| a 7 The 57
[ 2N(-2) 2N 2N(1-x)
(2.26)

This holds for all parities of N/2, N 4/2 and Npg/2. For generic twist angles, we do not
know how to evaluate this determinant in closed form. This is due to the numerators in
(2.26) which are different in the two parts of the matrix .A. We can however evaluate
the determinant if the twist parameters ¢, ¢, and ¢ are such that

1 4 e 1@ =) o=ilba—w6) — | 4 o=i(6=0n) Gin(1-2)2K'-1) givg (2.27)
The solutions are

¢=¢a+dp—7+2ml, L. (2.28)

In the following, we focus on the case £ = 0. Under this specialisation, we are able to
simplify the determinant and obtain a closed-form formula. Indeed, we find

(X © XPIXGE)| = N~V VA1 — gy N

N/2

—1
X H cos [mz:k’ _ Gale =D +ép |det M| (2.29)
2
k=1
where
[r2k—=1)—¢a w2k -1)—¢]" B Na
Mo sm{ N1 5N k=1,..., 5 vy E
o [r2k—Nz-1)—¢p w2k -1)—¢]" poNe N vy
S IN(1 - ) 2N T Ty
(2.30)
We use the Cauchy identity
1 sin(x; — x;) sin(y; — v
o _ I, sina; = ;) sin(y; ) oo
i sin(z; — y;) [LII; sin(zi —y;)
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and find
det M = H sin [Ni(k - k’)] X H sin [L(k} - k’)}
x o N(1—x)

1<k<k'<Nz/2 1<k<k'<N(1—z
[T
X H sin [— k' —k ]
T - k)
1<k<K/<N /2
Nz/2 N(1-x)

T2k —1) — ¢4 w2k — 1) — o5
XH H Sm[ 2Nz - 2N (1 —x) ]

/

-1
Nz/2 N/2

Ak —1)—¢s T2K —1)— 6
. HHSln[ N - ON 1

-1

C[m(2k—=1)—¢p 72K —1)—¢
x H Hsm{ NI N ] : (2.32)

Many of these products have a similar structure. We define two generic products P,
and P,:

. T
PN =] ‘Sm [N(k - k’)} ; (2.33a)
I<k<K'<N/2
Ni/2 No/2
|7k wK w4+ T+
Py(N, V. = - . (2.33b
2( 154V2, ¢17 ¢2) :}!;|1: ]]1 S1n |:N1 N2 2N1 + 2N2 ( )

Their asymptotic large-N behaviour are given in appendices B.2 and B.3, respectively.
We recast the overlap |(Xg ® XZ|X¢P)| in a simple way and find

e_%]:;(x
¢=¢atop—m
N/2
_ NfN/meNxM(l - x)fN(lfx)/4 H COS |:7Txk/ . QZSA(x - 1) + $¢B‘|
2
k=1

Pi(N)P(Nz)P(N(1 —x))P(Na, N(1 — ), 04, dp)
Py (N2, N, s, pa+ d¢p —1)Po(N(1 — x), N, ¢p, pa + dp — )

(2.34)

2.2.4. Other instances of the bipartite fidelity. The CFT predictions of section 2.1
cover cases where fields are inserted in the legs and on the crotch point. In order to
investigate these cases further, we consider modified instances of the bipartite fidelity
on the periodic pants lattice. We do this by relaxing the condition tying N, N4 and
N g, and define

Fo¥(n) = —log|(X§ @ XF @ 1l @ @ 1LIXP) P, (2.35)

n/2 times
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N
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Figure 3. A configuration of the model of critical dense polymers on the periodic
pants geometry, with M =6, N =12, Ny =8 and Np = 4. It contains four non-
contractible loops and therefore has a weight o*.

where n is an even integer. The new constraint on the lengths is N = N4+ N+ n.
In this scalar product, the magnetisation of the dual state vanishes, and the corre-
sponding overlap is non-zero. Following the arguments of section 2.2.3, we obtain a
determinant expression for this overlap similar to (2.25), which we do not reproduce
here. We are unable to evaluate it in product form. We analyse fgx(n) for small values
of n in section 2.4 using the numerical evaluation of these determinants. The case n = 0
corresponds to the standard definition (2.17) of F)*.

2.3. Lattice calculation for critical dense polymers

2.3.1. Definition of the model. The second lattice model for which we compute the
bipartite fidelity is the model of critical dense polymers. This is a two-dimensional
model of interacting tiles on the square lattice, and here we define it on the periodic
pants geometry. The lattice is divided into three parts, as illustrated in the example of
figure 3. The top part isan M x N rectangular array of tiles, with N even. The boundary
conditions on this rectangle are periodic in the horizontal direction, so that the left and
right segments of this rectangle are identified as the same segment. The bottom part is
divided into two smaller arrays of tiles of respective sizes M x N, and M x Np, with
N 4 and Np both even and satisfying N4 + Ng = N. Each of these smaller arrays also
has periodic horizontal boundary conditions. The tops of these two arrays are placed
side-by-side and attached to the bottom segment of the M x N rectangle.

A configuration of the model of critical dense polymers is a choice of the diagram
PA or NN for each tile of this lattice. These are both assigned the weight 1. The three
free ends of the pants lattice, one at the top and two at the bottom of the lattice,
are decorated by simple half-arcs that connect each tile to one of its neighbours. Put
together, the loop segments drawn on the tiles and on the boundary half-arcs form a
set of loops. The contractible loops, namely those that can be deformed to a point, are
given a weight § = 0. Non-contractible loops are divided into three families. They can
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2M ZAB am || Z4 am || ZB | ~ | ZB
- >
N Ny Np Np

Figure 4. The lattices and boundary conditions corresponding to Z;‘B, ZAB 74
and ZP.

(i) wrap around leg A, (ii) wrap around leg B, or (iii) wrap around the waist of the
pants (or equivalently around both legs A and B). We choose to assign a weight o € R
to non-contractible loops in the families (i) and (iii), but a weight zero to those in the
family (ii). The Boltzmann weight of a configuration o is then given by

I/T/v(7 = anAJrnAB(Snﬁ’()é‘nB?o (236)

where ng is the number of contractible loops, and n4, np and n,p are the numbers of
non-contractible loops in families (i), (ii) and (iii), respectively. The partition function
on the pants lattice, denoted ZI‘?B , is defined as

We also define ZAYF and Z4, the partition functions for the model of dense polymers
on cylinders of dimensions 2M x N and 2M x N 4, respectively. On these cylinders, the
bottom and top ends are also decorated with simple arcs. The contractible and non-
contractible loops have the fugacities 0 and «, respectively. Finally, we define Z%, a
partition function defined on a cylinder of size 2M x Np. It is different from the other
partition functions, in that the only configurations with non-zero weights are those
with exactly one loop. This loop can be contractible or non-contractible. The boundary
conditions are as before, with both ends of the cylinder decorated with simple half-
arcs. Each of the contributing configurations then has a weight 1, and Z7 is simply the
number of such configurations. As argued in [31], one way to implement this without
taking a limit on the fugacity of the loops is to replace one of the half-arcs at the top edge
by two defects, and likewise at the bottom of the cylinder. One then imposes that the
defects at the top connect with those at the bottom, with weight 1. For convenience, we
choose that the last half-arc, on both the top and bottom segments, is the one replaced
by a pair of defects. The lattices corresponding to the different partition functions are
depicted in figure 4.

The logarithmic bipartite fidelity is defined as

Fy=—lim log <(ZPA%> : (2.38)

M—s00 ZABZAZB

As we shall see, the ratio in the parenthesis is such that the limit is well-defined.
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2.3.2. The enlarged periodic Temperley—Lieb algebra.

Definition of the algebra. The connectivity properties of loop segments are natu-
rally described in the language of Temperley—Lieb algebras. Because of the periodic
boundary conditions, our calculation of ' requires the periodic incarnation of the
Temperley—Lieb algebra. This algebra was first introduced [32] by Levy in 1991 and
was subsequently studied [33-36] by both physicists and mathematicians. Certain
details in the definition of this algebra vary from one paper to the next, and here we
work with the enlarged periodic Temperley—Lieb algebra EPTLy(c, ), as defined in
[29].

This algebra is the linear span of connectivity diagrams drawn inside a rectangular
box with N marked nodes on its top segment and N more on its bottom segment.
Inside the box, the nodes are connected pairwise by non-intersecting loop segments.
The boundary conditions are periodic in the horizontal direction. The loop segments
can therefore cross this segment, in which case we say that they travel via the back of
the cylinder.

The product ajas of two connectivity diagrams in EPTLy(«, 8) is done by vertical
concatenation: a; is drawn below as, the new connectivity is obtained from the connec-
tion of the top and bottom nodes, and each loop formed in the process is removed and
replaced by a multiplicative weight of o or S depending on its contractibility. Here are
two examples of products of connectivity diagrams for N = 4:

AYE

/RN R

™
A

(2.39)

This algebra is generated by N + 2 connectivity diagrams: €, Q. and e; with
7 =1,...,N. These are depicted as

_ |\ 7 \
j N

123N 123N 1 N 12 3
(2.40)
where j = 1,..., N — 1. The identity I for this algebra is the element
I=0'0=00""1= .
123 N (2.41)

The diagrammatic rule describing the product in this algebra can be translated into
relations satisfied by the generators. These are given for instance in [29]. The value of 3
pertaining to the model of critical dense polymers is 8 = 0. In our calculations below,
« is kept as a free parameter and N is set to an even integer.

The transfer tangle and the Hamiltonian. The transfer tangle for the model of
critical dense polymers with periodic boundary conditions is an element of EPTLy (a, 0)
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defined as

u)== u | uw -] U U :coqu sin u \
T ’ AT

P
P
P
P

X (2.42)

It is a linear combination of 2V connectivity diagrams. The isotropic value is © = 7> and
we use the short-hand notation T'= T(7). This transfer tangle commutes for different
values of the spectral parameter: [T (u), T'(v)] = 0. Expanding T'(u) in a Taylor series
in u, we obtain

T(u) = Q(I-uH)+O0(*), H=-) ¢, (2.43)

where H is the Hamiltonian. It commutes with the transfer tangle: [H, T'(u)] = 0.
The standard modules Wy ¢ and Wy 2. The algebra EPTLy(«, ) possesses a family
of standard modules Wy 4 labelled by an integer number d of defects. Our calculation
of F requires two standard modules: Wy and Wy 5. These are respectively defined
on the vector spaces generated by link states with zero and two defects. Link states
are diagrams drawn over a segment where N marked nodes are connected pairwise by
non-intersecting loop segments or occupied by vertical defects that cannot be overarched.

The boundary conditions are periodic in the horizontal direction. For example, here
are the link states for N = 4:

W4,0:nr\,m \m,\nr,ﬁf,mﬁ, (2.44a)

9

|l ~l, A1l

Y )

Wy o : I I N ;A I I c. (2.44b)
The action of a connectivity in EPTLy (e, ) on a link state w in Wy is similar to the
action of EPTLy(a, ) on itself. The link state w is drawn on top of the connectivity,
the resulting new link state is read from the bottom nodes, and multiplicative factors
of a and f are included for each non-contractible and contractible loop, respectively.
Moreover, for Wy 5, the result is set to zero if the two defects are connected. Here are
examples of this standard action:

Ll o PN
@:a M’ jn\ f:B‘QJ_I" N //r:O' (2.45)

We note that the standard module Wy 5 can be defined more generally with a twist
parameter that keeps track of how much the defects wrap around the cylinder.

A link state module with identified connectivities. In the special case where
a = (3, there exists another representation defined on link states with zero defects, with

so-called identified connectivities [29]. We denote it by VAVN70. Its vector space is spanned
by the link states with zero defects in Wy that have no arcs travelling via the back of
the cylinder. These are in fact the same link states that span the standard module with
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zero defects of the usual Temperley—Lieb algebra TLy(8). For N = 4, these link states
are:

Wio: .-

)

(A (2.46)

The action of connectivity diagrams on link states in VAVN_O is defined using the same
construction as for standard modules. One draws the link state above the connectivity
diagram, reads the new link state from the bottom edge of the diagram, and includes
factors of 8 for each closed loop, both contractible and non-contractible. Crucially, in
reading off the resulting link state, there is no distinction between arcs travelling via
the front or back of the cylinder. Any arc travelling around the back of the cylinder is
transformed into an arc travelling in the front of the cylinder. Here are two examples of
this action for N = 4:

NS s @(—ﬁaa

N Ve VaWal ' (2.47)

The XX representation. The XX representation of EPTLy (v, 0), which we denote
by Xy, is defined on the vector space (C?)®V. We use the canonical basis defined in
section 2.2.1. In this basis, the generators e; with j =1,..., N — 1 are represented by
the following matrices [37]:

00 0 O
01 1 0 .
XN<€7):H2®®]I2® 0 1 1,1 0 ®H2®®H2, jzl,,N—l (248)
-1 0 0 0 O N=j-1

Likewise, the generators Q' and ey are represented by

Xy (QF) = 51 eHiooi/2, Xy(en) = Xn () Xy (e)) Xy (Q7h), (2.49)
where ¢ is the twist angle and t is the translation operator:

(o) ® ) @ -+ @ ow)) = [02) @ -+ @ ux) © |vy). (2.50)

The matrices Xy(e;) and Xy (2") realise a representation of EPTLy(a,0) for

o = 2cos (%) . (2.51)

They also commute with the total magnetisation S* = %Zﬁl o;. As a consequence,
the representation Xy splits as a direct sum of smaller representations labelled by the
eigenvalues m of S°, which take the values m = — &, — -2 N

7,_ P ,...,7.
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In this representation, the Hamiltonian H is the twisted XX Hamiltonian (2.15):

N-1
H=Xy(H)=- (cfoi+050f,) —eolor —e Yoyof. (2.52)

j=1

Likewise, the transfer matrix is defined as T'(u) = Xy (T'(u)). It is the transfer matrix
of the six-vertex model at the anisotropy A = 0, with periodic boundary conditions and
a diagonal twist. We use the notation T = T'(}) for this transfer matrix at the isotropic
point.

Homomorphisms. There exists a map from link states to spin states that intertwines
the link state and XX representations. Indeed, for a given link state w in Wy 5, Wy

or VAVNVO, we write its image in (C?)®" under this map as |w). It is defined from the
following local maps:

o) =wt) e i), (D= e =eTe Tl twet 1), w=et
(2.53)

For a given link state, these local rules are applied to each arc and each defect. For
w € Wy, Wy 2 and Wy, the resulting state |w) has the magnetisation m = 0, —1 and 0,
respectively. The homomorphism property then reads

Xn(ej)|w) = |ejw), Xn (@ w) = |9 w), j=1,...,N, (2.54)

and is satisfied for each link state w. This holds for Wy, VAVN7() and Wy o, with the
action of the generators on the right sides of the equations adapted accordingly, for each
case. For Wy, the homomorphism with the spin-chain representation holds for o fixed

as a function of ¢ as in (2.51). For Wy, non-contractible loops have the weight 5 and
the homomorphism holds provided that ¢ is fixed to £x. In that case, |_ A ) and |n_¢)
are equal up to a sign. For Wy », the map (2.53) is a homomorphism for the special
value ¢ = 0. This is consistent with the fact that our definition of this module was given
without including a parameter that keeps track of the winding of the defects.

2.3.3. Bilinear forms.

Bilinear forms for link states. The Gram bilinear form is an invariant form on
the standard modules. For critical dense polymers, it is defined as follows. Let w,w’
be two link states in Wy o or Wy 5. Performing a vertical flip of w and connecting its
nodes to those of w’, we obtain a diagram where the loop segments form loops, that
can be contractible or non-contractible loops. For Wy o, the Gram product of w and v/,
denoted w - w’, is defined as a6, , where n, and ng count the non-contractible and
the contractible loops. It is therefore non-zero only if the number of contractible loops
is zero.

For Wy o, the same diagram constructed from w and w’ involves loops as before, but
also finds the defects connected pairwise. If both defects of w are connected to defects
of w’ and there are no loops, then w - w’ = 1. Otherwise, w - w’ = 0. To illustrate, for
N =4, the matrices encoding the Gram products between the link states in the bases
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(2.44) are
0 0 0 a 0 O
0 0 a 0 a o 01 0 1
0 a 0 0 & « 1 0 1 0
a 0 0 0 0 0] 01 0 1 (2.55)
0 a o> 0 0 « 1 0 1 0
0 > o 0 «o 0

These bilinear forms allow us to express the partition functions ZA“Z, Z4 and ZP in
terms of Gram products:

ZAUB _ gMN AB | (pABY2M 4B o (2.56a)
28 =2 (T, 200)
28 =20 (TP, 2
where the boundary states are
w=-AAAn A, w=oan o aall. (2.57)

The superscripts AB, A and B for T in (2.56) serve as a reminder that the corresponding
objects are elements of the enlarged periodic Temperley—Lieb algebra with N, N4 and
N p nodes, respectively. We have also indicated by subscripts on the right side which
action is used. Finally, we note that the powers of 2 ensure that each tile has a weight 1
instead of % as it does in (2.42) for u = 7.
Gram products on the pants geometry. We define a new Gram product, denoted
(wy X wsy) - w3, that is needed to compute Zf,“B. In this product, the states w;, wy and

ws belong to Wy, o, VAVNBM and Wy respectively, with N = N4+ Npg. The result of
this product is obtained as follows. One flips w; and w, vertically, draws them on the
legs A and B of the pants lattice, and connects its nodes to those of ws drawn on
the top part of the pants lattice. Then (w; x ws) - ws equals a4*"486, 45, 9, where ng
counts the number of contractible loops, and the numbers n4, ng and nap count the
non-contractible loops in the three families, as explained in section 2.3.1. Here are two
examples to illustrate:

(ﬁ (% _A )‘\ m r =0 (2.58a)

In terms of this Gram product, the partition function ZI*f‘B reads

28 = 2 (1)t (T9)0) - (4905 (2:59)
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In this expression, the transfer tangles T# and T%? act on the boundary states vl

and v{'® under the standard actions of Wy, o and Wy respectively (where « is a free

parameter). In contrast, (T7) acts on v? under the module action of VAVN&O (where
a=0).

We note that one can define more generally a Gram product on the pants geome-
try where the result of the product is of*a;” 3?6, and thus depends on three free
parameters, one for each family of non-contractible loops. Our choice to set ap, = 0 and
a1 = a3 = a however allows for an important simplification. Indeed, inAthis case, the
connectivity of link states in leg B can be described using the module Wy, o, and the
Gram products on the pants geometry can be computed using the Gram product on the
cylinder, for Wy o. Our construction above achieves this by using the natural embedding

from Wy, o x VAVNB_O into Wy o, where the two link states w; and w, are simply drawn
side by side, and the loop segments of w; that travel via the back of the cylinder (if
any) are extended to travel via the back of the larger cylinder. For instance,

m/anM, \mxmwﬁ_@.(gﬁo)

The same embedding in Wy, does not naturally extended to Wy, o x Wy, . For
example, we cannot embed = ¢ x » . in Wy in the same way as in (2.60).

Thus, for the case as = 0, any Gram product on the pants geometry can be com-
puted using the same product on the cylinder. In the spin-chain language, the resulting
embedding translates simply to

lwy X we) = |wy) ® |wy). (2.61)

Overlaps in the XX chain. At the end of section 2.3.2, we defined a map w +— |w)
that intertwines the link state and spin-chain representations of EPTLy(«, 0). For each
link state w, we define the dual state (w| as

{wl = |w)'

where the superscript * stands for real transposition. The Gram product between two
link states w; and wy can then be computed from the spin-chain representation [38]:

(2.62)

p—==0

wy - we = (wy|wy). (2.63)
In the spin-chain language, the partition functions read
ZAUB 2MN << AB’(TAB)QJ\/I’,UAB>7 (2.64&)
= 2M8 (! (T4)*M o), (2.64b)
ZB = 2MNs (B (TBYM |02, (2.64c)
ZAB 2MN<<U B| ((TA)M ® (j—?B)M) (TAB) / U64B>' (264d)

We recall that 747 and T* are the transfer matrices of the six-vertex model with a twist
¢ for system sizes N and N 4 respectively, whereas T? and T are the transfer matrices
for the system size Np with the twists ¢ = 0 and ¢ = 7, respectively.
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2.8.4. Bipartite fidelity.

Diagonalisation of the Hamiltonian. The diagonalisation of H is given in
section 2.2.2. We recall that for ¢ € (—m, ), the groundstate of H is unique, belongs to
the magnetisation sector S* = 0 and is given by

:“14 N4 'MEV/4|0> 2 even
Xo) =1 T 2 0) =41, (2.65)
Fo-my Hiv-2al0) 5 odd,

Likewise, in the sector S° = —1, the groundstate of H for ¢ = 0 is unique and given by

MZ4—N)/4 o 'MZN—4) /4|0>|¢:o geven,
X ) = 2 (2.66)
! S 10)] ~—odd
Fo—nyja ™ F(n—2)/41Y1g=0 9 :
The transfer matrix and Hamiltonian commute, and thus we have
T’X()> = Ao’X()>7 (T’¢:0)’X71> = A711X71>- (2-67)
The eigenvalues are [29, 39|
o\ N/2 N . é
cos(2) (G- —¢
Ao = 2N_21 (1+tanx;) H (1 —tanx;), z;= ]\? 2, (2.68a)
J=1 J=(N+2)/2
N N2 7\ \2
A= gy 11 (1 + tan (ﬁ)> : (2.68b)
j=1
and are the largest eigenvalues in the sectors S = 0 and S* = —1, respectively. We note

in particular that A_; = limy . Ay.

In the representations Wy o and Wy 5, the transfer tangle T has the right eigenstates
Xy and X ; with respective eigenvalues Ay and A_;, and |X,) and |X ;) are their
images under the homomorphism map. Their duals (X| and (X _;| are obtained from
the definition (2.62). Because

N
pl, =+ 5% odd,

t _ 2
/“Lk‘d)%,d) - ; N ; (269)
[T 5 + 5% even,
we have
(Xo| = (=1)VIB(X], (X | = ()WY (2.70)

where (Xo| = | Xo)" and (X ;| = | X _;)T. The state (X,| is given in (2.23) and is the left
groundstate of H in the sector S* = 0. Likewise, (X _;| is the left groundstate in the
sector S* = —1. Because of the fermionic relations (2.21), the groundstates have unit
norms, and therefore we have

(XolXo) = (=)Y2E (XX ) = ()W, (2.71)

https://doi.org/10.1088/1742-5468 /abcleb 22


https://doi.org/10.1088/1742-5468/abc1eb

Bipartite fidelity for models with periodic boundary conditions

Ratios of overlaps. We now extract the leading behaviours of the partition functions
(2.56) and (2.59) as M tends to infinity. We start with Z'” and assign the extra labels
AB, A and B to the groundstates over (C)®V, (C?)* and (C?)®"z, respectively. From
(2.71), we deduce that the identity matrix over (C?)®" in the sector of zero magnetisation
has a contribution along the groundstate of the form

Ils:co = (CD)MBIXGE (G| + - - (2.72)

The next terms involve states that are not groundstates. Likewise, for (C?)®V4 and
(C?)®Ne | we have

]I’S::() _ (_l)Nzl(N/r2)/8‘X64><<X64‘ +.--, (2.73&)
Mgy = (1)o@ 2BIXEV(XF |+ - - - (2.73b)

We then have

(T45) Mg ®) == (=1)M 2B (AFEM X2 (X5 0 ), (2.74a)
(g | (TN 2 (=1)M 2N (ot | X5 (X, (2.74b)
(o (TP = (=12 A (o X7 (X, (2.74¢)

where Aj?, AJ' and AZ are the eigenvalues of T4, T4 and T? in the zero magnetization
sector. The symbol ~ indicates that the smaller contributions coming from excited states
have been omitted. We thus find

2% o e 2N (AP ATAS)M (v 1 Xe) (o |1 X357 (X3! & XX ) (X v ), (2.75)

where € is a sign that will be irrelevant for our computation of F'. We repeat the same
argument for the other partition functions and find

ZAP o MY (BB (P X)X X8 (X2t (2.76a)
Z4 o 24N (AP o X (XX (X e, (2.76b)
78 o 2V (AT P (B X ) (X X (X o), (276c)

where A is the groundstate eigenvalue of 77 in the sector S* = —1. Using (2.71) and
AJ = AP, we find

LD (KSR g
(v 1X57) (X lvg) (of | X5 (X5 v7)

F=—log (a (X o XB|XP)?

Ny(Ny-2) (Ng—=2)(Ng—4)
8 8

(=1)

Product expressions for the overlaps involving boundary states. We use Wick’s
theorem to evaluate the various overlaps in (2.77a). To start, we note that the boundary

(2.77b)
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states (vo| and (vs| can be written in terms of the fermionic operators ¢; as

{(vo| = (Olan—ran—3- - - asazar, (2| = (Olan—san—s- - - asazas,
(2.78)
a; =wcj +w ¢y
We have the anti-commutation relation
o—2il0; y
{age-1, MZ} = VN (w e + w_1> . (2.79)
Using Wick’s theorem, we write the overlaps (Xo|vy) and (X _i|vq) as
{{vo| Xo) = geelgo {aszthZ}a {(v2] X1) = /2?}, {azm,ul}ld):a, (2.80)
(=1,-,N/2 (=1,+(N—2)/2
where
{4 - N N} N 4—N N — 4} N
— e, — — even, —_— e, — — even,
Ky = 4 4 2 K, = 4 4 2
2—N N -2 N 6—-N N -2 N
3T g odd 1T g odd
(2.81)

The factors that depend only on k in (2.79) can be factorised from the determinant,
which can then be evaluated in terms of a product using the Vandermonde identity. We
simplify the result using the identities

N/2 NJ2

. (7T N2 . (2m(k—j4)\ NV
H S1n (ﬁ) = W, H H S1n N = 2]\72/8’ (282)
j=1 j=1 k=j+1
and find
N/2 ,
- _inN(N— (2 -Lm+¢
X — 2N/4 1(7)(N+1)/4 17TN(N 2)/16 ( 283
{(vol Xo) e e H sin on , (2.83a)
N1/2 (N6
(w0l Xo)lyor = grymgy €70 U, (2.83b)
o—im(N=2)(N-4)/16
<<U2|X—1> = 2(]\7—2)/4 (283C)
It also follows from the definition (2.62) of dual states that
{(Xolvo) = (vol Xo)l sy (X -1]v2) = (2] X1). (2.84)
Putting these results together, we obtain
(X5 lvg ™) — o io(N+1)/2 st 2N (2.85a)

{(vg #1557

. 2j—1 ’
j=1 S1n <( J 2]3[7r+(7))

https://doi.org/10.1088/1742-5468 /abcleb 24


https://doi.org/10.1088/1742-5468/abc1eb

Bipartite fidelity for models with periodic boundary conditions

Na/2 gin ((23‘ ;J1\/)Z+¢>
<2j—1>7r—¢> ’

<<U(§1’X(fl> — olo(Nat1)/2
=1 Sin( N

(Xe'lod)

(2.85b)

{vy’[X5)*
(| XE) (X B [vy)

= —iNp. (2.85¢)

Exact expression for the bipartite fidelity. It remains to compute the overlap
(X @ XP|X{P). Up to unimportant signs that come from (2.71), the overlap is exactly
the one computed in (2.34) with the specialisations ¢, = ¢ and ¢ = m. We note that
these specialisations are compatible with (2.28) for ¢ = 0, for which we were able to
obtain product expressions from the determinant expressions. From (2.77a) and (2.85)
we find

Fo = FXNoim = QN 6) + Q(Nz,¢) — log (N(1 - z)) (2.86)

op=m

where

N/2 sin ((247'721])V7r7¢>

. 2j—1)m+
j=1 S1n <7( J 2]3;1' d))

(2.87)

sa—o 1s read from (2.34).

op=m

The closed-form expression for .F?X

2.4. Asymptotics

In this section, we study the large-N asymptotics of the bipartite fidelity for the XX
chain and the model of critical dense polymers on the periodic pants lattice and compare
the results with the CFT predictions of section 2.1.

2.4.1. XX spin chain.

Exact results for .’Fffx with ¢ = ¢4+ ¢p— m. The calculation of the first terms in
the large-N asymptotics of (2.34) is a long yet straightforward calculation. The details
are given in appendix B. We find

1
o=ouron—n — 5 108N

(=14 a)(L+ 22) — 6mx (=1 + 2)da + wdp) + 3((—1 + 2)¢a + 2¢p)°

fXX

P

log(1 — x)
6m2x
N (3 —2x)x 4+ 6m(=1+2) (=1 + 2)pa + 2dp) — 3((—=1 + x)pa + avqu)2 log
6m%(1 — x)
—;—;logﬂ+6logA+(9(N_l) (2.88)

where A ~ 1.282427 is the Glaisher—Kinkelin constant. As expected, this function is
symmetric under the simultaneous transformations z — 1 — 2 and ¢, <> ¢5. We see
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that this result is identical to the CFT prediction (2.5) for case (ii), where g, and g,(z)
are given in (2.7) and (2.11), the conformal data is

_ 9a L S5 _ _$atdp—m

—1 — — = — 12 = 2.89
c ) q1 27 ’ q2 9’ qs o ’ g4 27 ’ ( )
and the non-universal constant is given by
1 1
C'= 575 log m + 6log A ~ 0.420162. (2.90)

We also remark that there is no term proportional to N 'log N in (2.88). Comparing
with (2.12), we observe that the content of the large parenthesis in this equation does
not vanish in general. We therefore deduce that the extrapolation length = vanishes in
this case.

Numerical results for .’Fffx(n) We now study the large-N behaviour of the bipartite
fidelities in the case where the three twists ¢, ¢, and ¢ are arbitrary. We consider the
standard bipartite fidelity (2.17) as well as the modified instances F)*(n) defined in
(2.35). Since we do not have an exact product formula, we instead use the determinant
expression (2.25), and very similar formulas for the modified instances, to study the
large-N behaviour of these quantities numerically. To get precise numerical estimates,
we follow the strategy of [23] and fit F)*(n) as

log N 1 log N 1
FXX(n) = golog N + g1(x) + g2~ 4y + 71— + 95
N N N N (2.91)
log N 1 :
% N

From these numerical explorations, we find that the leading terms in the asymptotic
expansion precisely reproduce the conformal prediction of section 2.1. Namely, we have

2
Foi(n) = (1 + 1(%) > log N + g1(z) + go(z)N ' log N + O (N1)

4 4 7'('
(2.92)
where g, (x) is given by the formula (2.11) for vertex operators, with
Pa ¢ —Pa—¢p o ¢
— 1 - - — 0 —= —— = — . 2
¢ ) a1 o’ a2 o ) a3 o’ 44 o (2.93)

Likewise, go(z) is given by (2.12) with the conformal dimensions A; = ¢?/2, the charges
q; in (2.93), and the extrapolation length

— . (2.94)

[1]

In particular, we have =Z = 0 for the standard bipartite fidelity.

The constant C’ is unknown and obtained from a fit in our analysis. In figure 5,
we plot (2.92) and compare it with numerical values obtained from the determinant
formula (2.25), as a function of z and N. The agreement is remarkable. The same plots

for F3*(n) with n =2,4,6 are very similar, and the match is again convincing. The
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Figure 5. The standard bipartite fidelity ]-'Efx as a function of z for N = 800 (left
panel) and as a function of N for z = } (right panel). In both cases, the twists are set
top =1, ¢4, =2 and ¢ = 3. The data points are computed from the determinant
expression (2.25), whereas the continuous line is (2.92) with (2.93), Z=0 and
C' = 0.447 447.
o saf or e
0.418} ¢
oatsl * 3.35 |
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Figure 6. Numerical results for the constant C’ as a function of ¢, for the standard
bipartite fidelity (left panel) and n = 4 (right panel).

numerical analysis reveals that C’ depends on the twists and on the spin state inserted
at the crotch point. For a given choice of this spin state, we find that C’ depends on the
twist parameters only through the difference ¢ — ¢, — ¢, or equivalently on the value
of ¢,. In figure 6, we plot C’ for various values of ¢, in the range (—%, %), for n =0 and
n = 4. Finally, in figure 7 we plot the function g,(z) for n = 2 and n = 4. This function
depends on the spin state inserted at the crotch point only via the extrapolation length
(2.94). The match between our numerical results and the CFT prediction is clear.

Conformal interpretation. Let us now discuss how our results fit with previously
known results about the conformal interpretation of the XX chain. It is well-known
that the XX chain (and more generally the XXZ chain) is described by a CFT with
central charge ¢ = 1. In this context, the presence of a twist line ¢ between two points
z1 and z9 is accounted for by the insertion of two fields ¢(z1) and ¢(z2). The field ¢ is
a so-called electric operator [40]. Its multi-point functions are known to have the form
(2.10), and our analysis in this subsection confirms this. It is also a spinless field. Its
conformal dimensions A;SX = AE/EX can be computed from the L finite-size correction

N
term of the largest eigenvalue of the periodic transfer matrix 7" with a diagonal twist.
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5k 10 |

ga(x) . ga()

Figure 7. The function g,(z) for the XX spin chain with ¢ =1, ¢, =2 and
¢p = 3 for n =2 and n = 4. The blue dots are obtained by numerical evaluation
of determinants similar to (2.25). The blue curves plot the CFT predictions (2.12)
with the conformal data (2.93) and Z given in (2.94).

Indeed, this finite-size correction can be obtained either via the Bethe ansatz [41] or
with the method of functional relations [42], and it allows one to compute the difference
¢ — 24A explicitly:

3¢*
With ¢ = 1, the resulting conformal dimension is
¢2

XX _
A(/) = @

(2.96)
This is consistent with the known values ¢ = ¢ = 5‘% for the charges of electric operators,
and the values A; = ¢?/2 obtained in (2.89) and (2.93). Comparing (2.7) and (2.92), we
see that (2.96) also produces the correct value for g,. We note that the field inserted on
the crotch point is special, as it lies at the intersection of three twist lines. Accordingly,
its conformal dimension is obtained from (2.96) with ¢ replaced by the difference ¢ —
¢4 — ¢p of the twists at this intersection. The insertion of a Néel state of size n on the
crotch point does not modify this conformal dimension.

2.4.2. Critical dense polymers. The large-N expansion for ' follows directly from the

same expansions for 7% oo ry_n 0d the function Q(N, ¢) defined in (2.87). These

are given in (2.88) and (B.24), respectively. This yields

mwlog(l —x) + ¢logx

]:I? :}";(X‘gA:¢ —log N —
B=T

= —;logN — é(G(m) +G(1 —x))
- % <% - 1) <(1 —z)logz + % log(1 — 90))
—%—%logﬂ+6logA+(9(N_l) (2.97)
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where G(z) is defined in (2.9). This exactly corresponds to the CFT prediction for case

(i) with
1 2
o e l(20)
T (2.98)
1 1
Az =0, C’:—i—ilogﬂ—{—GlogA, ==0.

This fits with previously known results for the conformal interpretation of the model
of critical dense polymers. The central charge of this model is known to be ¢ = —2 [28,
29]. In this context, for the model defined on an infinite cylinder, assigning a fugacity
a # 3 to the non-contractible loops amounts to inserting two copies of a conformal field
p(z) at the top and bottom of the cylinder. The properties of this field were investigated
in detail in [43]. The conformal dimensions AgDP and ASPY of p(z) are equal and can
be obtained from the % finite-size correction term for the groundstate eigenvalue of the
periodic transfer matrix. The spectrum of the transfer matrix for the six-vertex model
and for the model of critical dense polymers are identical for o = 2 cos(%). As a result,
the difference ¢ — 24A for critical dense polymers is also given by (2.95). Setting ¢ = —2
and solving for the conformal dimension yields

AGPY = L <¢2 - 1) : (2.99)

8 \ 72

This is precisely the conformal dimension that we obtained in (2.98) for A; and Ay. It
is also the value previously known from Coulomb gas calculations [44].

3. Bipartite fidelity on the skirt geometry

In this section, we consider the bipartite fidelity for physical systems A, B and AB,
of respective lengths N4, Ng and N = N4 + Np, where the system AB has periodic
boundary conditions, whereas the systems A and B have open boundary conditions. For
one-dimensional chains, the fidelity is defined as

F, = —log‘(xA®xB|XAB>|2. (3.1)

The states (z°| and |z°) are respectively the left and right groundstates of the Hamil-
tonian of the system S endowed with open boundary conditions. Moreover, (X°| and
| X ) are the groundstates of the Hamiltonian of the system S with periodic boundary
conditions. These states are assumed to be normalised in such a way that (X°|X°) =1
and (2°|2%) = 1.

For two-dimensional lattice models, the fidelity is defined as

(2")

TAZi 7T (3.2)

7= Jm g
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Here ZA? is the partition function defined on the skirt geometry depicted in the central
panel of figure 1. The height is 2M, the perimeter at the top is IV, the width of the legs
A and B are N4 and Np. Likewise, Z# and ZP are partitions functions on rectangles
of sizes 2M x N4 and 2M x Np, respectively. Finally, ZAYZ is the model’s partition
function on the cylinder of perimeter N and height 2M. For suitable choices of these
boundary conditions, the partition functions are all non-zero and the limit M — oo in
(3.2) is well-defined.

For two-dimensional models that have one-dimensional quantum analogues [25], the
definitions (3.1) and (3.2) coincide. In section 3.1, we give the conformal prediction for
the leading terms in the large-N expansion of the bipartite fidelity. In sections 3.2 and
3.3, we compute F; for the XX spin chain and for the model of critical dense polymers.
Finally, in section 3.4, we compare the asymptotical behaviour of the lattice results with
the predictions of CFT.

3.1. Predictions of conformal field theory

This section gives the conformal predictions for the bipartite fidelity on the skirt geom-
etry. The details of the derivations are given in appendix A. From the definition (3.2),
the bipartite fidelity on the skirt geometry corresponds to the following difference of
free energies:

Fs=2fs — fewvy = frva) — Frvn)s (3.3)

where f; is the free energy on the skirt geometry, f, ) is the free energy on the cylinder
of perimeter N and f,y) is the free energy on the rectangle of width N. The bipartite
fidelity depends on two independent characteristic lengths, N and N 4, with the third
characteristic length given by Np = N — N 4. We consider the asymptotic behaviour of
F; in the limit where N and N4 are sent to infinity with the aspect ratio z = N4/N
kept fixed. It has the large-N expansion

F, = Golog N + §1(x) + Go(z)N 'logN + - - -. (3.4)

The coefficients gy, §i1(x) and go(z) can be computed by the methods of CFT. In this
framework, the skirt domain is described as an infinite horizontal strip of width N
drawn in the complex plane, and decorated with two slits that divide the left half into
two strips of width Nz and N (1 — z). The boundary conditions are periodic along the
strip’s edges for Re(w) > 0, but are open along the strips’ edges for Re(w) < 0. This
indeed reproduces the geometry of the central panel of figure 1. In contrast with the
periodic pants domain, the skirt domain really has two distinct slit endpoints. The map
from the upper half-plane to the skirt geometry is

wy(z) = % (elog (—(z — 1)) + (1 — 2)log % — log(=* + (= — 1)) + Koy (3.5)

where K, is given in (2.6). This map is illustrated in figure 8. It can be understood
as the composition wy = w, o v of the function w,(z) given in (2.6) and the function

https://doi.org/10.1088/1742-5468 /abcleb 30


https://doi.org/10.1088/1742-5468/abc1eb

Bipartite fidelity for models with periodic boundary conditions

z s = 00 R ——
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Figure 8. The function ws(z) maps the upper half-plane onto the skirt geometry.
The positions zo and z4 that are the preimages of the slits’ endpoints are zy =
(Ve —2?24+2—1)/(2z—1) and zy = (—Vz — 2>+ — 1) /(22 — 1). The bold lines
are the boundaries of the domains. On the right part of the figure, the dashed lines
are identified.

v(2) = 22/(22* — 2z + 1). The latter maps the upper half-plane into the complex plane
with a cut along the segment [0, 1]. Hence the boundary of the upper half-plane is
mapped to the two slits of the skirt geometry.

In a more general setting, one considers the situation where five fields are inserted
in the skirt domain. A field ¢, is inserted at —oo in the leg A, a field ¢, is inserted
on the first slit’s endpoint, a field ¢; is inserted at —oo in the leg B, a field ¢,
is inserted on the second slit’s endpoint, and a field ¢, is inserted at 4oo. The
fields ¢, with ¢ =1,2,3,4 are boundary fields that depend on a single variable and
have the conformal dimension A;. We denote by w; these positions in the skirt
domain, and by z; the corresponding positions in the complex plane obtained from
the inverse map w;'(z). In contrast, ¢; is a bulk field that depends on two vari-
ables, which we write as ws, w5 in the skirt domain and as zs,z5 in the complex
plane. For simplicity, we assume that ¢, is spinless. It has the conformal dimensions
A5 - A5.

The first function gy in the expansion (3.4) is obtained as a direct application of the
Cardy—Peschel formula [30] for domains with corners. Indeed, the skirt domain has two
corners of angles 2m. The resulting expression for g, depends on the dimensions of the
field ¢, and ¢, and on the central charge:

- C
Go=7+ Ay + Ay (3.6)

The next-leading terms g;(x) and go(x) depend non-trivially on the aspect ratio z.
In this section, we write down the resulting expressions, with their derivations given in
appendix A. In a general setting where the five fields are primary fields, the function
g1(z) also depends on the non-trivial functions of the cross-ratios that arise in the five-
point function of these fields in the upper half-plane. Because ¢; is a bulk field, from
Cardy’s method of images, we know that this correlator is in fact a six-point function in
the full complex plane. Here we restrict our focus to the following special cases: (i) only
one non-trivial primary field is present, namely the bulk field ¢, and (ii) each of the
fields ¢, is a vertex operator. In this case, the fields ¢; with « =1,...,4 are boundary
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fields with charges ¢; and dimension A; = ¢7/2. In contrast, the field ¢; is a bulk field
with the charges g5 = g5 and dimensions Ay = Ay = ¢2/2.
The results are as follows. For case (i), we have

gi(z) = 2—64 (G(x) + G- x)) +4A; (xlogx + (1 —x)log(l — z) +2log2) + C  (3.7)
where

3 _ 2

G(x) = Wlogaz (3.8)

and C is a constant. For case (ii), we have

Gi(z) = 2% (G@) LG x)) 40 (zlogz + (1 — ) log(1 — 2) + 2log 2)

A A ~
_ ?1 log(1 —z) — . _393 logz + (Ay + Ay)(logz + log(1l — x)) + C' (3.9)

where C” is a constant. We note that the functions §, and §;(z) were obtained in [23]
for the special case where all the conformal dimensions are zero.

Similarly, we compute the function §»(x) using the arguments of Stéphan and Dubail.
The details are given in appendix A. The authors argue that this function depends on
a non-universal constant called the extrapolation length. As we shall see in section 3.4,
a correct conformal interpretation of our lattice results requires a generalisation of
their derivation to cases where each slit is assigned its own extrapolation length. We
denote them by =, and =,, and they correspond to the corners situated at wy and wy,
respectively. For case (i), we obtain

Go(z) = (S + E4) x (% + 2A5> . (3.10)

For the case (ii), the expression for go(z) instead reads

. =22 g-q  ala-—@ta) slEa-eta) |
= =9 X — —
falz) = = 81— )z | 162(1— 2) Az sl-z) &

+ {2y = B4, ¢ <> qu}. (3.11)

We note that this expression greatly simplifies for Z, = =,, and becomes independent
of the charges ¢, and ¢, of the fields inserted at the endpoints of the slits. The function
go(x) also simplifies for ¢, = ¢,. In that case, it only depends on the sum =, + =, as in
(3.10), and can be written in terms of the dimensions A; = ¢?/2:

(3.12)
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3.2. Lattice calculation for the XX spin chain

3.2.1. Definition of the model. The first model for which we compute the bipartite
fidelity on the skirt geometry is the XX chain. In this case, the system AB is a periodic
chain of length N. Its Hamiltonian is (2.15) and depends on the twist ¢. The subsystems
A and B are instead open chains of lengths N4 and N . The Hamiltonian for the open
chain of length N with free boundary conditions, namely without fields applied to the
endpoints, is

N-1
]‘ xr __x i’ 1
Hy= =3 (0707 +0)o},). (3.13)
J=1

We denote by (| and (x| the left groundstates of H; with N4 and Np sites, respec-
tively, in their zero-magnetisation sectors. As before, N 4 + Np = N and all three lengths
are even numbers. The logarithmic bipartite is

2
FX = —log|(w§®x§\X§B>| (3.14)

S

where | X{'®) is the groundstate of H given in (2.22). The states |z{') and |2f), like
| X1B), are assumed to have unit norms.

3.2.2. Bipartite fidelity. The diagonalisation of H; is standard. The tensor product of
the left groundstates is

(o} @ | = (01, o P o (315)
where

2 1/2 Ny 7Tkj

" .

_ . 1

d;, (NA+1) ;sm (NA+1)Q77 (3.16a)
2 12 N 7'(']{1(] — NA)

B _ o AR T VA

e <NB+1) j%;l Sm( Np +1 >C“ .

J=NA

The operators ¢; are the fermionic operators in (2.20). With the choice of normalisation
in (3.16), both (z{!| and (zZ| have unit norms. To compute (3.14), we use Wick’s theorem
and find

|(x51 ® x§|X643>| — 2—3N/4N—N/4(NA + 1)_(NA—2)/4(NB 4 1)—(N3—2)/4 |detD| (3.17a)
where
1 — (—1)F e7iVatlivy _ N,
S oS (leil) — cos Uy 2 T N
kk = vy, L — (—1)k=Na/2 g=i(Na+1)dy N N =1
e k k=—"+1,--, —,
cos (%) — cos Uy 2 2
(3.17Db)
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and

Iy, = 2 4 . (3.17¢)

This holds for both parities of N /2. Sadly, we have been unable to push the calculation
further and evaluate this determinant in product form using the methods employed in
24, 27], even for special values of z and ¢. Our analysis in section 3.4.1 of the asymptotics
of FXX will thus rely on the numerical evaluations of determinants.

3.2.8. Other instances of the bipartite fidelity. The CFT predictions of section 3.1
covers cases where fields are inserted in the legs and on the slits’ endpoints. In order
to investigate these cases on the lattice, we consider various modified instances of the
bipartite fidelity on the skirt domain. In each case, the state | X?) is kept unchanged
in the overlap, whereas the state (z; ® xf| is replaced by a state of the form

(2, ® 81 @ L @ 5. (3.18)

Here (x| is the left groundstate of the open XX chain of the system S in the magneti-
sation sector m, and s, so are selected from the set {0, 1, ], 1), 11, 111}. The condition
on the even parity of N4 and Np is relaxed and the relation tying them to N is
N = N4+ ny + Np+ ny, where n; and ny are the lengths of the states |s;) and |ss).
Table 1 gives an overview of the thirteen cases that we consider. In particular, case 1
corresponds to the standard bipartite fidelity, as defined in (3.14) with the overlap
(3.17). In the other cases, N 4 is chosen even if m 4 is an integer and odd if m4 is a half-
integer, and likewise for N g in terms of mp. In each case, the magnetisation of the state
(3.18) vanishes, and the corresponding overlap [(z/} ® s; ® 22 = ® 5| X¢'#)| is non-zero.
We obtain a determinant expression for each of these overlaps similar to (3.17), which
we do not reproduce here. We are unable to evaluate these determinants in product
form. Our analysis in section 3.4 will instead rely on the numerical evaluation of these
determinants.

3.3. Lattice calculation for critical dense polymers

3.3.1. Definition of the model. We study the model of dense polymers on the skirt
geometry. The lattice is a cylinder of height 4M and width N, which we choose to be
even. There are two vertical slits that extend halfway across the cylinder. They divide
the lower edge into two open segments of lengths N 4 and N g, which are even numbers
too. A configuration of the model of critical dense polymers on the skirt lattice is a
tiling of the faces of this lattice by one of the two elementary tiles, P4 and )N, with equal
probability.

The top circular edge, the bottom segments as well as the interior of the two slits are
decorated with simple half-arcs. The situation is then similar to the example of figure 3,
with the following differences: (i) the total height of the lattice is 4M instead of 2M,
and (ii) the four diagonal edges in the diagram’s lower-half are decorated with simple
half-arcs. The contractible loops are given a weight 5 = 0, whereas the non-contractible
loops have a fugacity . The Boltzmann weight of a configuration ¢ is then given by
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Table 1. The thirteen cases considered for the XX chain
on the skirt geometry.

Case ma s1 mp S
1 0 0 0 0
2 -1/2 0 +1/2 0
3 -1 0 1 0
4 -3/2 0 +3/2 0
5 —2 0 2 0
6 0 0 0 N
7 -1/2 T +1/2 +
8 +1/2 1 +1/2 4
9 0 0 0 T
10 -1/2 0 -1/2 ™~
11 -1/2 0 0 T
12 -1 0 0 ™~
13 —3/2 0 0 0

W, = a"a57bf,yo, where n, and ng are the numbers of non-contractible and contractible

loops in the configuration. The partition function on the skirt geometry, denoted ZA%,
is defined as

ZfB — ZWO" (319)

The definition of the bipartite fidelity given below involves three more partition func-
tions. The first, ZAYB is the partition function of the same model defined on a cylinder of
height 4M and perimeter N. The other two partition functions, Z4 and Z”, are defined
on 4M x N4 and 4M x N p rectangles, respectively. The boundary conditions consist
of simple half-arcs on all four segments, and we restrict to configurations that have a
single (contractible) loop. The partition functions Z# and Z” are then the numbers of
these restricted configurations.

Similarly to Z? discussed in section 2.3.1, the partition functions Z4 and Z” can
alternatively be defined on a lattice where the rightmost arcs on both the top and
bottom edges are removed and replaced by a pair of defects. One then imposes that both
defects from the top segment connect to those of the bottom segment (with weight 1).
This produces exactly the same set of configurations and therefore the correct partition
functions.

The logarithmic bipartite fidelity is then defined as

F=—lim log <w> . (3.20)

s M=o aZABZAZEB

As we shall see, the limit M — oo of this ratio is well defined. The factor « in the
denominator ensures that ¢ is well-defined in the limit a — 0. Indeed, Z4? and ZAYP
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both vanish linearly in « as it tends to zero. With this convention for F¢, the leading
powers of « coincide between the numerator and the denominator.

The choice to include Z4 and ZP in the denominator is justified as follows. We
note that for the other dense loop models for which the fugacity of contractible loops
is non-zero, the natural choice would be to include in the denominator the partition
functions with no defects. For the model of critical dense polymers, these partition
functions are zero. As argued in [31], the reference partition functions in this case
are instead those with pairs of defects on the top and bottom segments, as explained
above.

3.3.2. The Temperley—Lieb algebra. Our goal is first to express the partition func-
tions in (3.20) in the language of the Temperley—Lieb algebra. The skirt geometry
involves both periodic and open boundary conditions. For that reason, both the ordi-
nary Temperley—Lieb algebra TLy (/) and the enlarged periodic Temperley—Lieb algebra
EPTLy (o, B) are useful. Since TLy(S) is a subalgebra of EPTLy(«, ), all the tools
needed to define TLy(f) are given in section 2.3.2, and below we only give a brief
reminder.

Definition of TLy (3). The Temperley-Lieb algebra [45-50] is a unital, associa-
tive algebra generated by the linear span of connectivities. It is the subalgebra of
EPTLy(a, 5) generated by the generators I and e;, with j =1,..., N — 1. With prod-
ucts of these generators, one can produce all the connectivity diagrams in EPTLy (av, 5)
that have no loop segments travelling via the back of the cylinder. The diagrammatic
rules for computing products of connectivity diagrams are the same as those described
in the periodic case. Non-contractible loops are never created in such products, and the
algebra thus depends only on the weight 8 of the contractible loops. We recall that the
value of 8 pertaining to the model of critical dense polymers is g = 0.

The transfer tangle D(u). The double-row transfer tangle for the model of dense
polymers is an element of TLy(0) defined as [28]

1 U u o .. o .. U
D(u) = C 44 f), u | =cosu Jf +sinu \\,
u u u A

D D D

N (3.21)

where u is the spectral parameter. We refer to the value u = 7, for which both tiles have
equal weights, as the isotropic point, and use the short-hand notation D = D(7).

Two copies of the transfer tangle evaluated at different values of the spectral parame-
ter commute: [D(u), D(v)] = 0. Furthermore, the Hamiltonian H, of the model is related
to the transfer tangle via the relation

N-1
D(u) =I-2uH,+ O, H,=-) e, (3.22)

J=1

and is also in the commuting family.
The standard modules Vy and Vy ;. The standard modules Vy, and Vy, for
TLy(5) are built on the vector space generated by link states on N nodes with zero and
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two defects, respectively. The standard module Vy  is defined on the same vector space

as the module Wy over EPTLy (S, 8). It is in fact the restriction of this module to
the action of elements of TLy(8) C EPTLy (S, B). Likewise, the module Vy» is defined
on the subspace of Wy 5 spanned by link states with no arcs travelling via the back
of the cylinder. The diagrammatic action of the connectivities in TLy () on the link
state of Vo and Vyo is the same as in the periodic case, with the difference that
non-contractible loops are never formed.

Partition functions. The Gram products for the standard modules of TLy(3) are
defined in the same way as those introduced in section 2.3.3 for the periodic case. We
express the partition functions in (3.20) as

ZA% = 2MN (it @ of) - (DY @ DP)M (T o Bl (3.23a)
ZéélUB — QQMNU(I)LXB . (TAB)4MU(I)4B|WN’07 (3.23b)
74 = 22MNagh. (DA)Wv;\VW, (3.23¢)
ZrB _ 22]\/INB,U2B . <DB)2MUQB|VNB¢2’ (3.23d)

where vy and vy are defined in (2.57). The conventions are the same as those used in
section 2.3.3.

The XX representation and spin-chain overlaps. The XX representation of
TLy (8 = 0) is given in (2.48). In this representation, the Hamiltonian with open bound-
ary conditions H, is the XX Hamiltonian with the U, (s/;)-invariant boundary magnetic
fields of Pasquier and Saleur [37],

N-1 .
X T 1 z z
H, = Xy(H,) = 5 E (o§of, +olol,y) — 5(01 — o) (3.24)

J=1

—_

The representative of D(u) in the XX representation is the double-row transfer
matrix D(u). We use the notation D = D(7) for the transfer matrix at the isotropic
point. The map from link states to spin states given in (2.53) is a homomorphism
between link state and spin representations for the algebra TLy (/) as well. The partition
functions can then be written in terms of spin-chain overlaps as

ZAB — 22MN (1A @ oP| (DA @ DP)Y (T4B)* |y, (3.25a)
ZAUB — 92MN (1 AB| (PAB)4M |, A, (3.25b)
z = 22N (| (DY) M [wg'), (3.25¢)
z7 = 22280 (0 |(DP)*M|vy). (3.25d)

We note that all the states that appear as dual states do not depend on the twist
parameter ¢, so in this case (2.62) simply becomes (w| = |w)".

3.3.3. Bipartite fidelity.
Diagonalisation of H,. The first step is to use the Jordan—Wigner transformation
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to write H, as

N-1

H, = —Z (C;HC]' + C}Cj+1> —1 (c{cl — C}LVCN> (3.26)

J=1

where the fermionic operators c; and c} are defined in (2.20). Recalling that w = e™/4,
the second step is to perform a Fourier transform of these operators, by defining

N-1

e = Hik; sin (%) aj, n. = H%; sin (%) al, krp = 4| N cos <%k),
(3.27)
where
a; =we; +w e, ab = w c} + w_lc}ﬂ. (3.28)
These operators satisfy the fermionic relations
£ _ t
{aj,apy = 861+ Gjrrs M} = Ok (3.29)

{a’j7a1€} = {OJE'?O’Z'} = {nkanf} = {77/2’77% = 0.

The Hamiltonian can be expressed in Jordan-normal form using these operators. For
N even, the set of operators 7, and n}, with k€ {1,. ,%} U {%, oo, N—1} s
complemented with the operators

N ) N )
2 i 7 N 2 e J N
_ /75 (3-1) N , t_ 72 (-1 A i
A Nj:ll j QQJ 4)% e N o QQJ 4>Cj7

as well as with the operators ¢ and ¢,

N
_ 2 e (i _ 2 (i
o =wl /sz_;l G-V, ot = ! Nz_:l (i 1)0}‘ (3.31)
The anti-commutation relations are

{foxt={e'xt=1,  A{e o= ={ox) ={¢'x'}=0. (3.32)

All the anti-commutators involving the operators 7, and n; and one of ¢, ¢', x and X"
also vanish. In terms of these operators, the Hamiltonian takes the form

N-1
mk
H,=¢'o—2 Z cos (N) M- (3.33)
KN
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The groundstate eigenspace in the zero-magnetisation sector is two-dimensional and is
spanned by the states

[wo) = @'mms - Ny ja-110), o) = X" - -y ja110)- (3.34)

These form a rank-two Jordan cell:

N ~ T
H,Jwo) = holuwo),  Holio) = holibo) + [wo),  ho=1—cot (7).

2N
(3.35)
Likewise, in the sectors of magnetisation m = —1, the state with the lowest energy is
[w_1) =175+ /o 110) (3.36)
and its eigenvalue is also hy. Because D(u) and H, commute, we have
D(u)|wo) = Mo(u)|wo),  D(u)|io) = Ao(u)|do) + f(w)|wo), (3.37)

D(u)|w-1) = A1 (u)|w-_y),

where \g(u) = A_1(u) are the eigenvalues of D(u) and f(u) is a non-zero function. At
the isotropic point, these states generate the eigenspace of D of maximal eigenvalue in
the sectors S* =0, —1.

Ratios of partition functions in the limit M — oo. Following the same steps and
logic as in section 2.3.4 and in [27], we extract the leading behaviour of the overlaps
(3.25) in the limit M — oo. The result is

a _1 —1 A B XAB 0 0 )
Fi=—log <“ o’ & w3 |X ) A 2 (B w2 <<v5*B|X5*B>> (3.38)

where (vg| and ((vq| are defined in (2.78).

Determinant forms for the overlaps. We express the overlaps in (3.38) in deter-
minant form with Wick’s theorem. Two of the ratios involving boundary states were
already computed in [27],

Giledy  , [Na @lled)  , [Na
<<vfrwA1>‘”\E’ (oPlw?y =<\ 2 (3.39)

To compute the last ratio in (3.38), we need the explicit form of the anti-commutators
(2.79). After some algebra, we obtain

AB|, AB N/2 T Y ‘ ) )
) = ([l i | ey re (3.40)

where 9 is defined in (3.17c).
It only remains to compute the overlap (w; ® wf¥| X8). It involves the state

(wi @ wi| = (Ol - - '771B<PB77§A2—_2 et (3.41)
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’[’/A e LNA_I Sin @ Q. QOA — u_)_l i S i_(j_l) C.: (3 42a)
PR 2 Na) \ NAZ J’ ‘
N-1 .
1 . [(7mk(j — Na)
5 _ | " / § | UVl (3.42D
M /‘if ' . S ( NB a’]? =w C]? ( )

]N-I—l

4 mk\\ " B wk
K = (NA cos (NA)) , Ky, = (NB cos <N3>) ) (3.42¢)

To compute the overlap, we introduce the rescaled operators

N-1

- . (Tkj
nk:; sm(Wj) a;, k=1,...,N -1 (3.43)
We similarly define rescaled operators for 7/ and 77 from (3.42), by removing the

prefactors i and k2. These operators have the advantage of being well defined for
k = N /2. All the fermionic operators appearing in {(wj ® wf| can in fact be written in

~ . ~ ~ 2
terms of the 7, as indeed we have 7, = ki, and My =w VN /2.

The anti-commutators between the operators 7, 77 and ,u} are

oy (TF) 1 (L
e 3.44
{mau} \/7(0.;4—@0 ¢ )Sm(NA>2 cosf; —2 COS(}Q’“) ( ®)
—iN40; . k 1- (_l)ke_lNBe
-p fy_ © 110y gin [ T 3.44b
Wi i = = (b wme ) sin (NB> 2 cost, 2 cos() M)

The final overlap (wi ® w?|X{'®) is then obtained as the determinant of these
commutators. Using the identities

sin <7rk) = cos <7rk) = NV29-"5 (3.45a)

N
2

N N

k=1 k=1

: 0 0

11 cos <Z + ;) cos (Z — 2k> = 27" cos (2) =2"a, (3.45b)
we find that the result simplifies to

e = N"¥(Na) T 3 (N(1—=))~ = 27+ (det C)? (3.46)
where

. Nzt 7k ) [ Tk o _ Nzx
o sm( > —7) (coaﬁk/—cos(N—x)) 1 kfl,...,T, (3 47)
N (—1)]‘/ sin (N(l_ )V — mik ¥)) (cosﬁ /— CoS (ﬂ(k_ ¥)))7 k= M-{-l ol ‘
2 2 ¥ N(1—x) T2 Ty
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with ' =1,..., % For arbitrary values of x and ¢, we are unable to evaluate the deter-
minant in (3.46) in closed form using the Cauchy determinant formula (2.31). We are
however able to compute the determinant for two specialisations of z and ¢: (i) x = 1/2
with ¢ arbitrary and (ii) ¢ = 0 with x arbitrary. For simplicity, our results for these two
cases are given below for N = 0 mod 4.

Specialisation (i): £ = 1/2 and arbitrary ¢. For z =1/2, N =0 mod4 and
arbitrary values of ¢, after some simplifications, we find

B ¢ N/4 N/4 Tk -1
|det C| = cos (2 k%g;cl co8 Yopr — COS N

N/4 k -1
x det (cos o1 — COS <7T—>) .
kk=1 N

In this case, we can apply (2.31) to evaluate both determinants.
Specialisation (ii): ¢ = 0 and arbitrary x. For ¢ =0, N =0 mod4 and arbitrary
values of x, after some simplifications, we find

(3.48)

N/4 N/2
Nz, Nzvy,
|det C| = 2M/4 detCldetC2Hcos( 2 k> H sin< ; k> (3.49a)
k=1 k=N /4+1
with
2k —1)\\ N
. T
C}ik/ - Nz -1 k/ = 17 4
o (TR _No N ‘
cos ¥y — cos N(I—1) k= 1 +1, e
(3.49Db)
2k\\ N
(cosﬁk/—cos <7]TV—>> k=1,. .,Tx, N N
C}ik/ — r Nz —1 k/: 7‘*— 17...,7.
m(2k— 55— 1) Nz N 4 2
cOS Uy — cos N1 k:T—l—l,...,Z,
-
(3.49¢)

In this case as well, both determinants can be evaluated with (2.31).

3.4. Asymptotics

In this subsection, we study the large-/N asymptotics of the bipartite fidelity for the XX
chain and the model of critical dense polymers on the skirt geometry. We compare these
results with the conformal predictions of section 3.1.

3.4.1. XX spin chain. We study the asymptotic behaviour of the bipartite fidelity for
the XX chain numerically, for each case defined in table 1. The data points are obtained
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Table 2. The conformal dimensions, the constant C’ and the extrapolation lengths
for each of the thirteen cases, with Af/fx defined in (2.96).

Case A; Ay Ay A, As ¢ Ey By

1 0 0 0 0 A} 003669 1 1
2 18 0 1/8 0 AX 003669 1 1
3 1/2 0 1/2 0  AX 003669 1 1
4 9/8 0 9/8 0 Azzx 0.03669 1 1
5 2 0 2 0 A 003669 1 1
6 0 1/8 0 1/8 A 111331 0 0
7 /8 1/8 1/8 1/8 AX* 111331 0 0
8 1/8 1/8 1/8 1/8 AXX 042016 0 0
9 0 0 0 0 Aizx 0.96639 1 —1
10 1/8 0 1/8 1/2 AZ® 078562 1 -1
1 1/8 0 0 1/8 A 040172 1 0
12 1/2 0 0 1/2 A 078562 1 -1
13 9/8 0 0 9/8 A 106794 1 -2

by evaluating the determinants numerically, namely the expression (3.17) for case 1 and
similar determinant expressions for the other cases. We compare these numerical values
with a fit of the form

- - _ log N 1 log N 1 log N 1

XX

Foh = golog N + gi(z) + g2 N + 3 N+74 W+75 + Y W+W7ﬁ~
(3.50)

N2

From this analysis, we find that the asymptotic behaviour of FXX is correctly pre-
dicted by the CFT formula (3.4) for case (ii), with the functions gy, §i(z) and go(x)
given in (3.6), (3.9) and (3.11). These are specialised to the value ¢ =1 of the central
charge and to values of the conformal dimensions A and of the constant C’ that depend
on the case considered. These values are given in table 2. In figure 9, we plot the numer-
ical data and the curve golog N 4 gi(x), for the cases 1, 6, 8 and 12. We find a perfect
agreement. ~

We observe that the constant C’ is independent of ¢. In fact, one should note the
presence of a factor of 8A5log 2 in (3.9) which could a priori be included in the constant
C’. In general, " is a constant with respect to z, but can depend on the dimensions
of the fields. In appendix A.5, we argue that the overall additive term in (3.9) should
indeed include a factor 8Aslog2, which we have chosen to write separately from C'.
With this choice, we find that the values of C’ depend only on the fields inserted on the
endpoints of the slits, corresponding to the states s; and s, in (3.18).

The conformal dimensions in table 2 are consistent with known results for the CFT
description of the XX spin chain and the six-vertex model. The field ¢ inserted at z = z;
accounts for the presence of the twist ¢ in the model. As discussed in section 2.4.1, this
electric operator has the dimensions A = A = Af;x. In the current setting, the twist line
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Figure 9. The function gylog N + g1(x) as a function of x for N = 800 and ¢ = 2
for the cases 1, 6, 8 and 12. For the data points, gy and g;(z) are obtained by fitting
(3.50), whereas the solid curve is the CFT prediction for these two functions with
the data of table 2.

connects the point z; with the endpoint of one of the two slits, which corresponds to
the boundary of the domain. In the six-vertex model, the point on the boundary where
this twist line is chosen to terminate can be chosen arbitrary, and the resulting partition
function is independent of this choice. In the conformal interpretation, the method
of images tells us that we can replace the field ¢(zs5,25) by the product o(z5)¢(Z5)
of two chiral fields. These two fields have charges ¢; and —g;, respectively, and the
conformal dimensions are A}* = AXX = ¢2/2. This is precisely the assumption we make
in appendix A to derive the CFT prediction for the asymptotic expansion of F;.

The other fields in the positions z; with ¢ =1,...,4 are so-called magnetic oper-
ators. These are primary fields that account for the presence of spin states of fixed
magnetisation m. Here they live on the boundary and thus depend on a single vari-
able. Their conformal dimension A,, depends only on the magnetisation m of the state
inserted at z = z;. This dimension can be computed from the finite-size correction of
the groundstate of the Hamiltonian H¢ with free boundary conditions, defined in (3.13).
The scaling limit of this Hamiltonian was for instance studied in [51]. In this case, from
the correction term proportional to 1/N, one obtains the difference ¢ — 244, as

c—24A,, =1 —12m?. (3.51)
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Figure 10. The function gs(z) for the XX spin chain for ¢ = 2 for the cases 2, 3,
10 and 13. The data points are obtained by fitting (3.50). The blue lines are the
CFT predictions with the conformal dimensions and extrapolation lengths fixed as
in table 2.

Setting ¢ = 1 and solving for A,, yields
Ay = —. (3.52)

The values of Ay, Ay, Az and Ay in table 2 are precisely given by (3.52) with the
corresponding values for m € {0, i%, +1, ig, +2}.

We plot our numerical data for go(z) in figure 10 for the cases 2, 3, 10 and 13. This
data appears alongside the CFT prediction for go(z), with the suitably chosen values of
the extrapolation lengths =, and =, given in table 2.

The original derivation of the N 'log N term in [24] was claimed to be valid for
domains with an arbitrary number of corners of interior angle 27. It is based on a
perturbative calculation. By varying the position of a boundary near a corner by a
distance =, one obtains the variation of the free energy as a function of the perturbation,
and then integrates it to obtain go(z). On the skirt geometry, there are two corners, each
of internal angle 27, and in this case, one can perform two separate perturbations near
those corners. One can then assign an extrapolation length to each of the two slits. In
appendix A, we repeat the derivation of [24] while allowing for two such lengths, one for
each slit. Because they are assigned to the corners situated at w = wy and w = wy, we
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name them =, and =;. We obtain the more general expression (3.11). This generalised
result is necessary to correctly reproduce the data for the cases 9 to 13, for which
=y # Z4. In the general case, our numerics reveal that the extrapolation lengths are
given by the formula

EQ =1- ny, 54 =1- Ny, (353)
where n;, with ¢ = 1, 2, is the length of s; defined in section 3.2.2.

3.4.2. Critical dense polymers. We now study the large-N expansion for the bipartite
fidelity for the model of dense polymers on the skirt lattice. In section 3.3.3, we obtained
product expressions for F* for two specialisations: (i) z = 1/2 with arbitrary ¢, and (ii)
¢ = 0 with arbitrary x. We extract the asymptotic behaviour in these two cases using
arguments that are very similar to those presented in appendix B for the case of the
periodic pants lattice. We obtain

Folpy = - %logN 182 L AP g0
+%(—1+1210gA—10g7r+410g2)+O(N1), (3.54a)
Folyo = — 5108 N — 2 (G(a) + (1 — )
- %(xloga: + (1 —z)log(1 —z) + 2log?2)
+%(—1+1210gA—10g7r+410g2)+O(N1). (3.54b)

We recall that G(z) and AgDP are defined in (3.8) and (2.99), respectively.

We performed numerical evaluations of the determinant expression (3.46) for values
of x and ¢ that do not enter the specialisations (i) and (ii) defined in section 3.3.3. In
figure 11, we plot the results for the value ¢ = 2. From the exact results (3.54) and our
numerical experiments, we conjecture that the general formula is

1 1 - ~
® = _ “logN — — 1—
Fo == Slog N — —(G(w) + G(1 - 2))

+ 4ASDP (xlogz + (1 —x)log(l — x) + 2log 2)

1
—}—5(—14—1210gA—10g7r+410g2)~|—(9(N71). (3.55)
As illustrated in the example of figure 11, this conjecture reproduces the numerical
results with great precision. It also coincides with the CFT prediction (3.4) for case (i),

with go given in (3.6), g1(z) in (3.7), ga(z) in (3.10), the conformal data specified to

c=—2, As = AT, (3.56)
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and as a function of N for z = i (right panel). In both cases, the fugacity is set

to a = 2COS(%) with ¢ = 2. The data points are computed from the determinant

(3.46), whereas the continuous line is (3.55).

Figure 11. The bipartite fidelity F& as a function of x for N = 800 (left panel)

the non-universal constant taking the value

1
C”:5(—1+1210gA—10g7r+410g2), (3.57)

and with vanishing extrapolation lengths: =, = =, = 0. Indeed, since the conditions at
the two slits’ endpoints are identical, we must have Z, = =,. From the exact results
(3.54) and the numerical evaluations, we find that the term proportional to N~ 'log N
vanishes, namely g-(z) = 0. A glance at (3.11) indicates that this is only possible if both
extrapolation lengths vanish.

The values (3.56) are precisely those expected in the conformal description of the
model of dense polymers. Indeed, there is no change of boundary condition at the
endpoints of the slits. Moreover, the boundary conditions in the legs A and B are known
to correspond to the groundstate of the model. Both of these features correspond to
identity fields with the dimension A = 0. Similarly to what is discussed in section 2.4.2,
the field p(z) at z = z5 assigns weights « # 0 to the non-contractible loops and has the
conformal dimension Ag

4. Discussion and conclusion

In this paper, we investigated the bipartite fidelity for critical lattice models on two
geometries: the periodic pants domain and the skirt domain. Using arguments of CF'T,
we obtained predictions for the leading terms in the asymptotic large-IN expansions
of F. We compared these with exact and numerical lattice calculations and found a
precise match for two lattice models: the XX spin chain and the model of critical dense
polymers. These models are known to be described by CFTs with central charges ¢ = 1
and ¢ = —2, respectively.

For the XX spin chain, we considered different instances of the bipartite fidelity with
certain spin states of magnetisation m fixed in the domain, or in the presence of twist
lines ¢ connecting certain points of the domain. In the CF'T, these correspond to the

https://doi.org/10.1088/1742-5468 /abcleb 46


https://doi.org/10.1088/1742-5468/abc1eb

Bipartite fidelity for models with periodic boundary conditions

insertions of magnetic and electric operators, respectively. The conformal dimensions of
these operators are known from the CFT description of the XXZ spin chain in terms
of a compact boson [40, 44, 52]. The electric operators are also known to be vertex
operators whose n-point functions are given by the simple formula (2.10). Our analysis
of F for the XX chain on the periodic pants domain confirms this. The charges of the
electric operator are ¢ = q = %, and the conformal dimensions are A = A = ‘12—2. If a field
marks a transition between two twist lines ¢ and ¢,, then its charge is ¢ = % We
also investigated the case of an intersection point between three twist lines of twists ¢,
¢, and ¢z, and found that the corresponding charge is ¢ = %

Our analysis of F on the skirt domain goes further, by considering six-point correla-
tors that mix electric and magnetic operators. Our numerical analysis reveals that these
mixed correlators also take the simple form (2.10) for vertex operators, with the charge
of the magnetic operators given by ¢ = m. This is the expected result for a free CFT
[53], however it is interesting to recover this property from the scaling limit of lattice
calculations. In the general case of an interacting CFT, one expects that mixed corre-
lators will involve non-trivial functions of the cross-ratios, sums over conformal blocks,
etc, see for instance [54]. To push our understanding further, we hope to return to the
problem of computing F for the XXZ spin chain with anisotropy A # 0. In that case
the factorisation should still occur for —1 < A < 1.

For the model of critical dense polymers, we studied the model with non-contractible
loops that are assigned a fugacity a = 2 cos(%), different from the fugacity 8 = 0 of the
contractible loops. In the CFT description, this amounts to inserting a bulk operator

8
from the loop model to the spin chain, and only covers the case where at most two such
operators are inserted in the domain. It is then natural to search for an extension of
these results to the case where loops are assigned different weights according to how
they encircle the various marked points. However, this appears not to be feasible using
the XX representation of the periodic Temperley—Lieb algebra. This hints at the fact
that the corresponding conformal fields are not vertex operators.

A most interesting result that we found regards the extrapolation lengths for the
terms proportional to N 'log N. In our investigation of the XX spin chain on the
skirt domain, we studied special instances of F, where certain spin states s; and s, are
inserted on the endpoints of the two slits, see (3.18). As a result, we found that the
CFT prediction of Dubail and Stéphan [23, 24] had to be generalised to allow for two
extrapolation lengths =, and =,, one for each slit. Moreover, contrary to what these
authors claimed, these lengths sometimes take negative values. In fact, for the XX chain
on the skirt, we found a linear relation between the extrapolation lengths and the lengths
of the inserted states, with the negative values arising when s; and s, are non-trivial
states. We speculate that this is a consequence of the unusual finite shape of the corner
in the corresponding two-dimensional lattice model. Indeed, in the underlying six-vertex
model, the endpoints of the slits take the form of two subsequent corners, distant by n;
lattice spacings. In the scaling limit, this shape becomes a corner of internal angle 27,
and the extrapolation length is modified accordingly.

with conformal dimension AgDP =1 (%z — 1). Our investigation uses the known map
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On the periodic pants domain, the asymptotic expansion of the bipartite fidelity also
has an N 'log N term. This is an important new result of this paper: for the bipartite
fidelity, conical singularities with internal angles of 47 act similarly to corners with
internal angles 27. Both these features result in N 'log N contributions to F. On the
pants domain, there is a single conical singularity and therefore a unique extrapolation
length. For the XX spin chain, we find that the extrapolation length is = = —n, where
n is the length of the spin state on the crotch point. Moreover, we remark that the
conformal predictions for g,(z), g,(x) and g,(z) are precisely equal to twice the same
functions, previously obtained by Dubail and Stéphan, for the asymptotic expansion of
F on the flat pants geometry. This can be traced back to the fact that the map w(z)
for the flat pants domain is equal to two times w,(z), with z restricted to the upper
half-plane.

While this has not been fully exploited in this paper, we believe that the bipartite
fidelity is a useful tool to compute the structure constants Cjo3 that arise in the three-
point functions (¢; (21, Z1)da(22, 22)P3(23, 23))c. Computing a correlation function of a
lattice model for a number of arbitrarily located positions in the complex plane is in
general a notoriously difficult task, even for two-point functions. In this case, a simple
way to measure the conformal dimension A that appears in a two-point correlator is to
consider the problem defined on an infinite cylinder and insert the two fields at infinity
at the endpoints of this cylinder. The dimension A then appears in the 1/N finite-size
correction term of the largest eigenvalue of the transfer matrix, and computing it is pos-
sible with the usual methods of Yang—Baxter integrability. Similarly for the three-point
functions, the pants and skirt domains are useful as they have three points at infinity
where the three fields can be inserted. (No field should then be inserted on the crotch
point or on the endpoints of the slits.) This idea has the potential to make the lattice
computation of Cj53 a manageable problem. In the present paper, the only case where
we hoped to get a glimpse of the structure constants was in our investigation of ‘7_—I>)<x‘
Indeed, in appendix A.4, we set ¢, = 0, calculate the difference F — F’ of two bipartite
fidelities for two different sets of fields, and find that the difference of constants C' in
(2.8) is simply the logarithm of the ratio of the two structure constants, see (A.31). For
FXX, this analysis applies for the twist ¢ specified to ¢ = ¢, + ¢p, so that g, = 0. In
section 2.4.1, we however found that varying ¢, ¢, and ¢ while keeping ¢ — ¢4 — ¢
fixed does not change C. This constant instead depends only on ¢,, see figure 6. We
conclude that the structure constant in this case has no non-trivial dependence on
the three fields inserted at infinity. This is consistent with the interpretations of these
fields as vertex operators, where the structure constant are known to be equal to
one.
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Appendix A. The bipartite fidelity from conformal field theory calculations

In this appendix, we derive the CF'T prediction for the leading terms in the % expansion
of the bipartite fidelity, for the periodic pants and the skirt geometry. It closely follows
the arguments of Stéphan and Dubail [23, 24].

The outline of this appendix is as follows. In appendix A.1, we derive a general
formula for the constant term of the large-N expansion of F. We find g¢,(z) and §,(z),
namely the constant contributions for the periodic pants and the skirt geometry, in
appendices A.2 and A.3, respectively. We evaluate the constants C' and C' in appendices
A4 and A.5. Finally, we compute the sub-leading contributions, g,(z) and g(z) in
appendices A.6 and A.7.

A.1. Perturbation of the stress—energy tensor

To compute the constant term in the 1/N expansion of F, we follow the strategy of
[23, 24] that consists in varying the aspect ratio z to find dF/dx. The general formula
derived below applies to both the skirt and the pants geometry and will allow us to
compute g;(x) and §;(z). For this reason, we temporarily drop the subscripts of the
maps w and the free energies f.

We recall the relation between the action and the stress—energy tensor. Under a
transformation w, — w, + ¢, whose support is A, the action varies according to

1
0S8 = —/aué‘VT/W dw1 dwz. (Al)
2T A

The free energy f is defined as minus the logarithm of the partition function: f = —log Z
with Z = (¢, ---¢,). Here, ¢; is a short-hand notation for ¢;(w;,w;2). Under the
perturbation w, — w, + ¢,, the free energy varies as

Tpl/ N
of = 27T/8M Ey ¢ ¢j§ ) dw; dws. (A.2)

On the periodic pants and the skirt domain, we perform the perturbation w = w; +
iwg — w + e(w) given by

N
10xN  if|wy — %| <d and |wi| <A,

e(w) = (A.3)

0 elsewhere.

The support A of € consists of the rectangle where the perturbation takes the value
idzN. It has a width 2d and a length 2A. We will take the limit where d tends to zero.
In contrast, A will play the role of a cut-off for certain integrals and will be sent to
infinity at the end of the calculation. The effect of the perturbation ¢ is to slightly shift
the slit in position iz/N /2 by a distance idx N, as depicted in figure 12. This is equivalent
to changing x to x + dx while keeping N unchanged.

The derivative of the perturbation yields linear integrals on the boundaries of the
support A. Because 0,6, = 015 = 0, the only contributions to the integral (A.2) come

https://doi.org/10.1088/1742-5468 /abcleb 49


https://doi.org/10.1088/1742-5468/abc1eb

Bipartite fidelity for models with periodic boundary conditions

Figure 12. The perturbation €. The darkened area is the support A of €, and the
slit is moved upward in A.

from Oye5 on the width of A, and from Oses on its length. We take the limit d — 0 in
which case only the latter is non-zero:

Here U* = [~ A, 0] + i — i0* are segments on the boundary of A, on each side of the
slit. The integrals along [0, A] + %) + d cancel each other in the limit d — 0.

We apply the change of variable w = w; + iws, w = w; — iwy and rewrite the inte-
grand in terms of the non-vanishing components of the stress—energy tensor T'(w),
T(w) using T? = —(T(w) + T(w)). We denote the fields after the transformation by
¢i(w;, w;), i =1,...,n. From here onwards, we only consider the holomorphic part of
the expression and write +c.c. for the addition of its complex conjugate:

1 T Dq) - - - 7
5]1- — _— — §xN (/ < (w)d)l(wiawl) ¢n<w7jawn)> dw
2m u+ <¢1 (wla wl) e ¢n<wna wn)>
_/ <T<w)¢l<wla wl) T ¢n(wn7 wn)>
- <¢1(w17 wl) e an(wm wn»
Integral over the real line. In order to compute these integrals, we pull them back

via the inverse of the transformation w. As illustrated in figures 2 and 8, the pre-image
of the integration curves are

dw) +ee. (A.5)

WU = [ AT 07w (60 = 1w 5] (AGa)
W U) = [ (—A + i% +i0%), w‘l(ig)] — (07, w—l(i%)], (A.6b)

where we introduced the short-hand notations 0} and 13, highlighting the fact that
those points tend to 0 and 1 for large A, respectively. These values for 0} and 15 are
different for w,(z) and wy(2), and their leading behaviour for large A can be computed
directly from (2.6) and (3.5).

We change the variable from w to z in the integrals in (A.5) and use the transforma-
tion law of the stress—energy tensor T'(w)(w'(2))* = T(z) — 5{w(2), z}, where {w(z), z}
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is the Schwarzian derivative. We obtain the following integral:

= () [ttt - fuea)tre

(A.7)

Finally, we use the conformal Ward identity on the complex plane:

<T(Z)¢1<Z1, 21) e ¢n(2na 2n)> - Z [ A] + a] 1 <¢1(21, 21) e ¢n<zn7 2n)>

— (z—2)2 z—2z
(A.8)

to write the first part of the integrand in terms of an n-point correlator.

Free energy variation of the cylinder and the strip. The expressions (2.4) and
(3.3) for the bipartite fidelity on the periodic pants domain and the skirt domain involve
the free energy of the cylinder and rectangle strip geometry. These expressions are stan-
dard [54]. For a cylinder and a rectangle of length 2A with inserted fields of dimension A,
they read

fam=—@NL (5 —48),  fun=—@N L (5;-4). (A.9)

We use these expressions with N replaced by Ny = 2N, Ng =N — N4 = (1 —x)N. On
the cylinder, the variation of these free energies with respect to = is

mox /¢
Ofevy =0, Ofe(ny = <2A)x2N (6 — 4A1) ,
Tox c (A.10)
5fC(NB) = _(2A)m <6 — 4A3> .

These free energies tend to infinity with A. However, the differences (2.4) and (3.3) will
turn out to be finite.

A.2. Contribution to the periodic pants geometry

We consider the periodic pants domain and compute the variation 0 f, from (A.7). The
term involving the Schwartzian derivative in the integrand is readily computed. One
finds

[ () e ee = (25 ) + 0@ -0 -0,

"
A

(A.11)

with b(x) = ((;:32:))2” logx — i We now compute the second term involving the fields, for

the two special cases (i) and (ii) discussed in section 2.1.
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Case (i): three primary fields. There are three primary fields ¢,, ¢; and ¢, in the
legs but no field at the crotch point. Following the notation of section 2.1, we denote
the insertion points by w;,ws and wy. These points correspond to z; =1, z3 = 0 and
z4 = 00 in the complex plane via the map w,(z).

The three-point function is given by

z ClS4
<1H34¢Z(ZZ7 ZZ)> - ’Zl - 23‘2(A1+A3*A4)’31 — 24‘2(A1+A47A3)’z3 _ 24‘2(A3+A47A1)7
=5 C

(A.12)

where Cj34 is the three-point structure constant. Inserting this in (A.7) and using the
Ward identity (A.8), we find after some algebra

[t T

¢\ dz (P10304)
872 [ AjA AN\ 4 A,
TN <<1—x>2 T ) iy (A“‘ <1—x>2>1°g”“"
4 A
- FW (A4 - x—;) log(1 — ). (A.13)

We can now take the linear combination (2.4) of variations of free energies. The
terms proportional to the cut-off vanish and we obtain

0F,

o 4 <A4 - OA;)Q> log — 4 (A4 - i) log(1 ) — £(b{a) ~ b(1 ).

(A.14)

Integrating with respect to x, we find (2.8).

Case (ii): four vertex operator fields. We now consider the case (ii) where the four
fields ¢;, 1 = 1,...,4, are vertex operators with charges ¢; = ¢;. Their positions in the
complex plane are z; =1, 29 =1 — 2, 23 = 0 and z4 = 0o. The charges are constrained
to satisfy the neutrality condition ), g; = 0. In this case, the n-point function has the
simple form (2.10). The same correlator vanishes if the sum of the charges is non-zero.
Using the Ward identity, we find the simple formula

T oz 1( @ )
TT ¢z 2)) 5(2 ) : (A.15)

This expression allows us to compute the first term of the integral (A.7). As in the case
(i), we obtain two terms that depend on the cut-off as well as an expression that is regular
as A tends to infinity. We take the linear combination (2.4) so that the divergences
vanish, integrate with respect to x and find (2.11).

We note that in both cases (i) and (ii), the term g,(x) of the fidelity is calculated
up to an additive constant that cannot be obtained from the perturbative argument
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presented here and involving 6 F /dx. These overall constants will be discussed further in
appendices A.4 and A.5 for the periodic pants domain and the skirt domain, respectively.

A.3. Contribution to the skirt geometry

Let us focus on the skirt geometry. First, we compute in (A.7) the term proportional to
cin ¢ f,. We have

N fdw\
: wy(z),z}dz + c.c.
A () twna

- (e 5)

m(2x—1) ( 2z —3 20 +1 2
1 — log(1 — — .
2N ((1 —x)? 08T x? og(l =)+ (1 — :U))

The other term in (A.7) depends on the fields that are inserted. We compute it for the
cases (i) and (ii) defined in section 3.1.

Case (i): one bulk field. We apply (A.7) in the case where one primary field
@5 is inserted at wj; = +00. The corresponding position on the upper half-plane is
z5 = (1 +1)/2. To compute the variation of free energy, we apply the method of images
to express the one-point function on the upper half-plane as a two-point function on the
complex plane. We introduce the image field ¢, of dimension Ag = Aj at the position
z6 = (1 —1)/2: (¢5(25, Z5))m = (¢5(25)d6(26))c. After some algebra, we obtain

(A.16)

N dws\ T (2) s o) An el
/OX <dz) (¢56) dzee = N(log:r log(1 — x))As. (A.17)

The absence of divergences in this case can be traced back to the fact that there are no
fields present in the legs A and B. We take the linear combination of terms (3.3) and
integrate over x to find (3.7).

Case (ii): five vertex operator fields. We investigate the case where fields ¢,, ¢, are
inserted on the endpoints of the slits, ¢, ¢; in the legs A and B, respectively, and ¢ is
inserted at +o00. The corresponding points on the upper half-plane are

Vo —atr—1

z1 =1, %) , z3 =0,
20 =1 (A.18)
—Vr—x2+z-1 141
24 = y 25 = .
2x — 1 2

As in the previous case, we introduce the image field ¢4 at the position zg = (1 —1)/2
in the complex plane. We make the assumption that each field ¢, is a vertex operator
with charge g;.
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In the case of boundary fields, the ratio of n-point functions that appears in (A.7)
is similar to (A.15) and reads

T 6iz) 1<~ a )
(T di(z)) 2<;z_zi) - (A.19)

We insert the right-hand side of this equality in the integral (A.7). We evaluate this
integral and obtain the real part of the contributions to Jf,. It is invariant under
the simultaneous transformation x — 1 — x, ¢, <> g5. It also contains terms that diverge
for A — oo. These divergences however cancel out in the linear combination (3.3). We
integrate over x and obtain

; e 1 x (4 + g5 + a5)°
gl(x)ZQG(SUH($(q§+q§)+§(qg+q§)—mq§— 1EB DY jog

+{r=1-2,q ¢ 3} (A.20)

Applying the method of images to the case where ¢; is an electric operator, the charge
of the image field ¢ is g3 = —¢5. In this particular case, the expression (A.20) is further
simplified and can be expressed solely in terms of the dimensions A; = ¢?/2, yielding
(3.9).

A.4. The constant C for the periodic pants geometry

In the two previous sections, we computed the correction to the free energy using a
perturbation dz of the aspect ratio x. These involve additive constants C' and C’ that
do not depend on z and are not fixed by the perturbative argument. Let us investigate
this further for case (i), defined in section 2.1. In this case, the bipartite fidelity F, can
be understood in terms of conformal correlation functions as

<Hz’:1,3.,4¢v:(wz', @1)>i
(D1 ) )e(va) (D3 B3 )e(v—Na) (D1 D1 )e()

F = —log (A.21)

where

(6 & )e(p) = (Bi(w—, w_) i (wo, 4))e(p)- (A.22)

The correlators (¢; ¢ )(p) are evaluated on the cylinder of perimeter P, and the fields
¢, are inserted at the positions wy = A where A is a cut-off. The three-point function
in the numerator of (A.21) is evaluated on the periodic pants geometry. We set the
positions of the three fields to be functions of the cut-off A:

AN i N +
wlz(l";> — A, wgz(“;> A, wi=A (A.23)

For large A, the corresponding positions in the complex plane are

_ 2m(A+Ky) _2n(A+Ky) 2m(A—Kg)
21 1 — e Nz , 23>~ e N(1-z) , 2y e N

(A.24)
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Let us also consider the bipartite fidelity F; where the fields ¢}, ¢5 and ¢ are
different fields. The conformal dimensions of these new fields are A, = Al i =1,3,4.
We assume in the following that all these fields are primary. The difference F, — F is

(i3 (00 B))" (G 6 Ve (85 4 Yoy (S0 >c

X

(i1 ati(wi @), (ST O Detva) (65 &3 et (87 61 Derwy

(A.25)

We recall that under a map w(z), correlation functions of primary fields ¢; of
dimensions A; = A; transform as

<H ¢i(wj,@i)> = H | <H Gi(zi, Zi > (A.26)

For the two-point functions, we use the map w.(z) = % log z from the complex plane to
the cylinder of perimeter P, and find

dw|™
dz

dw, |7 | dw, |72
<¢;¢j>C(P) - ‘ dZ w=w_ dZ W=W.4 <¢i<z77 27)¢i<z+7 2+)>C
p
~ oo e e (A.27)
T
+27A/P

where 2z, = e is such that w.(z+) = w+. The symbol ~ means that the equality
holds at the leading order in A. Furthermore, in the last equality, we used the known
value of the two-point function (¢;(z_, 2 )é;(24, 2, ))c = |z — 24|74,

The three-point function is given in (A.12). For the values (A.24), we have

< H ¢i(2i72i)> ~ Cygy e SR, (A.28)
C

i=1,3,4

Using (A.26), we find

2(A1+A3+A
(gﬁﬂ—) ( ! ’ 4) A (A Ka) _ ArA3(A+Kg) _ArAy(A-Ky)
| | ¢Z Wi, wz = 6134 e Nz e N(i-x) ¢ N .

2A _ 2A:
i=1,34 z 1(1 JJ) ’

(A.29)

After some simplifications, we find that the difference of bipartite fidelities is finite for
A — oo. The result is

Fp — ]:I’) =4 (54 — O — % ) (xlogx + (1 —x)logzx) — 2 log <Cl34) (A.30)

where 0; = A; — Al and Cj;, is the structure constant for the correlator (¢)¢5¢)). Com-
paring with (2.8), we see that the difference of constants C' between F, and F] is simply
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A.5. The constant C for the skirt geometry

In appendix A.3, we found an explicit expression for the function g;(x) for the skirt
domain. The result is given in (3.7) and (3.9) up to a non-universal constant, which a
priori can depend on the dimension of the inserted fields. In this section, we extract
from this additive constant the dependence on As.

First, we investigate this constant in greater detail for F; in the special case (i) where
the only non-trivial field is the bulk field ¢5(zs5, Z5). We consider a second realisation F,
where a primary field ¢ (zs, Z5) replaces the field ¢5(25, Z5) and is of conformal dimensions
AL = Al. In the conformal interpretation, the difference of bipartite fidelities is

, 72 7 (s (ws, @5))% (@5 &5 )ew)
F.o—F = —log |2 =1 v . - ) A.32
s = log| 7 | T ‘ G50 @hwnwp)z| A3

Here, the two-point functions are evaluated on the cylinder of perimeter N and height
A. Their expression is given in the previous section in the large-A limit. Moreover, we
calculate the one-point function (¢~ (ws, ws))s for Re(ws) = A and A large. We compute
it using the map to the upper half-plane and the transformation law (A.26):

dw, |

dz

(¢5(25, Z5) )m- (A.33)

wW=ws

(5(a0s, 5)) = \

In the large-A limit, z; tends to (1 + i)/2. The one-point correlator is calculated using the
method of images and equals 1 in this limit. As for the partial derivatives, they diverge
for wy — oo. Hence we parameterise ws(m) = wy(z(m)), with z(m) = (1 — e 2"7/N),
to obtain for large m

2475

(@5 (ws(m), ws(m (e2mm/N) 72, (A.34)

D = ‘“ﬁ”

With this parameterisation, the position of ws(m) along the skirt is obtained using the
explicit form of wg(z), and is of order m:

Re(ws(m)) =m+ K, — ZZ\: log2 + O(1/m). (A.35)

Hence we set m=A—- K, + % log2 to compare the two partition functions. The
evaluation for large A yields

F, = 4725 (e 2mKe/ N =205 (A.36)
Inserting in (A.32), we find
Fo— F.=4(A5 — AY) [zlogx + (1 — ) log(1l — z) 4+ 21og 2] . (A.37)
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We deduce that the additive constant in the function §,(z) has a term proportional
to 8Aslog2, as given in (3.7). The remaining constant C in this equation is then
independent of As.

Second, we focus on the case (ii), where five vertex operators are present. We consider
a second instance of F! where the field ¢; is replaced by ¢ with conformal dimensions
AL = Al. The four other fields remain unchanged. The difference of bipartite fidelities
reads

Fo-F = _log‘<¢1(w1)¢2(w2)¢3(w3)¢4(w4)¢5(w5,ws))f {595 ey ' (A.38)

(D1 (w1) Do (w2) p3(ws) pa(ws) P (ws, w5))2 (D5 Py )e()

We map the ratio of five-point functions into the upper half-plane and obtain

(D1 (w1) Pa(w2) P3(ws) pa(wy)ds(ws, Ws))s
(@1 (w1) P2 (wa) p3(ws) pa(wa) Ps (w5, ws))s

| duwy AR (B () bo(20) b5 (25) da(20) b5 (25, Z5))m
= ‘ dz w=ws <¢1(21)¢2(22)¢3(z3)¢4(24)¢g(25,25)>H- (A.39)

We apply the method of images to express this ratio in terms of a six-point function,
where we introduce the new coordinate z5 = z5. We then use the generic expression for
n-point functions of products of vertex operators (2.10) and find

(D1(21)Pa(22)P3(23) Pa(24) D5 (25, Z5) ) (P1(21)Pa(20) P3(23) Pal(24) P5(25) Ps(26))

(D1(21)Pa(22) P3(23) Pa(2a) 5 (25, Z5))m (P1(21)Pa(22) 3(23) Pa(24) P5(25) D5 (26) )

H?:l ‘zi - Z5’q’Q5 Zi — ZG’Q:‘%

— (A.40)

4 o e
Hi:l |ZZ — Z5 qiqs Zi — Zg qiqg

We exploit the fact that zi, 29,23 and z4 lie on the real line while z4 is the complex
conjugate of z5. Hence, |z; — zg| = |2z; — 25| for each i = 1,...,4. We finally obtain

(D1(21)P2(22) P3(23) Pa(24) Ps5(25, 25) ) Hle |2, — 25

(¢1(21)D2(22) P3(23) Pal24) P5(25, Z5))m Hle |2 — Z5|Qf(f1,é+f1&)

H4 . |Z7- _ Z5|*Qi(Q1+qz+q3+Q4)
i=1 |%i

¢i(q5+4s)

~1, (A.41)

- H?:l |Z7 — Z5|*Qi(Q1+QQ+qg+Q4)

where we used the neutrality condition ). g; = 0.

The rest of the computation of the difference F, — F! is similar to the case (i) and
yields a term proportional to 8 Aslog2 in the additive constant in g;(x), as stated in
(3.9).

A.6. Sub-leading term for the periodic pants geometry

The computation of the sub-leading correction g,(x) for the periodic pants domain
follows closely the same computation by Stéphan and Dubail [24] for the flat pants
domain. Here we only state the main differences with their proof.
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For a conical singularity of internal angle 6, the geometry is that of a simply con-
nected domain with a conical corner of angle 6. The two edges leaving this corner are
endowed with periodic boundary conditions. If the corner is at the origin, the map w(z)
from the complex plane to this domain behaves as

w(z) = 27" (1 + k12 + ko2® + - -). (A.42)

The preimages in the z-plane of the edges leaving the corner are two lines leaving the
origin at angles 0 and 27. In comparison, for the case considered in [24], the domain of
the transformation is the upper half-plane, the origin is mapped to a corner that lies on
the boundary of the domain, and the prefactor in (A.42) is instead 2/".

The rest of the computation is similar to [24] and we have

“(F) (G- FE2R) o=

4+ c.c.

g2(x) = E X - Res

(A.43)

where ¢. = arg (w”(z.)). Computing the residue with w(z) = w,(z), four arbitrary pri-
mary fields ¢y, ..., ¢, inserted in the positions z; =0, zo =1 —xz, 23 =1 and z, = o0,
and with z. = z,, we obtain (2.12). This is exactly twice the result obtained in [24]. This
factor of 2 can be traced back to w,(z) being exactly half of the map for the flat pants
geometry considered in [27].

A.7. Sub-leading term for the skirt geometry

In this subsection, we compute the sub-leading corrections to the free-energy go(x) for
the skirt domain, see (3.4). For a geometry with a boundary and a given number of
corners of internal angle 27, this function is

27 corners

(5 (o= 525 ) o=

x Res +c.c. (A.44)

Here, the sum runs over all the corners of internal angle 2. The phase ¢, is arg (w”(z.)).
The =, is the extrapolation length corresponding to the corner situated at z = z.. This
formula is a generalisation of the one given in [24], where the authors take the same
extrapolation length for all corners, =. = =. However, our lattice analysis of FXX in
section 3.4.1 includes cases where spin states of different lengths are assigned to the
endpoints of the slits, and this requires a CFT analysis with non-equal extrapolation
lengths.

We now apply the formula to the skirt geometry. The phase verifies e'¥c = —1 for both
corners at z = 2z and z = z4. We write =, and Z, for the corresponding extrapolation
lengths.
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For case (i), we use the method of images to express the one-point correlator as a
two-point function and readily find (3.10). In the case (ii), there is a vertex operator
¢, at the position z; on the upper half-plane, with ¢ = 1,...,5. We use the method of
images as well as (A.15) to find the real part of the sub-leading contribution to the
free-energy:

§2($’) — ':2 % C(l - 237)2 + q% - qZ . ql (ql — q2 + q4)

48(1 — x)x  16x(1 — z) Ay
. 0 — + 2+ 2 _ _
B (‘iﬁ(l i]zx) qs) + 45 . 96 +{Z = Z4,¢ < @} (A.45)

We note that this formula greatly simplifies if the two extrapolation lengths are identical.
In that case, the result does not depend on ¢, or q,. We particularise our result to the
case ¢; = —¢5 and obtain (3.11).

Appendix B. Asymptotics

In this appendix, we derive the asymptotic expansion of F on the periodic pants domain,
for the XX chain (2.88) and for the model of dense polymers (2.97). The starting point
is the closed-form expressions (2.34) and (2.86) for finite N.

B.1. Toolbox

We define the mathematical tools and functions used in the computation.
Exact expressions. The building blocks of the calculations are the functions

sin x

slz] = : (B.1a)

X(a,b,N)=> logs [Q;G(kJr b)] , (B.1b)

Y(a,b,N,z)=> ) logs {Q%‘L (g — K+ b)] , (B.1c)

(B.1d)

k=1 k'=1

Asymptotics for X and Y. To compute the asymptotic expansion of the X and Y
functions, we use the Euler—Maclaurin formula

/ f(@)de + D TIO) Z () - f* (@) (B2)
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where B, is the kth Bernoulli number. The results read

N 1
X(a,b,N) = Ell(ﬂa,O) + (b + 2) log s[ma] + O (N7'),

(B.3a)
N? N 1
Y(a,b,N,z) = 4IIQ(7Ta, —ma) + Tx <—b + 5) Z,(—7ma, ma)
Nz 1
+ 7 (b+ 2) Il(—mz,O)
N
+ Z(Il (7Ta, —7Ta) + Il (7'('&, 0))
+ log s[mal 1—Fxb2+£+i +O (N (B.3b)
2 6 6z ’ '
with
1 1l
Zi(a,b) = / dylog s[ya + b], Iy(a,b) = / / dw dzlog s|wa + bz]. (B.4)
0 0 Jo

Asymptotics for Z. The function Z(a, b, N, x) is written in terms of Gamma functions
as

Nz/2
N ~k+b
Z(a,b,N,z) = —;logﬂ+ Z log |sin [77 ( ;— - a)}
k=1
K(a,?),rN,;r)
Nz/2
E b—-1 E b
#3 {loer (D + P r1-a) e (B- Vo)) )
=1 x z x T
Z(a,;,'N,x)

Let us focus on the function Z (a,b, N,z). We use the integral representation for the
logarithm of the Gamma function:

0 dt -t _ 2t
lOgF(Z):/ t{(z—l)e_t—el_et}, Rez>0,
0 (§

Nz/2

- o 2 1
Z(a,b,N,x):Z/o it {(f—;—l)e_t
k=1

(B.6)
and find

https://doi.org/10.1088/1742-5468 /abcleb 60


https://doi.org/10.1088/1742-5468/abc1eb

Bipartite fidelity for models with periodic boundary conditions

N ef(”Tlea)t n ef( bia)t o
* 1—er 1 —et (B.7)
To proceed further, we use the relations [27]
, <dt
i1(n) = S e = —loge —logn — v+ O(e), (B.8a)
: “dt ., 1
is(n) = e = —+mnloge+nlogn+n(y—1)+ O(e), (B.8b)
] €
*dt ., 1 n n? n? 3
3(n) = e =_—"——— —loge— (1 — = B.
is(n) /6 3 © 2¢2 ¢ 2 08¢ 2 (ogn 2 +7> +0(e); (B-&c)
o [Tdt 1 1 1 v 1
i(a) = / O =y los(ad + 1~ log(2m) + O(e), (B.8d)

valid for n > 0 and a > 0. Here v ~ 0.577 22 is the Euler—Mascheroni constant. In the
following, we change the lower bounds of the integrals from 0 to ¢ and take the limit
¢ — 0 at the end of the computation. The first part of the integral (B.7) becomes

/jo dt {Nm (N _ 1> et — Nxe_t} _ Nz (N — 1) ir(1) — Nz j(1). (B.9)

t | 2 2 1—et 2 2

For the second part, we first consider the term with a factor of e /2. We keep the
exponentials in the numerator unchanged and expand the denominator around ¢ = 0.

We only need to keep term up to order ¢~!. Indeed, for k > 0, the integral fooo th e~ Nt
vanishes as N~ for N — . Hence, we have
¢ e—% e—(b%l-ﬁ-l—a)t + e—(%”—l—a)t
/6 t[1—ef 1—e!
_3—%—93 , N—l—b_l—l—l i N b~|—
- 12 "\ T @)\ T
+1—:1:, N_'_b—l_’_1 w N b+
2 |"\2 " @)\ T
N b—-1 N b
—x|ig | = + +l—a)+is(=—=-+al|+ON). (B.10)
2 x 2 «x

The last integral in (B.7) is also divergent. Changing the lower bound to €, we simplify
the integral by adding and subtracting a function m(a,b,x,t)e”" from the integrand.
We choose m(a,b,z,t) so that (i) the leading terms in its expansion around ¢ = 0 are
identical to those of the original integrand, and (ii) it can be easily integrated in terms
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of the integrals i;(n), i2(n) and i3(n) introduced in (B.8). We find

t 1—e5' 1—et

/OO dt [ 1 e—(%—l—l—a)t _*_e—(T,b-ﬁ-a)f/]

— /OO % [J(a, b,z,t) —m(a,b,z, t)e_t} + 22(i3(1) + (1))

1 1 —1+b)b
- <b+5<—3+—) +g+7—x+a2x—a(—1+26+w)> i (1)

x T 6
(B.11)
with
1 ef(l'le+lfa)t _{_ef(%bJra)t
J(a,b,z,t) = o = : (B.12a)
1 1
m(a,b,x,t) = 2x (t_2 + ;)
1 1 —1+bb 7
+(o+ |83+~ +g+ﬁ+a2x—a(—l+26+x) :
6 T T 6
(B.12b)

We obtain the leading terms in the expansion of Z by combining (B.9)(B.12).
Using (B.8), we find that the divergent contributions cancel as expected. The result has
a well-defined € — 0 limit:

- > dt . Nz
Z(a,b,N,z) = Y [J(a,b,z,t) — m(a,b,z,t)e”"] — 3 (3+2log2—2 logN)
0

N
+ ; log(2)

146> — 6b(1 —z + 2ax) + x(—3+ x + 6a(l — z + ax))

+ log N
6x
322+ (1 + 2> =32+ 6(b—azx)(—1+ b+ 2z — ax))log?2
a 6
+O(N ). (B.13)

We note that the integral fooo % [J(a,b,z,t) — m(a,b,z,t)e”"] is convergent.

B.2. Asymptotics for P;(N)

To derive the large-N expansion of P;(N), we start from the definition (2.33) and
rewrite each sine factor using sin x = xs|z|. Each product then splits into two products,
the first involving the function s[z] and the second involving the arguments xz. The
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former products are expressed in terms of the functions X and Y in (B.1). The latter
are written in terms of Barnes’ G-function. The result is

N(N -2 N
log Pi(N) = — (8)(logN—10g7T) +log G <2 + 1>
1 1 1
Y| ,00N, 1| =X {(_,00N|. B.14
#o7 (yova) - x (jo0) (B.11)

We recall the asymptotics of the Barnes’ G-function:

log G(z) = ((Z _2 V°_ 112) log(z — 1) — 3(z ; D + 2 ; ! log(27)
+%—logA+O( b, (B.15)

where A ~ 1.282427 is the Glaisher—Kinkelin constant. Combining this with the asymp-
totic expansions (B.3) of X and Y, we obtain the large-N expansion of P; up to order
O(NY).

B.3. Asymptotics for P2(N 1, N2, ¢1, ¢2)
We follow the same strategy for P, and find

log Po(N1, Na, ¢1, ¢2)

NN, N, ™ 1 1 b1 ®2
_ log 2 4] S,
g 08T Thoes [Nz < 22 "2 o Ton

1 1 1 1
+Z<+§) +¢1,N2,z>—|—Y( ——¢1++¢2,N2,z)

2 212 2r 2" 22z 2mz 2 27
1 1L ¢ 1 ¢
X (22— +-+2) N
(2’Z< 22 27Tz+2+27r)’ 1)
L1 & 1 ¢
X[z, = - -2 N B.1
(2’22+2m 2 21 2) (B-16)

where z = Nl . The term log s |:Nz (_Z + -y 2)] does not contribute to the lead-

Tz

ing orders in the large-N expansion. Usmg (B.3), we obtain the large-N expansion of
Py up to order O(N1).

B.4. Combinations of non-trivial terms

We consider the combination of log Py and log P, corresponding to (2.34). In doing so,
we find that all the terms involving the integrals Z; and Z, that appear in the large-N
expansion (B.3) of X and Y cancel out. Let us now investigate the remaining terms.
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Combination of Z. We are interested in the combination

A (rB,rA, N(1—1z), 1x) —Z(r,ra, N,x) — Z(r,rg,N,1 — ) (B.17)

— X

with 745 = % + ‘7)5‘7’5 and r = % + % =7r4+7rp—1. This last constraint follows from
(2.28) with ¢ = 0. The only non-trivial combination involves the (convergent) integral
o 4 J(a,b,z,t) —m(a,b,x, t)e”’]. From (B.12a), we observe that

T

J(TB;TAal—

7t> _J(TA—FTB—l,TA,ZL',t)

1 —
—J (TA +rg—1,rg, 1 —x,t 9:) =0. (B.18)
x

Hence, in computing (B.17), we make the change of variable ¢t — tl’Tx in the integral
of the third term. The integrals involving the functions J cancel and the resulting
combination

< dt x _t _
— |=m | rp,ra,——,t)e " +m(rat+rg—1,ra,z,t)e
o 1 11—z

1_ —T
+m (TA+TB—1,TB,1—£E,t x> etlzr} (B.19)
T

can be written in terms of the functions i;(n), i2(n) and i3(n) defined in (B.8). Including
the remaining terms in (B.13), we find that the result simplifies to

A (TB,TA,N(I —x), ﬁ) 7Z(r‘4+r3 —1,74,N, ) 72(7244’7‘3 —1,75,N,1—x)

1
= §N2 {2(1 — )z (log N + log(1 — z)) — 2log N + ((z — 1)@ + 1) (3 + log4)}
6r’(r —1)2 +6ra(z —1)(2rpr — 32+ 1) + 2 (6rp(rpz — 3z + 1) + 132 — 9) + 1
6x

N 6r3(z —1)2 +6ra(z — 1)(2rpz — 32+ 2) + 2 (6rp(rpx — 3z +2) + 132 — 17) +5
6(1—x)

1
+ iN(I —1) log(2m) + log(1 — )

logz + O(N ). (B?O)

Combination of trigonometric functions. The logarithm of the product of cosines
in (2.34) and the functions K appearing in the definition (B.5) of Z combine to give the
identity

K(’I‘B,’I‘A,N<1—ZL') )—K(TA+TB—1,TA,N,ZU)

"1—=z

il da(x—1)+z¢
—K(rA+TB—1,rB,N,1—x)+Zlog cos{ka’— 4 5 BH
k=1
1
= —ileogQ, (B.21)

whose proof is straightforward.
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We now have all the ingredients needed to compute the large-N expansion of
FXXs=pss65-n, defined in (2.34). Simplifying the result, we find (2.88).

p

B.5. Asymptotics for Q(N, ¢)

We obtain the large-N expansion (2.97) of F from (2.86) and (2.88) by computing the
asymptotic expansion of the function @, defined in (2.87). Using the same strategy as
for the functions P; and P,, we find

Q(N7¢) :lOgF (N + } — ¢> —logl_‘ (1 _ d))

2 2 2m 2 27
1 1 ¢
- X (57—5 %;N) —{¢——¢}. (B.22)
We use
1 1 B
logIl'(z) = zlog z — 9 log z + 9 log(2m) + O(277) (B.23)
and (B.3), and find

o 0eY +1og D 2) L o v
N,¢) = ——log — + log —2—21£ N7). B.24
Q(N, ¢) WongrogF(%_%)JrO( ) (B.24)

This indeed yields (2.97).
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