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Abstract

We consider the entanglement entropy in critical one-dimensional quantum systems
with open boundary conditions. We show that the second Rényi entropy of an interval
away from the boundary can be computed exactly, provided the same conformal bound-
ary condition is applied on both sides. The result involves the annulus partition function.
We compare our exact result with numerical computations for the critical quantum Ising
chain with open boundary conditions. We find excellent agreement, and we analyse in
detail the finite-size corrections, which are known to be much larger than for a periodic
system.
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1 Introduction

The study of quantum entanglement has become a central research field in theoretical high-
energy and condensed-matter physics. While the initial motivations stemmed from black hole
physics and the holographic principle [1-4], entanglement now finds important applications
in low-energy physics, such as the development of tensor network algorithms to simulate
strongly-correlated quantum systems [5-7]. More generally, entanglement is a very power-
ful probe of quantum many-body physics. It can detect phase transitions, extract the central
charge and critical exponents of critical points in one-dimensional systems [8-11]. In two
dimensions, the entanglement entropy can detect and count critical Dirac fermions [12-15]
as well as intrinsic topological order, and extract the various anyonic quantum dimensions
[16,17]. It can also uncover and identify gapless interface modes in both two [18-22] and
higher dimensions [23, 24].

Given a quantum system in a pure state |¥), the entanglement between two complementary
subregions A and B is encoded in the reduced density matrix p, = Trg|¥)(¥|. The amount of
entanglement can be quantified by entanglement entropies, such as the von Neumann entropy

S(A) =—Tra(palogpa) » (1.1)
or the Rényi entropies [25-29]

1
1—n

Sp(A) = log Tr, (pﬁ) , (1.2)
where n can be any complex number. In particular, the full spectrum of p,, called the entangle-
ment spectrum, can be recovered from the knowledge of all Rényi entropies [30]. While most
of the focus on entanglement entropies has been theoretical, in the past few years there have
been many experimental proposals as well as actual experiments to measure them [31-36].

Computing entanglement entropies for strongly-correlated quantum systems is typically
a difficult problem. However, if the system is one-dimensional and critical, the full power
of two-dimensional Conformal Field Theory (CFT) can be brought to bear. Perhaps the most
famous result in this context is the universal asymptotic behaviour [3,8,9,37-39]

cn+1

" logt, (l — o0), (1.3)
for the entanglement entropy of an interval of length £ in an infinite system (in the above,
c is the central charge of the critical system). CFT computations of entanglement entropies
rest on two important insights. First, for integer values of n, and if A is the union of some
disjoint intervals, the quantity Tr, ( PX) can be expressed as a partition function on an n-sheeted
Riemann surface with conical singularities corresponding to the endpoints of the intervals
[3,9]. Such partition functions are difficult to evaluate in general, although important results
have been obtained for free theories and other particular cases [10,11,40-48]. This is where
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the second insight becomes crucial. Borrowing a trick from the high-energy physics toolbox
of the 1980’s, one trades the replication of the spacetime of the theory to a replication of
the field space of the CFT [49-51]. Such a construction, known in the literature as the cyclic
orbifold CFT [50], consists of n copies of the original CFT (referred to as the mother CFT),
which are modded by the discrete group Z, of cyclic permutations. The conical singularities
of the mother CFT are accounted for by insertions of twist operators [49] in orbifold correlators.
Thus, the evaluation of Tr, ( pz) becomes a matter of computing correlators of twist operators.
This orbifold approach is very general and flexible, as twist operators can be easily adapted
to encode modified initial conditions around the branch points [52], which is relevant for
instance in the case of non-unitary systems [52,53] or for symmetry-resolved entanglement
entropy [54-58].

In this article, we consider the entanglement entropy in an open system, when the subre-
gion A is a single interval away from the boundary. In the scaling limit, such an open critical
system is described by a Boundary Conformal Field Theory (BCFT), with a well-established
[59-61] correspondence between the chiral Virasoro representations and the conformal bound-
ary conditions (BC) allowed by the theory. The case of an interval touching the boundary has
been extensively studied (see [62] for a review) using either conformal field theory meth-
ods [9, 39, 63-65] or exact free fermion methods [66-68], including symmetry-resolved en-
tropies [69]. It has also been checked numerically using density-matrix renormalization group
techniques [70-73]. When the subregion A is an interval at the end of a semi-infinite line, or at
the end of a finite system with the same boundary condition on both sides, the computation of
the Rényi entanglement entropy boils down to the evaluation of a twist one-point function on
the upper half-plane. Such a correlation function is simply fixed by conformal invariance, and
as a consequence the entanglement entropy exhibits again a simple space dependence, simi-
larly to (1.3). For instance, in the case of an interval of length £ at the end of a semi-infinite
line one finds ! [9]

cn+l
Sn(Z)NE

" log2¢ +logg,, (£ - o0), (1.4)

where g, is the universal boundary entropy [74] associated to the boundary condition a.

In contrast, there are very few results for an interval away from the boundary, mainly be-
cause the CFT computation is much more involved. Indeed, after a proper conformal mapping,
one has to compute a two-twist correlation function in the upper half-plane, which is no longer
a simple power law fixed by conformal symmetry. As a consequence, the corresponding en-
tanglement entropy is generally not known, despite some partial recent results for free scalar
fields [75, 76], or in the large central charge limit [77]. In this article, we report an exact
computation of the second Rényi entropy S, of a single interval in the ground state of a 1D
critical system with open boundaries, assuming the same boundary conditions on both sides:
see Fig. 1.

As mentioned above, the calculation rests on the evaluation of a two-point function of
twist operators on the infinite strip. With the restriction that the same conformal boundary
condition a is chosen on both sides of the system, this boils down to the computation of the
two-twist correlation function on the unit disk D (with no boundary operator inserted). The
main result of this paper is the computation of this two-twist correlation function in terms of
the annulus partition function of the mother CFT:

(0(0)0(x, ©) D = g=2275 [|x 21 = |x|)] ¥ Zya(7), (1.5)

where o denotes the twist operator in the Z, orbifold CFT, c is the central charge and Z,,(7)
is the partition function on the annulus of unit circumference, width Im 7 /2, and boundary

lup to an additive non-universal constant coming from the normalization of the lattice twist operator
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Figure 1: A generic bipartition of a 1D system with boundary condition a on both
ends.

condition a on both edges. The parameter T (which is pure imaginary) is related to x via:

9 2 E 1’1’1;1_|X|2
[ﬂ] =|x|, orequivalently 7(x,Xx)=1 21 (2 12 T ) , (1.6)
05(7) o1 (3,3, 1 1x1?)

where the 0;(7)’s are the Jacobi elliptic functions (see appendix A.1). Moreover, the universal
boundary entropy g,, appearing in (1.4-1.5), can be simply defined in terms of BCFT states —
see (2.26). These results are completely general, and apply to any mother CFT with a known
annulus partition function. This includes, of course, CFTs built from minimal models and
Wess-Zumino-Witten models [78,79], free and compactified bosonic CFTs [80] to name a few.
This result is reminiscent of the well-known relation between the twist four-point function on
the sphere and the torus partition function Z(t, T) [49, 81,82]

4
92(7)] . 1.7)

05(7)

The final result for the S, entropy of an interval A= [u, v] in a system of length L is, up to an
additive non-universal constant coming from the normalization of the lattice twist operator :

(000 (n,No(Do(0))e =475 [n(1 - # 2(1,7), = [

So([u,v]) =2i4 log [ s (2u)s; (2v)s; (v + w)s (v —u) | + 2log g —10g Za1a (7)), (1.8)

where we have introduced the shorthand notation

2L . mw
SL(W) = FSIHE . (1.9)

The parameter 7 is related to the position of the interval [u,v] (where 0 <u <v < L) via

sin "5 [92(”]2 (1.10)

sin % 05(7)

We give here the organization of the paper. Section 2 provides a detailed derivation of
the main result (1.8) and a non-trivial check that our calculation does recover the result of
[9, 63, 67] for the S, Rényi entropy of an interval A touching the boundary. We also recover
the known results for the Dirac fermion [66, 83,84] and more generally the compact scalar
field of [75]. Lastly, we extend our results to exact expressions for the mutual information and
the entropy distance in specific situations. In Section 3, we present some numerical checks of
(1.8) for the particular case of the Ising spin chain, using an efficient numerical method known
as Peschel’s trick, which allows the numerical determination of the entanglement spectrum for
fermionic chains of system sizes up to N ~ 10° sites. We also carry a careful analysis of the
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finite-size effects. In Section 4, we conclude with a recapitulation of our results and comment
on future directions for exploration. The Appendices A, B and C contain respectively our
notations and conventions for elliptic functions, an alternate derivation of the main result
based on boundary CFT techniques applied to the Z, orbifold, and the computation of the
bosonic annulus partition function.

2 Exact calculation of the second Rényi entropy

We consider a one-dimensional quantum critical system of finite length L, with open boundary
conditions, and at zero temperature. We are interested in the second Rényi entropy of an
interval [u,v]. The critical point is assumed to be described by a CFT. For a large enough
system, the boundary flows to a renormalisation-group fixed point. We will therefore assume
that the boundary condition is scale invariant. For a given bulk universality class, there is a
set of possible such conformal boundary conditions {B,} [59], [61], [60], [85]. We restrict to
the case where the same boundary conditions are applied at the two ends of the system, and
we assume that there is a non-degenerate ground state |).

Evaluating the second Rényi entropy S5 ([u,v]) boils down to the computation of the fol-
lowing correlator in the Z, orbifold of the original CFT [39], [9], [77], [71]:

(o(w,Do(v,7)5*? = exp[—S5([u,v])], 2.1)

where o denotes the twist operator?. This correlator is evaluated on the infinite strip (with
imaginary time running along the imaginary axis) S; = {w € C, 0 < Re(w) < L} of width L
with boundary condition (a, a) on both sides of the strip. Alternatively this two-point function
is equal to the following ratio of partition functions [3,9]:

(0w, D)o (v, M = Zy(u,)/ 23, (2.2)

where Z; stands for the strip partition function, and Z,(u, v) stands for the partition function on
a two-sheeted covering of the infinite strip with branch points at u and v, being understood that
all edges have the same conformal boundary condition a. The main result of this paper rests on
the fact that this Riemann surface (once compactified) is conformally equivalent to an annulus,
as was observed in [77]. It is therefore not surprising that the two-twist correlation function
is equal, up to some universal prefactors, to the annulus partition function. We present two
different ways to derive this result. The first method, which we now detail, is more geometric in
nature : we unfold the two-sheeted Riemann surface into an annulus via an explicit conformal
mapping. The second method, which is more algebraic, is based on Cardy’s mirror trick [59,85]
applied to the Z, orbifold. This second approach, which employs a larger set of BCFT and
orbifold concepts, has been relegated to Appendix B to avoid congesting the logical flow of the
article.

2.1 Conformal equivalence to the annulus

In order to construct an explicit conformal map between the two-sheeted strip and the annulus,
it is convenient to first map the strip to the unit disk via

— 2L
Wr—>z=sL(W—u), sL(W)=—sinM. (2.3)
T

2Here, even though u and v are real, and hence u = @i and v = ¥, we use the standard notations o (u, i) and
o (v, ) for bulk operators, which emphasizes the fact that the correlation function is not a holomorphic function
of u and v.
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The above conformal map also sends the two-sheeted strip (with branch points at w = u and
w =) to the two-sheeted unit disk D, , with branch points at z = 0 and z = x, with

_ sL(v—u) . sin %(V—U)

s (v+u) sing(v+u)

2.4)

Note that x is real, and 0 < x < 1. Let us now describe the conformal mapping sending D, ,
to an annulus. First, for any complex number 7 with Im 7 > 0, the function

2
94(f|T)) 2.5)

6:1(t]7)

is a biholomorphic map from the torus of modular parameter 7 to the double-sheeted cover
of the Riemann sphere with four branch points at positions

1+ 1 1

oz =g(0)=

with

x_(GZ(T))z r—izFl (3,5,1;1—x2)
0;(7)) ° oF (%,%,1;3(2)
and where the 6;(t,q)’s are Jacobi theta functions (see Appendix A.1 for definitions and con-

ventions). Using the properties (A.3) of these functions, we readily see that the function g
satisfies the identity:

> 2.7)

gt+7/2)=g(t)", (2.8)

for any t on the torus. In the present situation, since 0 < x < 1, the modular parameter 7 is
pure imaginary, with Im 7 > 0. Then, from the above relation we get

g(%n):W. (2.9)

Now notice that identifying ¢t and 7/2+ t amounts to folding the torus into an annulus of unit
width, and height Im7/2

I
Afz{te(c/z, %slmts

31

2t } , (2.10)
while identifying z and 1/Z on the two-sheeted Riemann sphere yields the two-sheeted unit
disk D, ,.. In essence, these foldings are the reverse of Cardy’s mirror trick [59]. The relation
(2.9) ensures that the map g descends to the quotient, yielding a biholomorphic map from the
annulus A to the two-sheeted unit disk D, ,, as shown in Figure 2.

2.2 Rényi entropy of an interval in the bulk

Recall that the twist o is a primary operator of conformal dimensions h, = h, = ¢/16 in
the Z, orbifold CFT. Using conformal covariance under the map (2.3), we can relate the twist
correlation functions on the strip and on the unit disk:

(o (w, Do (v, M5 = (s (u+v))™/* (0(0,0)0(x, )5, 2.11)
where ( )
- _SL V—u

x_x_s—L(quv)ZO' (2.12)
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Figure 2: The annulus A, — fundamental domain pictured here — is mapped through
g to the two-sheeted disk D, ,.. The black edges are identified.

The strategy (adapted from [49]) to compute (o (0,0)o (x, J'c))](Da’a) in terms of an annulus par-

tition function is the following. We insert the stress-energy tensor T, into the twist correlation

function on the unit disk, and study the behaviour of the function (T, (2)c(0,0)o(x, J'c))](Da’a)
as z — x. Since o is a primary operator, we have the OPE

hyo(x,x) 0J,0(x,x)

Top(2)o(x, %) = + regular terms, (2.13)
(z—x)2 z2—X
and thus
-\ (a,a)
Tow(2)o(0,0)o(x, x
2, log(c(0,0)0 (x, %)) = 1 jg Ton()0(0, 00 (x, X)ip dz, (2.14)
2nt Jo. (0(0,0)0(x, %))

where the integration contour C, encloses the point x and goes anti-clockwise. However, in
(2.13) and (2.14) the parameter x stands for a complex variable (independent of X). Setting
x = Xx thus yields

dz. (2.15)

) =2 x 1 (Torb(Z)O'(O, O)O-(X,)Z'))](D)a’a)

9 (1 ,0)0(x, 2)) &9 —
. | log(o(0,0)o(x, X))y s 2mi (a(0,0)a(x,)’c))]%)a’a)

We will drop the |,_3, but from now on x is assumed — without loss of generality — to be real
positive, with 0 < x < 1.

In terms of the mother theory, (T,4,(2)c(0,0)o (x, )'c))](ma’a) is the one-point function of the
stress-energy tensor on the two-sheeted surface D, ,.. Since To,(2) = T(2) ® I+1® T(z), we

can write
(To(2)0(0,0)0 (x, %))

((0,0)0(x, %))

= 2T, (2.16)

where the last equality comes from the symmetry under the exchange of the two copies of
the unit disk. The last step is to compute (T (z))]‘f‘)zx by exploiting the conformal equivalence
between the two-sheeted cover of the disk D, , and the annulus A via the map z = g(t)
described in (2.5):

dt

2
(e, = (3 ) g + e, (2.17)

where {t,z} denotes the Schwarzian derivative of the map g. First, the one-point function of
T(2) on the annulus is
(T(t))y =2in0;logZy (7)), (2.18)

7
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where Z,|,(7) denotes the partition function on the annulus A, (with boundary condition a
on both edges). Let |a) be the boundary state associated to the boundary condition a. Since
A has unit width, and height /2 = —it/2, we have

Zg1a(7) = (ae!™ Rotlo=e/12) g (2.19)

We can exploit the differential equation (A.17) obeyed by the map z = g(t), namely

2
(ﬂ) __ ! , (2.20)
dz 4ﬂ29§(7)2(z—x)(1 —x2)

to derive

x(1—x?)
T(z)): =
( (Z))Dz’f 42(z—x)(1—2x)
where we have also used the relation (A.11). The Schwarzian derivative can be easily evalu-
ated using (2.20), yielding

8,108 Z,1a(7) + 15 (6,33, 2.21)

3x2(1 +z4)—4(x +x3)(z +23)+ 2(2x4 + x2 +2)22

t,z} = , 2.22
{2} 822(z — x)2(1 —x2)2 ( )
and in particular the residue at z — x is
1 1—2x? 1
— t,z}dz=——"— =——0 logx?(1—x?). 2.23
2ni§c {t,z}dz 4x (1 —x2) 8 xlogx*(1=x7) ( )
Finally plugging the above in (2.15) we get
2, log(c (0, O)o(x,;'c))](Da’a) = 0,108 Zy (1) — 2i43x log x2(1—x?). (2.24)
Upon integration, we obtain
(0(0,0)0 (x, ¥))** = const x [x2(1 —xz)]_zi“ Zata(
5 5 D - ala T) . (225)

In order to fix the multiplicative constant in the above relation, we consider the leading be-
haviour as x tends to zero. In this limit, we have Im7 — +00 and q — 0, with the relation
q = e?™" ~ (x/4)*. Thus

Zoja(T) = (ale!™Gotlo=e/Dg) ~ gmg2 g = |(al0)], (2.26)

Im7—00
where |0) is the normalized ground state wavefunction of the Hamiltonian with periodic

boundary conditions. The twist operator o is normalized so that

(0(0,0)0(x, D)™ ~ x4, 2.27)
xX—

and hence the fully explicit relation (2.25) is

(0(0,0)0 (x, ) = g72275 [x?(1— I Za1a(T). (2.28)

Note that in the above equation we have assumed x = i, with 0 < x < 1. For a generic
complex x on the unit disk, the result still holds up to replacing x by |x| in the rh.s. as well
as in (2.7). Back to the original problem on the strip, we obtain

(o(u,a)o(v, 17))(SOL"a) = g;22_§ [sL(v +u)?s; (v —u)?s; (2u)s; (21/):|_2L4 Zaja(7), (2.29)

and we get the announced result (1.8) for the second Rényi entropy.

8
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2.3 Rényi Entropy of an interval touching the boundary

As a check for the formula (2.29), we want to recover the expression for the Rényi entropy S,
of an interval A= [0, £] touching the boundary of the chain [9, 63,70,71,86]:

S7([0,£]) = glog[% sin(%e)] +log g, - (2.30)

Let us consider the two-point function (o (u, 1)o (v, v))é‘z’“) in the limit u — 0. On the left-hand
side of (2.29), we can use the bulk-boundary OPE:

o(u, @) u:OA‘; (u+a)/81, (2.31)

where A? = (g,)~! is the OPE coefficient for the bulk operator o approaching a boundary
with boundary condition a, and giving rise to the boundary identity operator I. Hence, for u
real:

(o Do) ~ (g (2u)/* (o (0)§. (2.32)
L u—0 L
On the right-hand side of (2.29), the limit u — 0 corresponds to x — 1 and T — 0, with
; 1—x2 2
g=e AT~ 0. 2.33
qg=e ( 16 ) — (2.33)

In a rational CFT, the annulus partition function decomposes on the characters of primary
representations V;. as
Zaa()= D nl u(=1/7),  xi(m) =Ty, (g"7/*). (2.34)
k
In the limit § — 0, we get Z,,(7) ~ ng aZj_C/ 24 where k = 0 stands for the identity operator,
and ng » = 1, since we assumed a non-degenerate ground state |1)). Thus

_2\12 2 v
za|a(r)~(1 X ) sz( 51.(V) ) , (2.35)

16 us;(2v)

where we have used (2.4) to obtain the second relation. After some simple algebra, one gets
for the right-hand side of (2.29):

c/8
_ 1 _
(O(H)U(V))(sj’a) o g’ (m) (2u)™/8. (2.36)
i L
Hence, comparing (2.32) and (2.36), we recover the well known one-point function
1 c/8
(a,a) -1
(cO)s, ™ =g, (ﬁ) , (2.37)
b == sin T~

which indeed yields (2.30).

2.4 Compact boson

We can further apply our main formula (1.8) by recovering the known results for the Dirac
fermion [66,83,84] and more generally the compact boson [75]. We consider a compact scalar
field ¢ = ¢ + 2nR with action

S[¢]= %szr 3,¢ "¢, (2.38)
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and Dirichlet boundary conditions. The relevant annulus partition function is (see Appendix C)

65(—R*/7)
Z(1)=——FT—. (2.39)
n(=1/7)
Before plugging this partition function into our main formula (1.8), let us write it as
05(=1/1) 65(=R*/7) _ 65(7) _ 65(—R*/7)
Z(t)= X = X . (2.40)
n(=1/7)  63(=1/7) n(r)  63(-1/7)
Now using
1
20 1
05(7) _9l/3 [x2(1 _xz)]—ﬁ —93 (SL(V l:)SL(ZU)SL(ZV)) = ’ (2.41)
n(t) s;(v+u)
we find (up to an additive constant)
1 sL(Zu)sL(Zv)s%(v —u)
S =-1 —1 2.42
2([u7 V]) ) 0og S%(V + u) ngZ(T): ( 4 )
where the function F5(7) is given by
) Z exp (—ianRZ/T)
05(—R m
Fo(t) = s(R/T) _ ez (2.43)

05(—1/7) Z exp (—imm?/7)

mezZ

This is equivalent to the formulae (13) and (18) of [75] provided M = imt/4r in (18) [although
we note a typo in the first term of (13) ], and the result for the Dirac fermion [namely F,(7) = 1
for R = 1] follows.

2.5 Other entanglement measures

In this section, we present two other entanglement measures related to the second Rényi en-
tropy: mutual information and entropy distance. Here they are defined in the same context as
considered above, namely in a critical 1d quantum system of finite size L, with open bound-
aries, and the same conformal boundary condition on both sides.

When considering two disjoint subsystems A and B, a standard measure of the information
“shared” by A and B is given by the mutual information 1.5, defined as (see [11] and references
therein)

Iip =Sa+Ss—Saz, (2.44)

where S stands for a given measure of entanglement for a single subsystem. Using our result
(1.8), we can express the mutual information (associated to the second Rényi entropy) of two
intervals each touching a different boundary of the system, namely A= [0,u] and B =[v,L].
After some straightforward algebra on (1.8) and (2.30), we get

c [ s(2u)s(2v)

Iro 1 =—1 ———— |+logZ . 2.45
[O,H].[V,L] 12 Og S(V+u)s(v_u)] Og a|a(T) ( 4 )

Back to the situation of a subsystem A consisting of a single interval [u, v] inside the bulk of
the system, we turn to the question of quantifying how much the whole spectrum of the density

10
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matrix p, depends on the choice of external parameters (see [87] and references therein) —
in the present case, the external parameter is the boundary condition. Here, we shall use the
n-norm of an operator A, defined as

1
IAlL, = {Te[aTay/2]} ", (2.46)
and the associated Schatten distance®
D(p,p ) =llp—p"ll,- (2.47)

To be specific, we denote by p, , the reduced density matrix associated to the ground state of
our finite critical systems with boundary conditions a on both sides of the system. Then we
consider the Schatten distance D,(p4 4,04 p), where a and 3 are two distinct conformal BCs.
We restrict to the value n = 2, and we have

1 1 1/2
Dy(Ppw Pap) = [ETrpi,a +5Trpsp— Tr(pA,apA,[j)] : (2.48)

The first two terms in (2.48) are given by (1.8), whereas the third term is obtained by a slight
generalization of the previous discussion. Indeed, we can write this term as the two-twist
correlation function

Tr(paapap) = (0w Do (v, M)e" (2.49)
on the infinite strip with BC a (resp. f) on both sides, for the first (resp. second) copy of
the mother CFT in the Z, orbifold. Through the same line of argument as in Section 2.2, we
obtain

(oc(u,a)o(v, 17))(8‘:’/5) = (8488 )_12_§ [sL(v +u)s; (v —u)zsL(Zu)sL(Zv)]_ZL4 Zyp(7). (2.50)

As a result, we get

Dy(paas Pap) = 276 [SL (v +w)’s; (v —u)s (2u)sy (ZV)]_TS Kqp(7), (2.51)

where 12

Zga(7)  Zpip(T)  Zyp(7)
Kop(v) = | 42y ZAP2 2 2l . (2.52)
2ga Zgﬁ 8a8p
Plugging in the expression of the annulus partition function in terms of Ishibashi states (B.9)
Zayp(7) = (ale! ™ Corhome/2|g) = 5 0y w] () (2.53)
j
yields
1/2
1S e 48]
Kap(r)= | 5 Z At —Af ‘ Lo (2.54)
j

Interestingly the term j = 0 cancels out, as follows from A7 = Ag = 1. This means that the
vacuum sector does not contribute to the Schatten distance. Furthermore this last expression
is rather suggestive : it is the distance associated to the following L2 norm (weighted by the
positive coefficients y;(7)/2) on the A; space

1/2

1
lAll= 52 a7 20| (2.55)

We shall now consider some limiting cases of the Schatten distance (2.51).

3While the most interesting distance is D, it can be extremely difficult to evaluate directly. One can instead
exploit a replica trick developed in [88,89]: one first computes the distance D, for all even n, followed by an
analytic continuation to n = 1.
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2.5.1 Small interval in the bulk

The limit of a very small interval in the bulk is recovered for u — v, which corresponds to

q = €™ — 0. In this regime we have

i (T) ~ gl (2.56)

As mentioned above the term j = 0 does not contribute, so the L? norm (2.55) is dominated
by the term j, corresponding to the most relevant state such that

a B
Aj0 ;éAjo. (2.57)
Then 1
~ a _ AB | ki /2—c/48
Kaﬁ(r) _1/5 Aj0 AJ.0 q'io , (2.58)

and in the limit of a small interval in the bulk ({ — 0) the Schatten distance behaves, up to a
constant prefactor, as

h, —c/ A?o _Alﬁ'o
D R ~ (Home/8l —___—1 2.59
2(Paas Pap) o 5, (2v P (2.59)

2.5.2 Interval touching the boundary

In the limit u — O (v fixed), the parameter q goes to 1 so it is more convenient to work with
G = e 2"/7 Thus we use expression (2.52) together with

Zap(?) = D g 1(=1/7), a1/ ) =Ty (§70%) ~ gt 2.60)
k

For the vacuum sector to propagate, the left and right conformal boundary conditions must be

the same [90] :

Mo = Oap - (2.61)

This implies that the identity character y, does not appear in the expansion of Zyg(7) for
a # B. Thus, the leading order behaviour of the annulus partition function is:

Zgyp(7) ~ G2 Mo (2.62)

where k, corresponds to the most relevant state that can propagate with boundary conditions
a on one side and f8 on the other. Equivalently, hy is the lowest allowed conformal dimension
in the spectrum of boundary changing operators between a and 3. This implies that for an
interval strictly touching the boundary the states p, , and p4 g simply become orthogonal

Dy(Paas Pagp) o \/||PA,a||2+||PA,ﬁ||2~ (2.63)

Furthermore the vanishing of the scalar product between p, , and p, g as u — 0 is controlled
by hko .

2hy,
Tr(pa,aPap) _ Zgp(7) o 12 (SL(ZZV)) 0 . 2.64)
lpaalllloapll VZaja(T)Zgp(T) U0 8s7(v)
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3 Comparison with numerics and finite-size scaling

3.1 Rényi entropy in a quantum Ising chain

In order to compare the theoretical prediction obtained in Section 2 with numerical determi-
nations of the Rényi entropy in a critical lattice model, we have focused on the model that was
the most numerically accessible, i.e. the Ising spin chain with free boundary conditions, with

Hamiltonian:
-1

Heo = — s}‘s;ﬂrl —h Zs}z , (3.1)
j=1 j=1
where the s;.l have their usual definition — they act as Pauli matrices o at site j and trivially on
the other sites of the system. The chain is taken to have length L = Na, where a is the lattice
spacing, and N is the number of spins. The scaling limit of this system corresponds to taking
N — oo and a — 0 while keeping the chain length L fixed. Finally, to achieve criticality, the
external field h should be set to h = 1. We stress that both the bulk and the boundary of the
chain are critical at this point in the parameter space of the model.
A convenient feature of this model is that it can be mapped to a fermionic chain through
a Jordan-Wigner (JW) transformation

(sf£is)). (3.2)

Once the Hamiltonian of the fermionic chain has been obtained, one proceeds to find a ba-
sis of fermionic operators ni,nir that diagonalizes it — and still satisfies the standard anti-

commutation relations {n;, fr)jf} = §;;, etc. For free or periodic boundary conditions, the pro-

ij>
cedure is standard, and we refer the reader to the excellent review [91]. Having found the
diagonal fermionic basis 7);, nl.T one proceeds to build the correlation matrix M = (n . n*) with

n = (ny,.. ,T)N,ni,...,n;,)T. The eigenvalues of M are simply related to the values of the
entanglement spectrum, and thus one can calculate Rényi entropies for large sizes with an
advantageous computational cost that scales as O(N) with the number N of spins in the sys-
tem. This method, known in the literature as Peschel’s trick [92,93], has been employed in
several works [67,94] for both free and periodic boundary conditions, and we refer to them
for detailed explanations of the implementation.

Due to the JW “strings” of s* operators in (3.2), the relation between the fermionic and
spin reduced density matrices of a given subsystem may be non-trivial [94,95]. For free and
periodic BC though, the ground-state wavefunction has a well-defined parity of the fermion
number, and, as a consequence, the fermionic and spin reduced density matrices of a single
interval can be shown to coincide. The Peschel trick fails, however, for the case of fixed BC,
where the above feature of the wavefunction no longer holds, as pointed out in [66]. There has
been progress, however, in adapting the trick to fixed BC, for the case of an interval touching
the boundary [66-68]. Extending the technique to efficiently find the entanglement spectrum
for an interval A that does not touch the boundary is still an open problem.

To give concrete expressions to compare with the numerical data, we will quickly review
some basic aspects of the CFT description of the critical Ising chain. It is well known that in
the critical regime, the scaling limit of the infinite and periodic Ising chains is the Ising CFT,
namely the CFT with central charge ¢ = 1/2 and an operator spectrum consisting of three
primary operators — the identity I, energy ¢ and spin operators o — and their descendants [80].
The case of open boundaries is also well understood from the CFT perspective. There are
three conformal boundary conditions for the Ising BCFT, which, in the framework of radial
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quantization on the annulus, allow the construction of the following physical boundary states
[59,80]:

1f) = |11>) ) Cfree BO), (3.3)

4= =0+ Z=le) £ silo) Gixed BO), (3.4)
where |i)) denotes the Ishibashi state [59,96] corresponding to the primary operator i. The
physical boundary states |a) are in one-to-one correspondence with the primary fields of the
bulk CFT*: |f) <> o and |£) <> I/e. The annulus partition function for the Ising BCFT is
compactly written in terms of Jacobi theta functions for all diagonal choices of BCs (a|a) and,
in consequence, in terms of the parameter x defined in Section 2

ol

Zpp (1) = %:21/6(“/1—;@)_ . (3.5)

and

65(7)+ /6 1+x7 ( ——\%
Z+|+(’L') :Z_|_(T) _ \/ 3(7) \/ 3(7) _ 21/6—X4 (x 1—X2) 2 . (3.6)
24/1(7) 2
These relations allow us to express the orbifold two-point correlator on the disk in an elemen-
tary way:

(00,000, NI =[|xP(1 = x®)]? 3.7)

1+|x|

1
(0(0,0)0 (x, X)) 5 = [IxPa—1xM]F, (3.8)
which is, of course, very convenient for numerical checks. Note that the Z, orbifold of the
Ising model is equivalent to a special case of the critical Ashkin-Teller model [98]. Therefore,
the CFT we are considering here is nothing but the Z, orbifold of a free boson. This might
explain why the above two-point functions end up being so simple.

Recall that the lattice operator G, ,, labelled by discrete indices is described in the scaling
limit by &, ,, ~ Aa"o*the o(w,w), where w = am + ian, and A is a non-universal amplitude.
Hence, to obtain collapsed data for various chain lengths, it will be convenient to introduce

ar; — QA 1 2N ~ o~ (@) 1 2N
631D =830 kD - g log (2 ) = —log(@0000) "~ g log (2 ). 39)

so that, in the scaling limit, one expects from (2.11)

we 1. (2L
G5([j, k1) ~ —log{o (u, o (v, 7)¢* )—glog(F) (3.10)
~ —log{o(u,)o(v, v)(a ) %log[sin %] , (3.11)

where u = aj and v = ak. We remind that the length of the interval is given by f = v—u = am
with m = k— j, and emphasize that the entanglement is considered for the ground state of the
free BC Ising chain.

To graphically emphasize the agreement between the fermionic chain data and the theo-
retical prediction, we have looked at two ways of “growing” the interval length £. In Figure 3,
we have considered an interval that starts in the middle of the chain and grows towards one
end. This corresponds on the lattice to applying the first twist operator to the middle of the
chain, and the second one progressively closer to the right boundary. Since twist operators
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Figure 3: Plot of shifted Rényi entropy g£ (IN/2,N /2 + m]) for the Ising chain with
free BC, against the scaled interval size m/N. The deviations from the theoretical
predictions are stronger as the interval grows closer to the boundary.
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Figure 4: Plot of shifted Rényi entropy gg([N —m)/2,(N + m)/2]) for the Ising
chain with free BC, against the scaled interval size m/N. The deviations from the
theoretical predictions are stronger as the interval is grown towards the boundaries.

are placed between lattice sites, one should consider even system sizes. The curves of Figure 4,
follow the dependence of the S, entropy as the interval length ¢ is grown equidistantly from
the middle of the chain towards the boundaries. We see, in both cases, that the agreement
with the CFT prediction is very good, although, as we will detail below, one needs to consider
unusually large system sizes to reach it.

*This statement is strictly true if the bulk CFT is diagonal, see [97] for a detailed discussion.
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Figure 5: Plot of shifted Rényi entropy gg ([(N—m)/2,(N +m)/2]) for a wide range
of system sizes. The sizes typically accessible to exact diagonalization (N ~ 10) or
DMRG methods (N ~ 10°) suffer from large finite-size effects.

3.2 Finite-size effects

There is a plethora of sources of finite-size corrections to the orbifold CFT result calculated in
Section 2. One should be aware of corrections from irrelevant bulk and boundary deformations
of the Hamiltonian [99], as well as unusual corrections to scaling as analysed in [100, 101].
Finally, one should generically worry about parity effects [102] but, in agreement with [103],
we have found no such corrections in the numerical results.

The strongest corrections, however, come from the subleading scaling of the lattice twist
operators [52]. We remind that the lattice twist operator & can be expressed, in the continuum
limit a — O as a local combination of scaling operators [104]:

Gm’n =Aa2h0<7(w, W)+Ba2h%crs(w,ﬁ/)+... , (3.12)

where the integers (m, n) give the lattice position of the operator as w = a(m + in), and the
dots in (3.12) denote the contribution from descendant operators. The amplitudes A and B
of the scaling fields are non-universal, and thus cannot be inferred from CFT methods. How-
ever, since the expansion (3.12) does not depend on the global properties of the system, it is
independent of the choice of BC. Using the exact results for the correlation matrix M of the
fermionic system associated with an infinite Ising chain [8], and the well-known result for the
Rényi entropies of an interval of length £ in an infinite system [3,9], one can find a fit for the
values of A and B.
Moving on, the excited twist operator o, can be defined through point-splitting as [52],
[105]:
o o(w, ) := lim [(2ln —w)** o (w, #)(e(n, D @ D] (3.13)

This operator has conformal dimensions h, = fzae = h, +h,/2. The expansion (3.12) implies
that in our case, the correlator of twist operators on the Ising spin chain with free boundary
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conditions can be expressed in terms of CFT correlators as:

GG V) — a2 g4k

(Gj00k0)N g:’f)

o {o(u,i)o(v,7))
+ AB g*hothe [(og(u,ﬂ)o(v,ﬂ))é{’f) + (o (u, L_l)O'g(V,\_/))(S{’f):I
+.... (3.19)

Using the map (2.3), and recalling that L = Na, we get

-\ (f.f) b
~ =~ () _ 2( L4 )C/4 (0(0,0)0(x, %))y ( T )C/4+ .
/ =4 P G (u,v)+..., (3.15
<0'J,0 O'k,O)N N [ . (u) c/4 N L(u V) ( )
s1nT]

where u = aj and v = ak are the physical positions of the twist operators, and x is given by
(2.4). The first term in the right-hand side of (3.15) corresponds to the two-point function
(2.29), whereas the function G;(u, v) in the second term is defined as

¥t (0(0,0)0(x, N + yh (0(0,0)0,(x, 7)) I

I:Sin %]c/4+hg

Gi(u,v)= , (3.16)

with y = sin 7*/sin % The exact determination of the function G;(u,v) is beyond the

scope of the present work — for instance, through a conformal mapping, it would imply the
calculation of the one-point function of the energy operator on the annulus. Since, in the Ising
CFT, we have h, = 1/2, this second term gives a correction of order 1/+/N to the Rényi entropy
predicted by (1.8), which is in agreement with the results of [66,71,100]. This is a very signif-
icant correction, and it shows why the system sizes accessible through exact diagonalization
(limited to N < 30) are not sufficient to separate the leading contribution from its subleading
corrections.

To show the dramatic effect of this term, Figure 5 contains a comparison of the collapse
for diverse system sizes. As noticed in other works [63], where DMRG methods were used,
system sizes of N ~ 100 are not enough to satisfyingly collapse the data.

Furthermore, the module organization of the fields in the orbifold CFT implies that the
scaling exponents of finite-size corrections are half-integer spaced: there will be contributions
both at relative order O(N 1), and O(N3/2), and so on. This increases the difficulty of a finite-
size analysis, since there are more terms with significant contributions for the system sizes
that are numerically accessible. To illustrate this, we give in Figure 6 a plot of the subleading
contributions to the lattice twist correlator

W)
. o 7 \¢/4 (0(0,0)0 (x, X))
Foeading(: K) = (81080l —A° (ﬁ) [ TE(u+v)i|C/]jr)

sin —57—

2L

(3.17)

The plot shows that even at N ~ 102 the collapse is not perfect.

4 Conclusion

In this article, we have reported exact results for the Rényi entropy S, of a single interval in
the ground state of a 1D critical system with open boundaries, assuming the same boundary
conditions on both sides. This amounts to computing the two-point function of twist operators
in the unit disk with diagonal BCs (a, @) in the Z, orbifold framework.
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Figure 6: The rescaled subleading contribution (2N /7)¢/4*he subleading tO the lattice

two-point function of twist fields, for an interval starting in the middle of the chain
and growing towards one boundary. The plot shows that even at large system sizes,
the finite-size corrections are significant.

By constructing a biholomorphic mapping from the annulus to the two-sheeted disk, we
have managed to express the orbifold two-point correlator of twist fields in terms of the annu-
lus partition function of the mother CFT. We have also detailed in the Appendix an alternative
derivation of the result for minimal CFTs in the A-series.

We have numerically checked the CFT result, and found good agreement with Ising spin
chain data, for free BC. It was, however, necessary to achieve large system sizes for this pur-
pose, as the finite-size corrections decayed slowly (~ N~ relatively to the dominant term)
with the number of sites, as opposed to the case of an interval in a periodic chain, where this
decay is of order N —2h: (see [52] for instance). Checking the result for other models and BCs
could be achievable through more sophisticated numerical techniques, like (adaptations of)
the DMRG approach (see [63,106]).

A natural extension would be to consider the second Rényi entropy for a system with differ-
ent conformal BCs on each side of the strip. However, this situation adds the extra complication
of insertions of boundary condition changing operators (BCCOs) into the correlator of twist
operators [85], thus requiring a calculation of the four-point function of boundary operators
on the two-sheeted disk.
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A Conventions and identities for elliptic functions

In this Appendix, we fix our notations and conventions for elliptic functions.

A.1 Jacobi theta functions

We use the following conventions for the Jacobi theta functions 8;(t|7) :

Oty =—i > (Vg e = >y,

rezZ+1/2 rezZ+1/2 (A 1)
Oy(tlT) = > y"g" 2, O4(t1T) = > (—1)"y"q" /2,
nez nez
where g = %77 and y = e%*. Here, t is a complex variable and T a complex parameter living

in the upper half-plane. Theta functions have a single zero, located atz = 0,1/2,(1+7)/2 and
7/2, respectively. They have no pole. Using Jacobi’s triple product identity one can rewrite

them as

01 (t|7) = —iy'/? ”8]1(1 q")]—[(l ¥y -y'qM,

n=1 n=0
0,(tlm) =y g Ja—gm ] Ja+yg™Ha+yqm,
n=1 n=0
eg(rm—ﬁ(l " H A +yqNA+y g,
r€N+1/2
94(t|r)—]_[(1 " ]_[ 1-yqNa-y7'q).
reN+1/2

They satisfy the following half-period relations
0,(t|7) = —i ™M g, (t +1/2|7),
0,(t|7) = ™D 0 (¢ + v/2|7),
03(t|7) = e 6, (t + 7 /2]7),
04(t|7) = —i ™V g, (¢ + 1/2|7).

The functions 6,(0|7) = 0,(7) are

0,(7) = > q1/2 /2 = gq1/® ﬂ (1-q")A+q"),

nez

03(v)=D " = 1_[(1 —q(1+q" ),

nez

94(T) — Z( 1)"q" 2/2 _ l—[(l ") qn—1/2)2 )

nez

Finally, we note the following relations
05(7) = 65(1)+67(7),  21°(7) = 6,(7)65(7)04(7),
where 1(7) is the Dedekind eta function :
1 oo
n(t)=q% | Ja—qM
n=1
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A.2 Elliptic integral of the first kind

The elliptic integral of the first kind K(x) is given by:

2 11
K (x) =J .= 2F (—, =, 1;x2) = Z0(r). (A7)
0o V1—x2sin20 2 2°2 2
This means 5
05(t
x= 22( ). (A.8)
65(7)
The parameter x is called the elliptic modulus. The inverse relation is
: K(x')
=X = —2 ) '=+v1-x2 A9
g=e exp( nK(x) , x X2, (A.9)
or equivalently
K(v/1—x2
o= KWL= x)) (A.10)
K(x)
In particular one can check that
d 2
x(1—x2)EE = (A11)

dx iTr934(T)'

A.3 Weierstrass elliptic function

One possible way to derive the differential equation (2.20) is to express the function g(t)
defined in (2.5) in terms of the Weierstrass elliptic function p(t). The function p : T, — C
is defined on the complex torus T, = C/(Z+ 7Z) and takes values in the Riemann sphere
C=Cu{oo}:

p(6)= =+ > ! L (A.12)

2 — 5 — .
‘ (m,n)€z2\(0,0) (t—m—n7) (m+n7t)
This is a covering map of the two-sphere C with 4 ramification points :

1
e1 =p(1/2), ez=p( JZFT) egzp(g), oo = p(0). (A.13)

The lattice roots e; can be expressed in terms of the theta functions as :

m 4 4 m 4 4 m 4 4
e = ?(02(7)+204(T)) , ey= ?(92(7)_94(7)) s =T (265(1) + 6(1)) .
(A.149)

The function g(t) as defined in (2.5) is simply the composition of p(t) with a particular
Mobius transformation that sends the ramification points to 0,1/x,x and oo :

2
g(t):lp(t)_eg’ x = €y —€3 =(92(T)) , (A.].S)
X €;—e3 Jel_EB 63(7)

as follows from the fact that (p(t)—e3)/g(t) is constant by virtue of being doubly periodic and
holomorphic (i.e. with no pole). Now from the differential equation obeyed by p(t), namely

p"(1) =4(p(t)—e1) (p(1) —ex) (p(t) —e3) (A.16)
we get
2
(i—f) =—4n29§(7)g(g—x)(1—xg), (A.17)

from which (2.20) follows.
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B Alternative derivation of the second Rényi entropy for A, mini-
mal models

In this Appendix we present an alternative computation of the two-twist correlation function
(2.28) based on the mirror trick [59] and BCFT bootstrap methods [85]. The conformal blocks
are obtained in terms of the modular characters (see also [52,82]). The other key ingredients
are the bulk and bulk-boundary structure constants appearing in the conformal block expan-
sion. We note that the correspondence between conformal blocks and characters has also been
employed in the recent work of [ 107] for the evaluation of twist correlators on manifolds with-
out boundaries.

In order to avoid some technicalities, we restrict our attention to Virasoro minimal models
in the A,, series, for which the torus partition function is a diagonal modular invariant. On the
unit disk, the mirror trick amounts to replacing the disk by its Schottky double [ 108], namely
a sphere, and bulk fields ¢ (z,%) by a pair of chiral fields, one at position gz and the other at its
mirror image 1/% :

P(2,2) = ()2 2"Pp(1/2). (B.1)

Thus we can decompose (o (0,0)o(x, i))]g])a’a) as a linear combination of conformal blocks on
the sphere

(0(0,0)0(x, 2N = > X2f(x,%), (B.2)
j

(c0)

a(0) o
£, %) = &2 > 95 ® 9 < _ (B.3)
o(z) o(1/z)

Indeed, for the Z, orbifold of a minimal model in the A, series, the fusion o x o is of the
form [52]
oxo= > $;8¢, (B.4)
¢; primary
where the sum runs over the primary operators of the mother CFT. We shall denote by h; the
conformal dimension of ¢; (recall that for A, minimal models, all primary operators are scalar,
SO hj = hj). The expansion coefficients X]‘." in (B.2) are obtained in terms of OPE structure

constants as

$,84; \(a,
X¢=CS; )A((;g;j, (B.5)

which in turn can be expressed as [82]

APD = (0 ¢S = ((6,003) = (a2)” (B.6)
CE%% = (5 (00)(¢; ® $;)()(0))c = 27N ($;(—1)p;(D)c =278,  (B.7)

so that
Xt = 28h; Aj.’)z. (B.8)

The OPE coefficient A‘J?‘ is very much related to coefficients \IIJ"‘ appearing in the decomposition
of the boundary state |a) in terms of the Ishibashi states |j)) :

pé
A= ) :pr;‘ ). (B.9)
J

=—,
%o
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For minimal models in the A, series, these coefficients are given in terms of the modular S-

matrix elements [109]:
S: S: S
\IJ]{I — i, Aj} — J* [200 , (B.10)
SOj SOa S]O

where the index O corresponds to the identity operator.

Let us turn to the expression of the conformal blocks f; in terms of the characters of the
mother CFT. By a simple rescaling we have

f](xn')z‘):‘/_-}(n): 7’)=|x|2’ (B]-]-)

where F;(n) is the standard conformal block

a(0) o (c0)
Fi(n)= > ?; ® ¢; < , (B.12)
a(n) o(1)

These conformal blocks are known [82] to be related to the characters y;(7) of the mother
theory via

Fim)=250B - y;(7),  n=[0,(1)/05(1)]*. (B.13)

Assembling the above results, we obtain the expression

(000,000 (x, )& = 275 [x (1~ [x)] 5 D 4% 7,(0). (B.14)
J

The last step is to relate the above linear combination of characters to the annulus partition
function:

Zaja(7) = (e ™ Potlome/1D)|g) = (g2 (jleimTotlo=c/12)|j) = X (W#)2 (1), (B.15)
J J

using (B.9), and g, = ¥{.

C Annulus partition function for the compact boson

For the following discussion, it is useful to have in mind a lattice model whose scaling limit is
given by the free compact boson — we take for example the six-vertex (6V) model on the square
lattice. It is well established (see [110] for instance) that the 6V model with homogeneous
Boltzmann weights

N

l <
<l
1>
<l
R

a a b b c c
is critical in the regime
a?+ b2 —c?
Al<1, A= ——— C.1
I = €D
and is described in the scaling limit by a free compact boson with action
1
S[¢]:8—Jd2rﬁu¢ ot ¢ =¢ +2nR, (C.2)
i
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where the compactification radius is given by R = 4/(2/m) cos—! A. We consider the 6V model
on a rectangle of M x N sites, with periodic boundary conditions in the horizontal direction,
and reflecting boundary conditions at the top and bottom edges, for even M,N. Any 6V con-
figuration defines (up to a global shift) a height function on the dual lattice, with steps £7R
between neighbouring heights. Since the local arrow flux into each of the boundaries is zero,
the height function is constant along each boundary, and it is periodic in the horizontal di-
rection. However, there can be a flux of 2m arrows (with m € Z) going between the two
boundaries, and hence the height difference between the boundaries is of the form 2rmR. In
the scaling limit N, M — oo with N/M = Im 7 /2, the height function renormalizes to the free
boson ¢, and we get

Zey(M/N) = D" Zyjoem(7), (C.3)

meZ
where a is an arbitrary integer, and Z,5(7) denotes the partition function of (C.2) on the annu-
lus of Figure 2 with Dirichlet boundary conditions ¢ (x,0) = 2nRa and ¢ (x,Im7/2) = 2nRp.
A path integral computation gives
e—inRZ(a—ﬁ)2/T

Zalﬁ(T) = W (C4)

Hence, the scaling limit of the 6V partition function is
ez ™ 03(R?/7)
n(-1/7) n(=1/7)

In the geometry of the infinite strip of width N sites, the 6V transfer matrix generates the XXZ
spin-chain Hamiltonian

Zey(M/N)— Z(7) = (C.5)

N-1
_ X X X X 2.2
Hyxz = Z(sjsj+1+sjsj+l+Asjsj+1), (C.6)
j=1
where 57 are Pauli matrices acting on site j. Reflecting boundary conditions for the 6V

model (and thus Dirichlet boundary conditions for the boson) correspond to free boundary
conditions on the spins.
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