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Abstract

The symmetry-resolved Rényi entanglement entropy is the Rényi entanglement entropy of
each symmetry sector of a density matrix p. This experimentally relevant quantity is known
to have rich theoretical connections to conformal field theory (CFT). For a family of critical
free-fermion chains, we present a rigorous lattice-based derivation of its scaling properties
using the theory of Toeplitz determinants. We consider a class of critical quantum chains
with a microscopic U(1) symmetry; each chain has a low energy description given by N
massless Dirac fermions. For the density matrix, p4, of subsystems of L neighbouring sites
we calculate the leading terms in the large L asymptotic expansion of the symmetry-resolved
Rényi entanglement entropies. This follows from a large L expansion of the charged moments
of pa; we derive tr(ei"‘QA,oX) = aelQa) (g L)™*(1 + O(L™")), where a, x and u are
universal and o depends only on the N Fermi momenta. We show that the exponent x
corresponds to the expectation from CFT analysis. The error term O(L™*) is consistent
with but weaker than the field theory prediction O(L~2*). However, using further results
and conjectures for the relevant Toeplitz determinant, we find excellent agreement with the
expansion over CFT operators.

Keywords Symmetry-resolved entanglement entropy - Toeplitz determinants - Conformal
field theory

1 Introduction

Entanglement is a fundamental concept in quantum information theory and quantum many
body physics [1-3]. One important context is entanglement in ground states of many body
systems. A key insight is the area law for entanglement for gapped phases of matter; of
importance for tensor network descriptions of these states [4]. A major result was the proof
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of the area law in general one-dimensional systems [5, 6]. This area law is violated at phase
transitions; entanglement properties are then closely related to the nature of the quantum
critical point. For example, in one-dimensional spin chains with low-energy conformal field
theory (CFT) description, the von Neumann entanglement entropy, S(L), of a subsystem
consisting of L neighbouring spins (away from any boundary) obeys a universal scaling law

S(L) = glog(L) +o(1), )

where c is the central charge of the CFT [7-10].

More recently, symmetry-resolved analogues of the usual entanglement entropies have
been introduced and analysed [11-14]. Roughly speaking, one block diagonalises the reduced
density matrix of the subsystem into different sectors of fixed charge and then finds the
entropy of each sector. This is a natural problem, and has experimental relevance [15-18].
One theoretical result is the equipartition of entanglement: for CFTs with U(1) symmetry,
the leading order behaviour is independent of the symmetry sector [14]. The leading charge-
dependent contributions to the entanglement were identified in exact calculations in free-
fermion chains in Ref. [19]. There is a growing literature on this topic; while a full review is
beyond our scope, we note works based on CFT and the replica trick [13, 14, 20], approaches
combining CFT and lattice form factors [21] and lattice results based on Toeplitz determinant
theory [19, 22, 23]. There are moreover extensions to more general quantum field theories
[24-26], spacetimes with dimension greater than two [27, 28], symmetry-resolved negativity
[29, 30], symmetry-resolved relative entropies [31, 32] as well as the out-of-equilibrium
behaviour of the symmetry-resolved entanglement following a quench [33-38]. Note that in
the literature, the concept of symmetry-resolved entanglement (in particular, for the setting
of a U(1) symmetry generated by the particle number) is closely related to the concepts of
configurational entanglement, entanglement of particles and operational entanglement [15,
39, 40].

In this paper we analyse symmetry-resolved entanglement entropies in a class of critical
quantum chains with U(1) symmetry. The low energy description of these chains is a the-
ory of N massless Dirac fermions, each with associated momentum k; and velocity v; for
1 < j < N.For N =1 this is a CFT with ¢ = 1 (the usual compactified boson at
the free-fermion radius). For an example in this class (a nearest neighbour tight-binding
model, Jordan—Wigner dual to the spin-1/2 XX model [41]) entanglement entropies [42] and
symmetry-resolved entanglement entropies [19, 21, 22] have been analysed previously using
lattice methods. For N > 1, we have a low-energy CFT description only when each of the v;
are equal: an SO(2N); Wess-Zumino-Witten (WZW) model with ¢ = N [43]. For general
velocities, the case N > 1 can still be understood using CFT concepts: the scaling law (1)
holds with ¢ = N [44] and one can identify low-energy descriptions of lattice operators by
taking sums and products of CFT operators from each of the different sectors [45-49] (each
sector being a copy of the ¢ = 1 CFT). Moreover, we give an explicit argument that for a
family of N = 2 Hamiltonians that are not described at low energies by a CFT (since they
have different Fermi velocities), the ground state has a parent Hamiltonian that is described
at low energies by a CFT. Hence, ground state properties such as entanglement entropies
should agree exactly with CFT results. We expect this to hold more generally within the
family of models considered. Indeed, this point was made in Ref. [47] for general Bethe
Ansatz solvable models.

Consider now a subsystem of the critical chain consisting of L neighbouring sites. Our
main result consists of the leading terms in the large L asymptotic expansion of the symmetry-
resolved Rényi entropies. In order to derive this, we calculate the leading term, and give an
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estimate for the error, in the asymptotic expansion of the charged moment (defined below);
taking a Fourier transform then leads to the symmetry-resolved Rényi entropies. Fundamen-
tal to our proof is the asymptotic analysis of Toeplitz determinants with Fisher—Hartwig
singularities [50]. These methods were applied to the computation of entanglement entropies
in the XX model by Jin and Korepin [42] and then to the class of chains we consider here
by Keating and Mezzadri [44]. See also [51, 52] for further examples and references. This
method was generalised by Bonsignori, Ruggiero and Calabrese [19] and by Fraenkel and
Goldstein [22] to the computation of symmetry-resolved entropies in the XX model. We
largely follow their method to prove our results for the broader class of models considered
here. However, an important point is that the analysis given in those papers relies on a con-
jectured expansion of the relevant Toeplitz determinant to identify subleading terms (in fact
the dominant subleading terms were derived by Kozlowski [53], but not in a form that we
can use in our proof). We set up the problem differently so that we can use a rigorous and
sufficiently uniform bound from Ref. [54]. This approach does, however, lead to a weaker
bound on the correction term than expected—we address this in our discussion. While our
results for N = 1 largely reproduce the formulae already in the literature, we consider our
analysis to be of interest also in that case since we can give a rigorous estimate of the errors
at each stage.

Motivated by our analysis of the symmetry-resolved Rényi entropies, and the work of
[19, 22, 55], we give an extended discussion of the calculation of subleading terms in the
charged moments using both CFT and Toeplitz determinant methods. While not leading to a
rigorous result, we find that applying these two different techniques gives the same estimate
for the algebraic decay of the subleading term (which is generally the same as the N = 1 XX
model case [19, 22]), and also gives the corresponding oscillatory terms (going beyond the
XX model case) that allow us to match CFT operators to Fisher—Hartwig representations of
certain functions. We give an exact expression for the subleading term in all cases, based on
certain assumptions about the asymptotic expansion.

The outline of the paper is as follows. In Sect. 2 we define the model and quantities of
interest before stating our results. This is followed in Sect. 3 by the corresponding proofs. In
Sect. 4 we discuss our results, make connections to corresponding field theoretical calcula-
tions and analyse subleading correction terms. Note that Sects. 4.1-4.4 in the discussion can
be read independently of the proofs. Section 4.5 analyses the subleading terms from Toeplitz
determinant theory, and relies on certain definitions given in Sect. 3.1.3. Finally we discuss
further avenues of research.

2 Statement of Results
2.1 A Class of Models

Consider a chain of M sites, each with a spinless fermionic degree of freedom ¢, such that
{cn,cm} = 0 and {c,];, cm} = Sum. We will take the limit M — oo and examine the class of
fermionic hopping Hamiltonians:

R
H=- " (toc;cn + Y talchoyy + c,icn_a)> to €R. 2)

nesites a=1

This class has a U(1) symmetry generated by Q0 = chea. We can diagonalise by

Fourier transformation:

nesites
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R
H=-Y" (to +2) o Cos(kot)> €A @)
k

a=1

feih

The ground state has filled modes with momentum k such that f(e'*) > 0. If the function
f(2) has no zeros on the unit circle, then the ground state is trivial. Zeros on the unit circle
generically occur! in conjugate pairs and with multiplicity one. If we have N such pairs then
we can linearise the dispersion about each point to find the low energy behaviour described
in the introduction [45]. We denote? the independent momentaby 0 < k; < --- < ky < 7.
Then:

N
f(eik):j:h(k)jl:[lsin <k_2kj)sin (kzk’), (4)

where h(k) = h(—k) is real and strictly positive—the ground state is independent of % (k),
and while the excitation energies (and Fermi velocities v; = |9 f O] depend on A (k), it
will play no role in our analysis. Indeed, the symmetry-resolved entropies are properties of
the ground state and are otherwise independent of the Hamiltonian.

Using the Jordan—Wigner transformation this model is equivalent to the spin-1/2 chain:

1 R n+a—1
Hspin = 5 Z (tOZn - Zla(xn ( 1_[ Zm) Xn+a

nesites a=1 m=n+1
n+a—1
+ Yn ( 1_[ Zm) Yn+a>) Ia € R» (5)
m=n-+1

where X, Y, and Z, are the usual Pauli operators on site n. This is a family of generalised
cluster models [44, 57, 58], with U(1) symmetry generated by Q = Znemes Z,. Such
chains appear as transitions between certain symmetry-breaking and symmetry-protected
topological (SPT) phases [58, 59]. We note that the symmetry-resolved entanglement of
certain ground states in such gapped SPT phases was studied in Ref. [60].

2.2 Symmetry-Resolved Entropies, Charged Moments and Symmetry-Resolved
Moments

Consider a bipartition of our critical chain into two subsystems A and B, where A consists
of L neighbouring sites. The density matrix of the subsystem is given by ps = trp(p)
where p is the ground state. The U(1) charge acts locally as Q = Q4 + Op; let I1; be
the projector onto the eigenspace of Q4 with eigenvalue g. Then p4 can be decomposed
as pa = @Dy p(q)palg) where p(q) = tr(Tlyp4) and for p(g) # O we define normalised

I Real zeros at k = 0 or k = 7 and with multiplicity one are not consistent with the condition f(z) = f(1/z)
thatis satisfied by the class of models above. The free-fermion model (outside of the class above) corresponding
to f ()  sin(k) could be studied using the techniques here. The general analysis is in fact unchanged if
all zeros of f(z) on the unit circle have odd multiplicity (simply use the result where the corresponding
zeros have multiplicity one). Models with some zero on the unit circle having even multiplicity correspond to
multicritical points (the multicritical point in the phase diagram of the XY model is an example). These zeros
are ‘removable’—for further discussion see Refs. [48, 49, 56].

2 In the case N = 1 we will also use the notation & F for the Fermi momentum.
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density matrices pa(g) = (TIlgpally)/p(q). Then we can define the symmetry-resolved
Rényi entropies by:

Su(q) =

log tr(pA (q)”) (6)

1—n

and the symmetry-resolved von Neumann entropy by S(g) = —tr (p A(q) log(pa (q))). Note

that S(g) is the limit of S,,(¢g) asn — 1.
In order to calculate the entropy, we first define the symmetry-resolved moment:

Z.(q) = tr(l'lqpﬁ), @

then S, (¢) = <log (Zn (q)) — nlog (Zl (q)))/(l — n). The symmetry-resolved moment is
the Fourier transform of the charged moment:

Zaq) = f " 997, (@) da (®)
27 J_p
where Z,,(a):tr(ei“QApj;). ©)

For definiteness Q4 = Z]L»:l cj-c j is the number of particles in the region A. This is the

key step to allow the calculation of the symmetry-resolved entropies, since we can calculate
Z, (o) as a contour integral where we have asymptotics for the integrand [13, 14, 19, 22].
Note that for n = 1 the charged moment is equal to the full-counting-statistics generating
function that has been studied before, at least for the XX model [61, 62]. More generally, this
quantity appears (in the obvious way) in defining charged Rényi entropies in a holographic
setting [21, 63].

2.3 Results

To state our results, define the quantity L, = o L, where, given the momenta ki, ..., ky,
the (inverse) length scale’ o is defined as:

N sin2(kr+kx) (_1)r+s I/N
o= (stin(k,) I1 (ﬁ) ) . (10)
r=I1 I<r<s<N sin ( 2 )

We also define the function [19, 22]:

r . o . ra/2+iw)
(n,a) =1in (tanh(rw) — tanh(nrw + it /2)) log mdw. (11)

Forn € Z4, Y (n, @) has the closed form [21]:

n—1
o 2m+1—n o 2m+1—n
Y(n,a)=2 1 GlI1l-—+— )G+ —+———) ), (12
(v, @) r;)og( ( 2nn+ 2n ) (+27m+ 2n )) (12)

where G (z) is the Barnes G-function [64]. Discussion and alternative expressions for Y (n, o)
are found in Section 3.2.

3 More carefully: the length scale is a /o where a is the lattice spacing.
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From the characterisation of the ground state of (3) in momentum space, the extensive
mean charge in the subsystem A is given by:

N _ {\N-r .
Zr:l( ;-[1) kl‘L f(elﬂ) <0

N —r . (13)
TR CVT ey peimy >,

(Qa) =

We now state our results. We emphasise that related formulae for the XX model case are
found in [19, 21, 22].

Result 1 (Charged moments) Consider a system in our class of the form (4), with a low energy
theory of N complex fermions, and take a subsystem consisting of L neighbouring sites. The
charged moment of the subsystem has the following asymptotic expansion as L — 00:

_%(’l_%)_ZTN(%)Z i T
Zy(a, L) = Ly gl@(@aleN (”’“)(1 +0 (L_“(”’“))) —-T<a<m,
(14)
where 0 < n € R and
11
;L(n,oc):min[f,f<1—m) } (15)
2'n T

Note that u(n, @) tends to zero as « — =o; in this limit the correction term is not
necessarily subdominant. This is as expected from both the CFT analysis and the analysis

using Toeplitz determinant theory. Note also that for n > 2, we simply have u(n, o) =

1
n

discussion in Appendix A.
To state our next result, we expand Y (n, «) as follows:

(1 — ';‘—' .Forn = 1 and ¢ = 0, we can improve the bound on the error term, see

Y(n,a) = T(n) + oy (n) + a*ya(n) + €(n, a) (16)

where €(n, @) = 0(«®) and

i o C(1/2+i
ya(n) = lﬁ/ (tanh3(7mw) - tanh(nnw)) log w
4 J_o rda/2—iw)
in  sinh(3rnw) — 11 sinh(rnw) rda/2+iw)
ya(n) = —— . og : (17
192 J_o cosh? (mnw) (/2 —iw)
The above integral formulae hold for any O < n € R. For n € Z we have:
n—1
1 2m+1—n
v2ln) =2 Z 4n2m? (_1 + ¢<1 + 2n )
m=0
2m+1—n W 2m+1—n
s 0 1=t
+ 2n v ( * 2n )
n—1
1 2m+1—n
=2y ——— (@1 + ——
ya@) mX:;) 19207 ( v ( R )
2m+1—-n_ g3 2m+1—n
_ 1+ — 1
+ 2n 4 ( + 2n ) (18)

where ¥ (x) = I'/(x)/ T'(x) is the polygamma function, with derivatives v " (x).
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Result2 (Symmetry-resolved moments) Consider a system in our class of the form (4),
with a low energy theory of N complex fermions, and take a subsystem consisting of L
neighbouring sites. Define the quantity

an, L) = (log(Lo) — 2nm?ys(n)) = O(log L). (19)

2nm?

Then, in the sector with charge g = qa + (Qa), where gn = O (1), the symmetry-resolved
moment of the subsystem has the following asymptotic expansion as L — oo:

_ Z(0,L) 4 ( 3 Nys(n) _3)
Za.(q) = mexp( 4a(n,L)) 1+4a(n,L)2+0(10g(L) ) ). (20)

This second result leads directly to an expansion for the symmetry-resolved entanglement
entropies of the subsystem:

Result 3 (Symmetry-resolved entropy). With the same conditions as Result 2, the symmetry-
resolved Rényi entropy has the following asymptotic expansion as L — oo:

S()—ﬁ<1+3>1 Lo+ vy — 21 (Z—NI (L)>+¥1 (n)
"q_6 n 08lLo 1—n . 20g T 8 2(1 —n) ogln

n () - () )

+1og(L)*1< a=n — 5 log (@)

2
) nmw
+ log(L) |:(1 D

2 2 2 3
x | T (ny2(n)” — y2 (1) )+log(o)(y2(l)—yg(n))+7(ny4(n)—y4(l))

1 4
+ 4 log (0 44} i (2D - nyz(n))] + 0(log (L)), 1)

)

As emphasised in [19], we see that the equipartition of entanglement breaks at order
log(L)™2. We can take the limit n — 1 to find the asymptotics of the symmetry-resolved
von Neumann entanglement entropy,

S@ =5 2108 (M iog(r)) = £ —1oa(t) (7241 + * log (o)
q) = —20g<ﬂ og ))—z—og (”Vz( +20g0>

3 4
¥ 1og<L>*2[ — 274 (Y1) + 7294 (1) log(o) — %(ml) + (1)

4
+ ilog (0)* + qi%m(l) + yé(l))} +0(og (L) 7). (22)
Here S is the usual von Neumann entropy calculated in [44], and the derivatives yz’(l) and
,4(1) can be given as integrals using (17). Numerically, y; (1) 2~ 0.0546 and y, (1) >~ 0.00154
[19, 65]. From (18), we have analytic expressions y»(1) = —(1 + vE) /2% [14, 19, 21],
where yg is Euler’s constant, and y4(1) = v @ (1) /3274,

Following Ref. [19], note that the O (1) term can be understood as follows. Since the den-
sity matrix is pg = ®q p(q)pa(q), we can write § = Zq p(q)S(q) — Zq p(q)log(p(q)).
The first term corresponds to configurational entanglement, while the second is the fluctu-
ation entanglement. Since Z1(q) = p(q), we can see using Result 2 that the fluctuation
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entanglement — Zq p(g)log(p(q)) is equal to %(1 + log (27’\’ log(L)) ) + o(1). Hence, at
leading order, the symmetry-resolved entanglement entropy obeys equipartition and is equal
to the configurational entanglement—this is natural since the symmetry-resolved entangle-
ment entropy corresponds to the entanglement entropy in a fixed charge sector and so there
is no fluctuation entanglement.

3 Analysis

In this section we give proofs of the above results. Section 3.1 leads to Result 1. This is
the most involved part of the analysis. We give various results relating to the term Y (n, o)
in Sect. 3.2. In Sect. 3.3, we reach Result 2—this is straightforward analysis of a Gaussian
integral, but does require the error term in Result 1 to justify the expansion. Finally, the steps
to write down the asymptotics for the symmetry-resolved entropies are given in Sect. 3.4.

3.1 Asymptotics of the Charged Moments
3.1.1 Set Up

In the ground state of our class of models we have the two-point correlator:

2 . ik
T 1 / o= ikm—n) (Slgn[f(z )+ l)dk. 23)
0

Consider the L x L correlation matrix defined by C,;, = (c,;cn) forl <m,n < L, and
define its L eigenvalues by H;Vj for1 < j < L. The v; are eigenvalues of a Toeplitz matrix,
T, with symbol #(z) = sign[ f(z)]—this means that 7,,, = t,,—,, the (m — n)th Fourier
coefficient of #(z) [50]. There is a unitary transformation from the c¢; to fermionic modes d;

such that the reduced density matrix for the subsystem A is given by:

L

1+\)] T 1—11] +
pa=]] sdid; + ——d;d] (24)

j=1

(see, for example, Refs. [7, 66, 67]). Consider the charged moment, where we make the
dependence on L explicit:

. L AR
Z(e, L) = tr(pe’™ Zi=1 ), (25)
Using (24), we then have the following expression for the charged moment:

L n N
Z,Aoz,L):H((%) ei“+<1_2U’> ) (26)

j=1

Note that Z, (o, L) is periodic in «, and so we can restrict without loss of generality to
—1m < o < m.However, « = 7 is a special case that is excluded from our analysis.

Denote by Dy [t(z)] the Toeplitz determinant generated by the symbol #(z). The v;
for 1 < j < L are eigenvalues of the Toeplitz matrix generated by sign[ f(z)]. Hence,
they are the zeros of the characteristic polynomial Dy [A — sign[ f(z)]]. We will write
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t(z, ) = A — sign[f(z)]. From the residue theorem we have the following expression
for the logarithm of the charged moment:

log Zu (et L):L,/ Foll 46, 0, oy OB DL DN gy @7)
271 Je dA
where
f,,(x,k,oz):log[(%) ei"+<x;A> ], (28)

and C is any simple and positively oriented contour containing the interval [—1, 1] that does
not cross the branch cuts of f,(1 + ¢, A, «). The branch cut structure and the contour of
integration will be considered in the following subsection.

3.1.2 Branch Cuts of the Integrand and Integration Contours for the Charged Moments

The integrand of equation (27) is the product of the function f;, (x, A, «) and the logarithmic
derivative of a Toeplitz determinant. This determinant is the characteristic polynomial, with
zeros corresponding to eigenvalues v; that satisfy —1 < v; < 1. This is because they
correspond to eigenvalues of the reduced density matrix (24); hence the logarithmic derivative
has singularities on the real axis between —1 < A < 1 and nowhere else.

The function f, (1 + &, A, «) has branch points at

l+e+ A _ ei —ot+ril+2nm _ eiem (29)
1+e—A

where the integers m are such that the argument 6,, satisfies —m < 6,, < 7 (this is consistent
with the principal logarithm defining (1 4+ ¢ 4= X)" for general n). The branch point associated
to 6, is at A = i(1 + ¢) tan(6,,/2): hence, the branch points have zero real part, and the
imaginary part is non-zero for —m < « < 7. Note that taking the limit « — =, the closest
imaginary branch points to the real line approach zero, and in the limit we can no longer set
up the problem using the residue theorem.

To fix the contour, we need the imaginary branch points closest to the real line above and
below, we will denote them by iX. If there is no such branch point we put A+ = F-00. Note
that the branch point corresponding to 6 is above the real axis, and the the branch point
corresponding to 6_ is below. As we vary n, there are three different cases that appear:

(1) For n > 2 there are always at least two solutions to (29): 6y and 6_;. Hence, iA; =
i(1 4+ &) tan(%5%) and iA— = —i(l + &) tan(%5H%).

(2) For 1 < n < 2 we have that for —7(n — 1) < @ < w(n — 1), both 6y and 6_;
are solutions to (29). For m(n — 1) < o < 7w we have a single solution 6y, and for
—1m <« < —m(n — 1) we have a single solution 6_;. Depending on the value of o we
have, for example, iA4 = i(1 + &) tan(“5,%) orid4 = ioo.

(3) For 0 < n < 1 we have either no solutions or a single solution to (29). For 7 (1 — n) <
o < 1,09 is a solution. For —7 < o < —m (1 — n), 6_; is a solution.

For generic (non-integer) n there are also branch points at . = +(1 + ¢).
We will use two contours of integration, sketched in Fig. 1. The first contour, Cy(¢, §),
is a rectangular contour with corners, for finite* AL, at A = 1 + ¢ /2 4+ i(A4 — 8) and

4f A4 (or A_) is infinite we take a rectangle with cornerat A = 1+ ¢/2 +iR (oratA = —1 —&/2 —iR),
and then take the limit as R — oo.
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Im(z) Im(z)
@ gA+ Co(e, 8) (b) At
. 18 <«
C(e,8")
1e b
—1-¢ -1 1 14+  Re(2) —1-¢ -1 1o 14e Re(z)
****** LR S A

Fig.1 Contours of integration for calculating the logarithm of the charged moment. The bold (red) line contains
singularities of the logarithmic derivative of Dy [t(z, A)], while wavy (blue) lines correspond to branch cuts
of fu(l+ ¢, A, ). Co(e, §) is the initial contour, where we take the asymptotic expansion of the Toeplitz
determinant. Then we deform the integral to C (e, §’) to evaluate the terms in this expansion. We have branch
points at i1 = i(1 + &) tan(T5.*) and ir— = —i(1 +¢) tan(%), and hence assume that —7 < @ < 7
and n > 2. The case where n < 2 is described in the text. (Color figure online)

A= —1—¢/241(A_+ ). This contour will be useful for defining the asymptotic expansion
with an explicit and uniform estimate for the error. Co(e, §) may be deformed to C(e, 8').
Below we will take the limit as ¢, 8 — 0 and the contour integral reduces to two integrals
infinitesimally above and below the red cut—these are the integrals appearing in related
calculations in Refs. [19, 22, 42, 44].

3.1.3 Fisher-Hartwig Asymptotics for the Toeplitz Determinant

Now, to find the large L asymptotics of log Z, (o) we need the large L asymptotics of the
Toeplitz determinant log Dy [t(z, A)]. This is a Toeplitz determinant with Fisher—Hartwig
jump singularities, and the asymptotics may be rigorously evaluated using standard results
[54, 68], our treatment closely follows Refs. [42, 44]. First of all, one needs to put the symbol
in a canonical form:

1) =" Oz P [T gs 0@ 7 * (30)
r
where
e 0 <arg(z) <6 i6;

= ‘ < forz; = el%. 31
8z;.8;(2) {e—mﬂj 0j <arg(z) <2m ! ey
Now, suppose that f(z) has 2N zeros a® {z1 = ek, .y = W,y =
elCr=kv) . zony = €l@T7kD} Then we can have a canonical form for #(z, 1) with the

following choices®:

N N+1-r
A+ S (=1 ky /0
e/ =™ = (1 4+ 1) <A f‘l) (32)
Br = (=DN TR 1<r<2N (33)
where
1 A+1 A+1
B() = i log <ﬁ> ; —7 < arg <ﬁ> <. (34)

5 We put all arguments between 0 and 27 for consistency with Ref. [54].
6 V is the kth Fourier coefficient of V (z).
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This representation implicitly assumes that f (e™) < 0; this means that the sign in (4) is
equal to —1. It suffices to consider only that case: suppose we transform f(z) — —f(2),
then the eigenvalues of the Toeplitz matrix generated by sign[ f(z)] go from v; — —v;.
Hence:

L n n
I —v; . 1+v; .
z ,L‘ - U e 1)) zelz, -, )] . 35
(o )*f(z) ]_[1(< B ) € +< ) )) € n(—a )f(z) (35)

j=

Thus if f(e'™) > 0, we can find the charged moment by calculating the charged moment of
— f(z) using the representation above.
Taking the result from [54] we then have the following asymptotics:

log Dp[t(z, )] = Vo(ML — 2NB()*log L + log E(A) + o(1) (36)

where

2N
EQ) = (o*‘“”zG(l +B0ONGA — ﬂ(D)) ; (37)
recall that o was defined in (10).

In terms of the length scale L, = o L, we can rewrite this as:

log Dr[t(z, )] = Vo)L — 2NB(3)*log Ly
+ 2N log <G(1 +B80)GA — ;S(A))) + o(1). (38)

From Ref. [54], the error term is o(1) = O(LIBPMI=1) where ||8]| is given by
max; x|Re(8;)—Re(B)|. This error term is uniform for compact sets of 8 such that || || < 1,
and is analysed in Appendix A for the contour of integration Cy(e, §). There we show that
we have:

BV —1<max|—=,——|1—-—] 1 +0(,¢). (39)
2 b4

n

—p(n,a)

We can take the limit ¢, § — 0 and, for a fixed —7 < @ < 7w and n > 0, we can hence
uniformly bound the next-to-leading order term in the asymptotics.

3.1.4 Asymptotics of the Charged Moment: Proof of Result 1

In order to evaluate the charged moment we insert these asymptotics into the integral and
then deform the contour from Cy(g, §) to C(g, §'). Le., we have:

! dlog Dp[t(z, A
logZ,(a, L) = lim — fn(1+€,k,a)wd)\
£0=0 271 Jcy e.0) dx
i / dfu(l+e 2, a)
Co(&,8)

= lim — log Dy [t(z, 2)]dA
s,;202ﬂ' 8 Ll (Z )l

dr
=agL +ajlog L, 4+ a; + O(L™H9)), (40)
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where
1 1 N )N+l
ap = lim —/ fn(1+g,x,a)< +2,-1(=D ki
£,8/—>0 27T1 C(&,8") 1 _l’_)\'
Ziv—l(—l)NH*rkr/n
- di 41
* 11— ) 41
1 d( =28(0)?
ar=N lim — fa(l —{-8,)»,0{)&(1)\
£,8/—>0 27T1 C(&,8") d)\'
2N B(L)
7'[2 8,51/130 C(e,8) fn( te a)l _ )"2 ( )
N dlog (G(1+ B(A)G(1 — B(x
@ =~ lim F e a8 (GUABONGA B |\

716,68 —0Jc(e,8") da

Note that we integrate by parts initially to avoid differentiating the asymptotic expansion—
for each individual integral we then integrate by parts again. These integrals can be evaluated
as in Refs. [19, 22]. In particular we have:

N
ao = —ie Y (—DNT"k, /7 (44)
r=1
1 1 2
=_N<E <n—;>+;(§> ) (45)
a =N Y(n,a) (46)

where Y (n, o) is defined in (11); for further details see the next subsection.

Now, recall that in our analysis we assumed that f (™) < 0; in this case the mean density
of charges in the ground state is given by (Q4)/L = vazl (=N ="k, /7. In the case that
f(e7) > 0wehave that (Q4)/L = (m — YN, (=1)N~"k,) /7 . Thus using (35), and noting
that the other terms are even in o, we have Result 1 for all cases. Note that the dependence
on (Q4) is as expected [19], since from (25) we have that Z1 (o, L) = 1 +i(Q4) + 0(a?).
This agrees with the calculations above: fixing n = 1 gives Zj(«, L) = el@(Qa)+0@) o
see this, weuse a; = —2N (%)2 and from (16) we have a, = O (a?) (see also the following
subsection).

3.2 Analysis of Y(n, a)

By evaluating the integral (43), we have:

Y(n, o) =i /OO (tanh(rw) — tanh(nwrw + i/2)) log de (47)
/ / <2cos(a) + 2cosh(nu))(7 B 005(2 ) )dtdu
ZCOSh(E)) t 2 sinh(z/2) '

(48)

The derivation of Y (n, o) follows the same steps as for the corresponding term Y (n) =
Y (n, 0) given for the XX model in Ref. [42]. Hence, the expressions agree in that case; we
refer the reader to Refs. [19, 22] for details. The form given in (48) (for a derivation see [22])
makes the following features explicit: Y (n, ) is real valued and is an even function of «.
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In the expression (47), we can use the Taylor expansion of tanh(nww + ix/2) about = 0,
which converges uniformly in w for |¢| < 7. Hence, using the notation of [19], we have the
series expansion:

Y(n, o) = Y1) +a?y(n) + a*ya(n) + e(n, a) (49)

where €(n, @) = O(«®) and y2(n) and y4(n) are given in Eq. (17). This expansion will be
used in calculating asymptotics of the symmetry-resolved moments.
An alternative formula for Y (n, «) can be derived by integrating (43) by parts leading to:

NY = Nl' d 1 A log (G(1 A)G(1 A)))da
(““)‘_Ehéﬂmﬁwwaiw“ +e.k.a)) log (G(1+ BANG(1 = BG))d,
(50)

The function d f,,(1 + ¢, A, @) /dA has simple poles at A,, = i(1 + ¢) tan(6,,/2), where the
O, are defined in (29). For n € Z these are the only singularities and deforming the contour
to infinity, the residue theorem leads to:

n—1
o 2m+1—n o 2m+1—n
Y(n,a) =2 I G(l—— 7)G<1 — 7> . (51
(n. @) ”;) og( 2rn + 2n + 2mn + 2n D

Note that this form is also manifestly symmetric in . This result was previously derived using
residue calculus in Ref. [21] and coincides with the result of lattice form-factor calculations
described in Sect. 4.2.

We have the following expansion for the summands in the above expression:

log (G(x - %)G(x + 2:7)>
= log(G(x)*) + ﬁ (—1 + )+ (x — 1)¢<'>(x)) o?

+ (v @@+ = DY) e + 0@, (52)

192n4 74
(recall that ¥ (x) is the usual polygamma function). Using also that G(1) = 1, we have
the result given in (18) for n € Z,. Using this formula for y»(1) we then immediately

have the known result (1) = — 1;7/2’1 [14, 19, 22]; we also have that y4(1) = ‘03(;;(:).
More generally, these expressions give a closed formula that avoids the need for numerical
integration to evaluate y» (n) and y4(n) for integer n. The above method is straightforwardly
extended to find higher terms in the expansion of Y (n, «) by expanding (51).

For general 0 < n € R, the functiond f;,(1+¢, A, &) /dA has branch points at A = +(14-¢);
and we take the branch cuts along the real line. Deforming the contour to infinity we have
additional contributions from integrating along the branch cuts, as well as residues. Defining

mp = |n/2—-1/2+ %J and my = |n/2 4+ 1/2 — 5], a calculation leads to:

m
T(n,(x)=2m2=010g<G<1+21n(2m+1—n—z))G(l—21n(2m+1—n—z)))
my
+zr§llog(c(1+2‘n(Hn_zm_:))c(l_;n(IH_Zm_:)))

8nsin(nm
n (nm)

I(n,a), (53)
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where the branch cut contribution corresponds to:

o0 n—1 n—1 2n 2n n n
1on, a) = / " +2)"7 1 (cos(a) (2" 4+ (x +2)2") + 2x" (x + 2)" cos(n))
0

. . 2
|+ 2027 4 207 (x + 2)7en™ cos(@) + e2inm a2

x log (G (1 + L log(1 + 2/x)) G <1 - L log(1 + 2/x)> )dx. 54)
2mwi 2mi

3.3 Symmetry-Resolved Moments
We have that

I [
Z,(q, L) = E/ e M Zy(a, L)da. (55)
—7T

We are interested in the case that gn = g — (Q4) is O(1) for large L. A corresponding
analysis can be made for g at different scales. We have from above that:

_N(,_1
Zu(0,L) = Ly ( ”)eNW) (1 +0 (L‘“ax{‘i"i])) . (56)

With these definitions, we have:

Z,(0,L) (7 efiqu%N 10g(Lo)+N (a2ya (n)+ays (n)+€(n,))

Z =
n(q) o .
x (1 n O(L_“(”’“))) da. (57)
Then let us define:
N 2
a(n, L) = — (log(Ly) — 2n7*y2(n)) = O(log L). (58)
2nm

Note that a(n, L) is a real-valued function, and for L sufficiently large it will be positive-
valued. We will split the integral over « into three pieces:

-r/2 1 /2 )
Z.(q) = 7/ e*I(CIAHQA))Oth(a’ L)da + — efl(qAJr(QA))aZn(a’ L)da
2w — 2 —/2
I I
1 .
+ = / e i@at0ale 7, (o, L)da. (59)
2 /2

I3

Asymptotically I, dominates /; and /3 as we will now show. First, let us analyse I, as
L — oo. Note that for |o| < 7/2 we have —u(n, o) < max{—%, —i}. Then:

2
I = Zy (0’ L) =/ e—aza(n,L)—iqur+Not4y4(n)+Ns(n,ot) (l +0 (Lmax{—;,—zln})> do
2z /2

1 Z,0,L) [vamD/2 ( s . d4a )
= exp| —a? —i———u
Ja@m, L) 2@ —nam,L)/2 Ja(n, L)
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4
X (1 TELLAN 0(log(L>—3>>da’

a(n, L)?
_ Z, (0, L) qa 3 Nya(n) _3
= 7\/4% exp ( Zan, L)) (1 + Tam. L2 + O(og (L)) + E(L)>. (60)

In the last line we extend the limits of integration to infinity. The corresponding error function
asymptotics result in a subdominant error term

2
e(L)=0 (exp <4aZ1AL)> L (1og(L))—‘/2> ©61)

that we can ignore’. For I3 we have the bound:

|I | _ ‘Z (0 L) / e~ 2a(n, L)— lquH—Noc ya(n)+Ne(n,o) (1 + 0(1)) da

w/a(n,L)
const Z,(0, L)/ exp(—a’?) (1 " 0(log(L)_2)) do’
Ja(n, L) Jam,L)/2
-0 (zn(o, L)L ™% (log(L))™ ) (62)

Similarly || = O (Zn (O, L)L_%(log(L))_l). These contributions are subdominant to

the expansion in negative powers of log(L) that appear in /,. We hence have the large L
asymptotics claimed in Result 2:

_ Zu(0,1) 4 < 3 Nya(n) _3>
Zn(q)_mexp< 4a(n,L)) 1+4a(n,L)2+0(10g(L) )y).  (63)

3.4 Symmetry-Resolved Entropies

The symmetry-resolved Rényi entropies are defined by:

1
Sulq) = (10g (Zn(q)) —nlog (31(61))) (64)
From (63), it is then straightforward to extract the asymptotics. First:
1 n
S =S, ——log(4 ,L ——log(4ra(l, L
1(a8) = S = 5> log (4matn, L) + 5 log (4ra(l, L)

n 1 _ qi nqi
1—n 4a(n,L) 4a(l,L)

1 ENV4( n) -3
+ 1o g( e+ 0log (L) ))

% 1o ( 3 Nya(l)
— —log

1 —
Y ia0. L)

+ 0(log <L>—3>>; (65)

7 Note that the power appearing here depends on the arbitrary choice of &« = 47/2 that we use to cut off the
integral away from o« = 7. We are free to choose any @ = £(w — x) for fixed x > 0 and this will lead to
a different algebraic decay. This is always subdominant to the expansion in negative powers of log(L) that
comes from expanding exp(Ny4(n) + Ne(n, o)) and doing the Gaussian integral.
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where S, is the usual Rényi entropy®, with asymptotics:

N

1 N
Sy = (K (1 + ;> log(Lg) + 7= (n. 0)) + O LM S (66)

Expanding the other terms we have:

Sp(q) =S L g (s L "
n(q) = n—m og(ym(n, ))+m

L] ( 9, i >+ 3 (NJ/4(n) nNV4(1))

log (47'ra(1, L))

1—n\ 4dam, L)  4a(,L)] " 40 —m)\am, L2 “a(, L)
+ O(log (L)73). (67)

Then inserting the definition of a(n, L), writing log(L,) = log(L) + log(o), and grouping
powers of log(L) leads to Result 3.

4 Discussion

We now discuss our results and put them in context. We focus on Result 1, since given that, the
others follow. First in Sect. 4.1 we explain the calculation of Z,, (o) (we will drop the explicit
L dependence in this section) using the twist-field method. We show how this recovers the
scaling dimension as well as the oscillatory factor in Result 1, as well as allowing us to derive
the same properties of the subdominant terms. Then in Sect. 4.2, we discuss another approach
to calculating the exact leading term by identifying the coefficients of the CFT expansion
with certain twisted overlaps in the lattice model. As with the CFT method, this applies
more generally to models that are not free-fermion, but we see for the free-fermion case that
this approach recovers the exact formula. Sect. 4.3 contains more details of the connections
between our approach and the CFT and form factor approaches. We also show how, under
certain assumptions, one could reconstruct Result 1 from the CFT analysis along with known
lattice results. In Sect. 4.4 we study a simple limiting case, a stack of decoupled chains.
Finally in Sect. 4.5 we give a discussion of subleading terms from Toeplitz determinant
theory and the connection to the CFT expansion.

4.1 Field Theory Approach

The usual method for calculating the Rényi entropy S, (L) in CFT, for integer n > 1, is to use
the replica trick [8, 10, 69]. This leads to studying the CFT on an n-sheeted Riemann surface,
that in turn corresponds to a Z,—orbifold CFT on the complex plane. The moments tr(p’;)
then correspond to correlators of certain branch-point twist operators 7,. Following Refs.
[13, 14, 19, 21], in order to calculate the charged moments, we dress the branch-point twist
operator with another operator. This is the CFT field V,, corresponding to the lattice operator
e1*@4; the resulting composite twist operator is 7, 4 = 7, V. Denoting the corresponding
antitwist operator by 7, and taking the subsystem A to be an interval of length L, we have:

Zy(@) = (Ty o (L) T;,0(0)). (68)

8 As emphasised in [19] this is the exact value of S;,, we then proceed to evaluate it asymptotically.
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The scaling behaviour of this correlator can be derived [13]: assuming that V, is a primary
operator with dimensions Ay, he, then the 7, , behave as primary operators with scaling
dimension:

C — C —
hna = ﬁ(n —1/n)+he/n hpo = ﬁ(n —1/n) + ho/n, (69)

where c is the central charge. For further details see the discussion in Refs. [13, 14, 19, 21].

The previous result is rather general. Let us now turn our attention to the family of models
considered in this paper, and in particular let us focus on the case where all Fermi velocities
are equal so that we have a low energy CFT (we explain below how to think about other
cases). Then we can use the general result taking ¢ = N and, considering the theory of N
bosonised complex fermions, V, is a particular vertex operator with sy, = hy = % (%)2
We justify this in the following section.

4.1.1 The Field V4

To identify V, we give a brief treatment of the field content of this theory; further details
may be found in references [41, 70-74]. We will use a field-theoretic bosonisation, ignoring
certain subtleties, such as Klein factors. The constructive approach [75] can be clearer, but
our main aim here is to outline the solution and show that it agrees with the rigorous results
given above.

For each fermion ¥ (x) we have two 2m-periodic bosonic fields ¢;(x) and 6;(x). They
satisfy [0¢;(x), 0;(y)] = 27id(x — y), and we have corresponding local vertex operators
V,,(f 21 = exp(img; (x)+inb;(x)) form, n € Z,these are primary fields with scaling dimension
h+h = m?+n?/4 and conformal spin & —h = mn. Fermionic operators are of the form V,f/ 3[
with m half-integer—this corresponds to a Jordan—Wigner string and arises from integrating
the density fluctuation d¢; (x) /2. More general vertex operators can be written as products
of the above for different sectors, and the scaling dimension is then a sum over the scaling
dimension from each sector.

Now, when & = 77, the operator e/ 24 = ¢l*{@a)ei®Qa corresponds to the Jordan—-Wigner
string. Similarly, for general & we can write down a corresponding operator:

. N i b
e@@a — exp Z(%/@ A (x) dx) . (70)

j=1
If we take the vacuum expectation, this looks like a two point function of vertex operators

Vu(x) = exp (Z?’:l %goj (x)) atx = 0 and x = L. Using the usual formula for the scaling
N («

dimension, we have hy = hy = 5 (E)2 These operators are, of course, not local fields in
the bosonic CFT; these nonlocal operators generically map between different sectors with
different boundary conditions [71, 76]. Indeed, focusing on the ¢ = 1 complex fermion CFT,
the operator:

Vo (z) = el2r @@—0O0) _ oisz JE dp(2)dz an

corresponds to a cut (along the integration contour) where the fermionic field (on the plane)
has a phase shift of e™'®. The scaling dimension of this operator, for —7 < o < 7,
then corresponds to the ground state energy of the fermionic CFT with corresponding
twisted boundary condition ¥ (x + 27) = —e_i"‘lﬁ(x) on a cylinder of radius one [71,
73]. A thorough treatment of these twisted boundary conditions of the CFT is given in
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[73.Chapter 10]—the key result is that we have hy = ho = 3 (%)2; and in fact this holds

for @ € R. Note also that as we take « — £ we have degenerate CFT ground states: this is
the usual degeneracy in the scaling dimensions of e*%/2, and means that we should expect
that the dominant asymptotics changes at these values of «.

Returning to the ¢ = N CFT, the field V,(x) = exp (i Zj-vzl = Pj (x)) gives the same
twisted boundary condition for each of the different fermions, and the scaling dimension is,

- 2

as expected, hy = hy = % (%) . Note that the more general operator Vy.,, ... ny(X) =
exp (i Z?’Il (% + nj) ®j (x)) creates the same boundary conditions; but for —7 <o <7
corresponds to an excited state in that sector (i.e., it is subdominant to V, (x)) since it has

scaling dimension hy = hy = Z?’:l 7 (& + nj)z.

4.1.2 The Formula for the Charged Moment

Using (68), with the above choice of operator V,, leads to:

Fo=ym=3 (%)

Zn(a) = const x L e*(@a)(1 + o(1)), (72)

where Lo = L/ap for some constant ag with dimensions of length. The other constant
corresponds to the normalisation of the twist field.

4.1.3 Subdominant Terms

In fact, the composite twist operator will generically contain all terms allowed by symmetry.
This leads to an expansion of the form:

. N o . (v
Tno = Ty(x) X Z (C{nj}’xel Y1 (Z+n)ej(x) + descendants of this operator)

{nj}ezN

+ Z Z (C{ ) eizy:] ((%'H'lj-i—%)(pj(X)+mj0j(x))
mj,njg,x

{nj}ezN {mj}eS
+ descendants of this 0perator>), (73)

where the constants Clnj)x contain the relevant normalisations and also oscillatory terms
(these can be obtained by replacing ¢;(x) — @;(x) +kjx or ¢;(x) — ¢;(x) — k;x as
appropriate). The set S corresponds to m j € Z, such that at least two of the m ; are not equal
to zero, and Z?’zl m; = 0. Note that this second sum does not occur in the N = 1 case;
it corresponds to overall uncharged terms that create fermions in one sector and annihilate
fermions in another. Note also the periodicity in « in the set of fields that we know holds for
Zy(a).

Inserting this ansatz into (68), we find two possibilities for the order of the dominant
subleading term:

(1) The first comes from subdominant primary operators with o(1) = O (La 2d("’m)) where

din,a) = % (1 — l%) There are a number of operators with this scaling dimension.

First, we have contributions from the first sum in (73) where one of the n; = —sign(«)
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and the rest are zero. For N > 1, we also have contributions at the same order from
the second sum. For j; # jpputm; = 1, mj, = —1 and nj = —(sign(a) + 1)/2
and nj, = —(sign(a) — 1)/2, leading to the same scaling dimension. Note that more
generally if our system is described by a compact boson away from the free-fermion
radius one of these contributions will be subdominant compared to the other.

(2) The second corresponds to contributions of descendants; the dominant descendant cor-
rection will satisfy o(1) = O(L, 1). This is not immediate from (73); indeed the
correspondence for the scaling dimensions (69) derived in Ref. [13] relies on the property
that the field is primary, so we should not apply that formula. It would be interesting
to derive the behaviour of transformed descendants either in the same way, or using the
partition function approach [14]; see also discussion in Ref. [77]. We simply note that
the Z,-orbifold CFT will have fields arranged into primaries and descendants, and so
we expect the descendant fields to map onto the corresponding tower of states. This is
consistent with the findings of [55].

Using the formula (15), we see that the CFT prediction for the subleading term is
O(L~2#m.9)) while our rigorous bound is O(L~Mn9))__these are consistent. The CFT
prediction for the subleading term matches numerical calculations in the XX model [19].
Note that these numerical calculations were for n = 2, and for n > 2 the contribution from
the subleading vertex operator always dominates the contribution from the first descendant.
We will discuss these subdominant contributions further in Sect. 4.5.

Finally, for the XX model case, we note that a formula was found for the expansion
coefficients Cinj}x in (73) by an analytic continuation in « of the function Y (n, ) [22]. This
agrees with the approach based on Fisher—Hartwig expansions given below in (97).

4.2 Beyond Field Theory: Form Factors and Twisted Overlaps

Estienne, Ikhlef and Morin-Duchesne analysed the problem of symmetry-resolved entropies
in the XXZ model, which includes as a special case the XX model at half-filling:
f (%) = cos(k) [21]. Of particular interest to our discussion is that the constants appearing
in (72) can be identified with limits of certain twisted overlaps in the lattice model that can
be calculated separately. This uses details of the lattice model, but is a separate approach to
the one taken in this paper. Note in particular that this method relies on the CFT description
of the low-energy behaviour, and the replica approach fixes n € Z .

Suppose we have our system on a periodic ring; the starting point is that the two-point
function of twist operators in the imaginary time direction is, by the state operator correspon-
dence, proportional to the square of the absolute value of the twisted overlap (Y| ), where
[ ) is the ground state on the ring with «-twisted boundary conditions. We can replace
this by the limit of the ground state of a chain with M sites and with a-twisted boundary
conditions, denoted |, (M)). More precisely,

Z1(@) = A (@)@ L2 (74)
where we have the form-factor
w26
|A1(@)* = lim ((—) |<wo<M>|wa(M>>|2). (75)
M—o0 27

For the half-filled XX model, direct calculation of the twisted overlap gives [21]:

1AL ()2 = 272(5) T, 76
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In this model we have o = 2, so using the CFT formula above we recover the leading term
given in Result 1 (as had already been found in [19, 22]). The method can be extended
beyond half-filling, but one would need to give an asymptotic analysis of certain functions
that appear®. For general filling, we hence expect that the outcome of this analysis would
give:

o —2(5= 2
A (@) = 0~2(5) Yo — (2 sin(kp)) ) ram), a7

although a direct derivation of this relation is beyond our scope.

There is a related formula for |4, (oz)|2, where we take the lattice equivalent of the Z,,-
orbifold construction. In particular, we take n replicas of the quantum chain, and introduce
twisted boundary conditions that cyclically connect the jth copy to the (j + 1)th and imple-
ment the a-twist. We take the overlap A, () of this twisted ground state and the ground state
of n decoupled chains, and then we have the following formula for the half-filled XX model
[21]:

|4, (@)2 = 2 6= 1/m=3 () Y na) a8)
where the form (12) for Y (n, o) appears directly from the asymptotic analysis. Then:

. a \2
Zn(@) = | Ay () 2ei(@a) [ ~s(=Um=3(55)" L (79)

Again, since o = 2 this agrees with Result 1 in this case. More generally, comparing this
analysis to Result 1 gives a formula for the limit of the twisted overlap for a general model
in our class.

4.3 Connection to Our Results
4.3.1 CFT Ground States and Fermi Velocities

We can now use the CFT analysis to put our results in context. First, note that the CFT descrip-
tion of the low-energy physics holds only for the case that all v; are equal (otherwise there
is no rescaling so that space and time are symmetric). However, as pointed out in Sect. 2.1,
everything that we calculate is a ground state property, and the ground state is invariant if
we deform our Hamiltonian by multiplying f (e'%) by a function'® A (k) = h(—k) > 0. This
means that for a given model, we can find a family of models with different Fermi velocities
and different low-energy physics that nevertheless have the same ground state. In Appendix B
we explore this for the case N = 2. There we find that along with the class of Hamiltonians
that clearly have a low-energy CFT description (models with k, = 7w — k; and h(k) = 1),
we can also find a Hamiltonian that is a CFT at low energies and that shares the ground state
with the model (4) for any w/3 < k1 < k» < 2 /3. In general, due to the fact we can tune
the Fermi velocities, we should expect that they do not enter into ground state properties,
and moreover that we should expect to apply the CFT analysis above in general (although
it remains to be shown explicitly that every model in our class shares its ground state with
another Hamiltonian in our class that has a low-energy CFT description). This general point
is made for Bethe Ansatz solvable models in Ref. [47].

9 These take the form > log[sinc (% (y+ a))] for particular ranges of y that depend on the filling.

10" We can write h(k) = 5:0 by cos(nk) where R corresponds to a minimal hopping range in the corre-
sponding model. Hence, if we restrict to a finite-range class of models, we should have R < co.
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4.3.2 Result 1: The Charged Moment

We now discuss Result 1 in light of the CFT analysis. Note that given Result 1, Results 2
and 3 follow as in the lattice calculations by taking the Fourier transform. Comparing (72)
to Result 1, we see that we have rigorous lattice asymptotics that agree with the scaling
dimension predicted by the branch-point twist field analysis. We can identify the UV scale
as ap = a/o, where a is the lattice spacing, and the composite twist operator 7, o has a
normalised two-point function if we multiply by e ¥ T ("/2 Ag expected, both the lattice
results and the form of the CFT results are independent of the Fermi velocities v;. We have
already compared the error term in Result 1 to the error term predicted by CFT; we will
look at this more deeply in Sect. 4.5 where we discuss corrections to the asymptotics of the
Toeplitz determinant.

It is interesting that, aside from the mean charge, the dependence on the Fermi momenta,
k;, enters into the length scale ap only. A similar point was observed for the full counting
statistics, Z(«), in Ref. [61]. We can interpret this as follows, fixing N = 1, then, for a
given n and «, the normalisation of the composite twist operator is universal. For N > 1,
we have a natural decoupling of the ground state into N sectors, and the normalisation of the
composite twist operator is again universal and corresponds to the N = 1 normalisation in
each low energy sector. Indeed, if we assume universality then this must be the case. This is
because there is a lattice limit of decoupled chains where this decoupling is manifest through
the entire calculation, and so this product normalisation appears in that case. We discuss this
limit further in Sect. 4.4.

4.3.3 Reconstructing Result 1

We now show how we can reconstruct the leading term of Result 1 using CFT analysis and
previous lattice results, if one makes certain physically reasonable assumptions. In particular,
let us suppose that normalisation of the twist operator for fixed n and « is universal and that
there is a single UV scale ag that depends only on the Fermi momenta characterising the
ground state. Then we can state Result 1 (for integer n and with the CFT estimate for the
error term) using Y (n, ) and ayp = a/o. An analytic continuation would then recover
the formula for all n. Y (n, «) is known from work on the XX model: for general n using
Toeplitz determinant methods [19, 22], alternatively, for positive integer n, using the twisted
overlap method [21]. The scale ag was implicit in the result for the asymptotic von Neumann
entanglement entropy given by Keating and Mezzadri [44], again using Toeplitz determinant
methods. Note that the proof of Result 1 does not use any of these assumptions, and therefore
confirms the above reasoning. We also see in the (conjectured) structure of the subleading
corrections given in Appendix D that the same universality properties do not appear to hold in
general. In particular, unlike the normalisation of the leading term, the coefficients appearing
in the operator expansion depend on the Fermi momenta.

4.4 Decoupled Chains

It is instructive to consider the limit of fully decoupled chains—these are models of the form

Fe®) = cos(Nk) — h (80)
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and are critical for || < 1. [Note that for even values of N these models are not in the class
explicitly analysed above, since f(e”) > 0. Recall that (35) allows us to proceed in this
case.] This gives N decoupled copies of the XX model'!, each with kr = arccos(h).

We can compare the Rényi entropies from these two points of view. First, evaluating the
entropies in our class using Result 1 we have the asymptotic formula:

N

5, (7 ( + 1) log(Ly) + LT(n)) +o(1). 81)
6 n l—n

Then, using the results for the XX model [42], we have:

N 1 , 1
S, = ZI: <8 <1 + ;> log(2sin(kp)L/N) + mT(n)) +o(l)

6

Note the universal normalisation of the composite twist operator appearing in both for-
mulae. Comparing the two formulae, we have an identity between the length scales:

N -2 ketkg N (DT 1N .
<H2sin(kr) l—[ <M> ) = ZSLU{F)’ (83)
r=1

<2 ok —kg
1<r<s=n NSIT(T) N
where k; are the solutions of cos(Nk) = h between 0 and 7.
We point out that this identity can be proved independently. Using the explicit form of
solutions of cos(Nk) = cos(x):

N 1 . N
= — (l + ;) log(2sin(kp)L/N) + mT(n) +o(1). (82)

ket =%+ 2 0. [N/21—1 and
mtl = N =0 an
o 2mn

k2n=—N+T n=1,...,|[N/2], (84)

one can show that the identity (83) follows from the simpler identity

N—-1 (a s .
) sin (W + N)) sin(a)

sin (a/N = . 85
(«/N) }:[1 < sin (%) N (85)

This in turn follows from sin(Nz) = 2V~ [T sin(z + 47) [64,Eq. 4.21.35).

4.5 Discussion of Fisher-Hartwig Determinants, Generalisations and the Error Term
for the Charged Moment

4.5.1 The Conjectured Full Asymptotic Expansion

The theory of Toeplitz determinants with Fisher—Hartwig symbols gives the leading term in
the asymptotics of the determinant where the symbol has certain singularities; this includes
the jump discontinuities that appear at the zeros of f(z) above. The formula for this leading
term was the long-standing Fisher—Hartwig conjecture [78, 79]; this conjecture and further
generalisations, have now been proved—see the comprehensive review [50] and references
therein. Notice that the canonical form (30) is invariant if we put 8, — B, + n, such that

T To be precise, the model with Hamiltonian equivalent to f (%) = cos(k) — h.
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Zfi’ | nr = 0. Above, we chose the unique canonical form, or representation, with [|8]| < 1;
this gives the correct asymptotics, as proved by Basor [68]. In the case that ||8|| = 1, Basor
and Tracy proposed the generalised Fisher—Hartwig conjecture (gFHC) [80]: this states that
the leading asymptotics are a sum over the terms corresponding to each canonical form with
[|B]] = 1. This generalised conjecture was proved in Ref. [81]. Note that for a symbol with
Fisher—Hartwig singularities, there always exists a canonical form with ||8|| < 1, and it is
unique when ||8|| < 1 [81].

These results give the first term in the asymptotic expansion. In our analysis above we
used the rigorous results of [54] to give an estimate of the correction term. In the analysis
of symmetry-resolved entanglement entropies in the XX model, given in Refs. [19, 22],
conjectured forms of the sub-leading terms in the expansion are used in the analysis (although
as we will see below, the dominant sub-leading terms are in fact a result of Kozlowski [53]).
The conjectural correction terms come from a full asymptotic expansion—this is also referred
to as the gFHC, although it is distinct from the gFHC of Basor and Tracy mentioned above.
For the discussion here it suffices to consider the symbol of Sect. 3.1.3, fixing N = 1 (this is
the XX model case):

A1\ ke
eV = M = 1y (T (36)
A—1
1 a1 rt 1
=B =p0) = s —log(—): —w<ag (S ) < (87
Br=—B1 = PO zmog(k_l) n_arg(k_1><n 87)

This representation has ||8]| < 1, and we can find other representations by taking S(A) —
B(A) +m for m € 7. Then the conjectured full asymptotic expansion of Dy [#(z, A)], for this
case, is as follows:

‘Descendant’ corrections for each m

> (L;Z“““”"”Ze<V°‘2“‘F'">LG(l +BR) = mG(1 = () +m) (1 + Z%ﬁ””(x)L;k) )

k=1

mez

Sum over Fisher—Hartwig representations

(88)

where L, = 2sin(kr)L and the coefficients a,im) (1) are not specified. Using the idea of a
Fisher—Hartwig representation [81, 82], one can write down a general conjecture of this form
for any Toeplitz determinant with Fisher—Hartwig singularities. This expansion is natural
from the perspective of conformal field theory. For example, in the study of spin-correlations
in the XX model, Toeplitz determinants with Fisher—Hartwig singularities appear (see [49]
and references therein); then the sum over Fisher—Hartwig representations corresponds to a
sum over vertex operators [41, 70—74] and the correction terms correspond to the descendants.
Another example is the sum over vertex operators in the analysis above—see Eq. (73)—
however, the comparison is less direct since we must analyse the contour integral as in
Sect. 3.1 to go from one expansion to the other. In Appendix D we compare the dominant
subleading terms using the two approaches for the case N = 2. We see that they agree
both in the power of L that appears, as well as in the oscillatory factors. There are many
examples in the literature of using subdominant terms that arise from these Fisher—Hartwig
representations with ||8|| > 1, for example Refs. [55, 61, 83-86]. General conjectures of
the form (88) are found in Refs. [53, 55, 62, 86—88]. Note that in some cases the term gFHC
refers to the sum without the descendant corrections, while in other places it refers to the
whole expansion. Indeed, in a study of corrections to scaling in entanglement entropies [55],
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the the term gFHC is used to refer to the sum over representations without the descendant
correction terms, but the authors expect and indeed derive such correction terms—we will
use their result for the first descendant correction below.

4.5.2 Kozlowski’s Results for the Subleading Term

Now, while the full expansion is conjectural, we emphasise that Ref. [53] gives a derivation of
the first subleading corrections for symbols with || 8|| < 1 using Riemann—Hilbert techniques.
This is most interesting and indeed agrees with the more general conjecture given above.
Moreover, these first subleading terms are already enough to make a non-trivial comparison
to field theory predictions, and naturally coincide with the subleading terms analysed in the
recent works [19, 22] on symmetry-resolved entanglement entropy in the XX model.

More precisely, in Ref. [53], the first subleading terms in the asymptotic expansion of
Dy [t(z, A)] were found. These include both oscillatory terms and non-oscillatory terms; and
the oscillatory terms can be identified as corresponding to subdominant Fisher—Hartwig rep-
resentations. Indeed, this motivated Kozlowski to give a general conjecture for an expansion
of the form (88). We also mention that a closely related formula, at least for the oscillatory
terms, is found in [81]. The result in Ref. [53] is an expansion of the form:

log D [t(z, A)]

5 A(L,)) B(A)
= V)L —2NB(X)"log L +log E(A) + 12 (14+o(1)+ T(l +o0(1)),

(89)

where A(L, A) is the oscillatory correction (the L dependence is purely oscillatory) and B (1)
is the non-oscillatory correction. Specialising the general formulae to our case (in particular,
setting up the problem as in Result 1) the oscillating corrections are given by:

A(L,A)

. <r<1—ﬂr>r(1+ﬁs>L2ﬂ,,zﬂx (z)L N P e
F(,Br)r(_,Bs) Zr |Zs - Zr|2 l_[t;és|zl — Zs|72/3’

DA = BITA+B) 24,25, <z>L U lsla - zs|2ﬂf>
LB (=4 s |Zs_zr|2l—lt7gr|zt_zr|_2ﬂ’ '

where the A dependence is through the $,. Recall that the z; are defined in Sect. 3.1.3. Note

that we can group the sum depending on the power of L appearing; there are three terms,
L¥#® L9 and L=4®):

LN/2] [N/2]-1
ALy= Y Y (F(I_WLM(A)(ZN“’)L

1<r<s<2N

(90)

2
e N+ s= g2y \ TBG) IN+142s
1 H1¢N+1+2S|Zt — Zn+142s |72
X 2 Y
lzva2r — zvsi42s)® [lengorlzr — avgor |72

DY

IN/2]  [N/21-1 (
r=—[N/2]1+1s=—|N/2]

CA+BM? | a0 (zNHm)L
F(—B(2))>2

IN+2r

-2
1 l_[t;éN+2r|Zt — ZN+2r] Pr

X
lznt2r — avt142s? Tligngrqasl2e = ani42s 72

) +0%». )
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The O(L®) term is not needed for the analysis of the dominant subleading terms, but can
be written down explicitly if needed using (90). Furthermore, the non-oscillating corrections
are given by:

2 al (zr + 25) N—s (Zr + 25)
B =—B1)7 ) Zﬂs( | =80 Z Y =D =]
r=1 \s#r $ r=1 \s#r Zr = s

In Ref. [53], the expansion (89) is derived with no control over the error terms. Let us
suppose that (89) holds with o(1) terms that are uniform in A. Then we can integrate to find
explicit subleading corrections to the charged moment. In particular, with the usual definitions
as in Result 1, we would have:

log Z,(a, L)
N 1 2N / a \2
= (— — (n - 7) -2 (52) )log(La) +ia(Qa) + NT(n, @)

6 n n \2x
+dy (o, LY 4 0(1)) + dp (e, L)(1 + 0(1)) (93)
where
1 df, A
dn(o, L) = —— / MA(L,A)M (94)
27'[1L2 Co(e,8) d)\.

- 1 df,(1+¢ A, a)

dy(o, L) = —— 2 B(\)dA. 95

(o, L) il /CO(M) i ) 95)
Defining

—N-t 12
|zt — Zn+1425|CD
ou(r.s) = (Hz;ﬁN+l+2s ' +142s ) .0, 96)

—_1\N—
l_[t;ﬁN+2r|Zf_ZN+27|( D

we show in Appendix C that d, («, L) has the following form:

2
dy(a, L) = L—7<1+a/n>r(z 5 (1 +a/m))
F(; = 2;(1 +a/m))?

[N/2]1-1

N/2 2
A vt \F 0w, s)Fndre/m
(> X ;

N4 ?—*LN/ZJ IN+142s ) 1ZN+2r — IN+142s]
I(§+ 2 (1 —a/m)?

T(3 — 5 (1 —a/m))?
/21 [N/21-1

22 (1—a/m)
X( 3 3 (ZN+1+2s> ou(r, s) |2)%—O(L’z).

By T e PR P |ZN42r — ZN+1425

4 L aU-a/m)

CD)

For n > 2 one of the two explicit terms will be the dominant subleading term. Otherwise,
one might be interested in the exact form of d, (o, L) which is O(L~1)—see the discussion
in the next section. Note that specialising this formula to the N = 1 case, we recover the
results of Refs. [19, 22].

‘We emphasise that this conclusion requires assuming uniformity of the error term. It would
be interesting to prove this using the Riemann—Hilbert method, taking the results of Deift,

@ Springer



28  Page 26 of 38 N. G. Jones

Its, Krasovsky [54, 81] and Kozlowski [53] further. Indeed, in Ref. [81] it is remarked that
given an analytic V (z) (in our case of interest V (z) is constant), one can derive subleading
terms in the expansion using the methods of that paper, i.e., using Riemann—Hilbert methods.
It would be most interesting to calculate the Fisher—Hartwig subleading term this way, with
control of the error term, and hence to rigorously derive the subleading terms for the charged
moment in agreement with the CFT description.

4.5.3 Descendant Corrections

The expression (97) gives the expected subdominant behaviour for n > 2 but there is a
leading 1/L correction for 0 < n < 2 (for a range of «); although the coefficient in the
expansion could be zero. Note that the corrections for N = 1 have been analysed in Ref. [55]
as follows. Reinterpreting the Toeplitz determinant of interest as a random matrix average,
a recursion relation, determined by the Painlevé VI equation, for Dy [#(z), A)] at different
values of L can be used to derive subdominant terms [44, 55]. Inserting the above ansatz (88)
into the recursion relation, Calabrese and Essler found that al(o) = 4i cos(kp),B(A)3. This
moreover agrees with the result for non-oscillating corrections given by Kozlowski (in this
case B(L)/L = 2iB(A)% cot(kr)/L = a\”/L,). Using Eq. (40) and deforming to C (e, 8'),
the corresponding term of order L ! is:

[&" (@, L)]N=1
_2coskp) | ' d " -
R 5,181'120/_1 o (e m)(p+io) - po.~is))ar
= _% n /"0 (tanh(7rw) — tanh(rnw + i /2)) (3w2 — 1/4)dw, 98)

J(n,a)

where in the second line we used standard substitutions as in Refs. [19, 55]. Note that
J(n, 0) is the integral of an odd function of w and thus vanishes. This is consistent with the
results of Calabrese and Essler: the O (L") correction is not present in their results for the
Rényi entropies. (They do find descendant corrections of order L =2, but these are always
subdominant to the leading correction coming from a primary.) However, in the charged case
this integral is non-zero in general. Indeed in Appendix E we prove that:

i 3
T(n. o) = ﬁ ((n2 _ 1)% n (%) ) : (99)

this is zero only for « = 0 (for general n) and for o = +7+/1 — n? (when n < 1). When
n = 1, this is a correction to the full-counting statistics generating function, and then (99)
agrees with the result found in [86].

More generally, let us suppose that (89) holds uniformly. Then we can insert (92) into the
contour integral and using (99) we have that:

2N

! 3 it
e <("2 - 1)% + (%) ) (ZZ(—I)N %) (100)

r=1 s#r

dy(a, L) =

To conclude this discussion, we have seen a close relationship between the CFT expansion
in primary operators and descendants and the asymptotic expansion of Toeplitz determinants
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with Fisher—Hartwig symbols, the latter based on subdominant Fisher—Hartwig representa-
tions. We emphasise that both of these techniques are in excellent agreement with each other,
and indeed with numerical calculations in the XX model [19, 22, 55]. Moreover the form of
the dominant subleading terms in the Fisher—Hartwig expansion is found in [53]. However,
the uniformity of the error term in that case has not been established, and so we have used
weaker bounds on the error term in deriving our results above—this is enough to establish
the expansion in powers of log(L)~! for the symmetry-resolved entropies. It is an exciting
question to understand more deeply these subdominant terms, and the relationship between
the structure of the Fisher—Hartwig expansion and conformal field theory.

5 Outlook

We have obtained exact formulas for symmetry-resolved Rényi entropies in a large class
of critical free-fermion lattice models. These lattice models have a low-energy description
given by N massless complex fermions. The key step was an asymptotic analysis of the
charged moments using Toeplitz determinant theory, including a rigorous error term. We
emphasise an effective scale o, that depends only on the Fermi momenta. We have given the
physical context for our results, and made connections between the CFT analysis and the
theory of Toeplitz determinants with Fisher—Hartwig singularities. Our work significantly
expands upon the work on the XX model given in Refs. [19, 22]. We also give connections
to the lattice methods based on twisted overlaps, given in Ref. [21].

As far as open questions are concerned, a key issue is a greater understanding of subleading
terms in the calculation of the charged moment. This is discussed at length in the previous
section, we reemphasise here that the Riemann—Hilbert method, as used in Ref. [53, 54, 81],
could be used to rigorously derive these terms. It may be useful to separate the problem
of proving the leading subdominant terms with uniform error estimates from the task of
establishing the full asymptotic expansion. Note also that the class we consider here, with
N > 1, involves an expansion in CFT fields that goes beyond that appearing in the N = 1
case. We have presented calculations in Appendix D that show that in the case N = 2,
there is a correspondence between leading subdominant vertex operators and the leading
subdominant Fisher—Hartwig representations. It would be most interesting to see if this were
true in general.

The twisted overlaps used in Ref. [21] to derive the full lattice result from the CFT
formula are themselves determinants of Toeplitz matrices. It would be interesting to derive
the asymptotics of these overlaps for the more general class considered here directly; our
results imply what these asymptotics should be. We also note that the form-factor calculations
apply also to subdominant terms in the CFT expansion. It would be very interesting to see
if they agree with the constants one would get from using subdominant Fisher—Hartwig
representations.

The charged moment Z,(«) is periodic in «. The dominant asymptotic term is valid
only when fixing the range —7 < « < m, which suffices for many purposes. Including
the subleading corrections in the CFT expansion (73) can in principle restore periodicity
in a—see relevant discussion in Refs. [21, 22, 63]. Indeed in Ref. [22] an analytic (rather
than periodic) continuation of Y (n, &) to |¢| > m is found. This is again relevant to the
subleading terms and both the CFT and Fisher—Hartwig expansions. We saw agreement with
the dominant subleading primary terms in the XX model case. A similar comparison to the
conjectured coefficients in the Fisher—Hartwig expansion should be made more generally.
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In this work we studied systems with U(1) symmetry. We can consider larger classes of
models that contain our family, for example, the BDI class of topological superconductors
[59, 89, 90]. The gapless models considered here are at phase transitions of gapped phases that
have symmetries including Z, fermion parity symmetry. One can consider the corresponding
Z-resolved entropies; these were studied in [22] for the XY spin chain. The entanglement
entropies in the X'Y model can be analysed using Toeplitz determinant theory [91, 92]. A more
general analysis of all gapped models in the (translation-invariant) BDI class (equivalently,
the Jordan—Wigner dual spin-1/2 chains) was given by Its, Mezzadri and Mo [93]. The results
for the corresponding (block)-Toeplitz determinant are less simple in this case, but it would
be interesting to understand if one could find the Z,-resolved entropies in that case. We also
mention recent work on symmetry-resolved entropies in WZW models via CFT methods.
The models considered here are simple examples of WZW models [the group is SO(2N)].
One could try to find the corresponding symmetry-resolved entropies using the lattice model,
confirming they fit the CFT prediction.

We note that knowledge of the Rényi entropies for all n is equivalent to knowing the
entanglement spectrum [94-98] (or spectrum of the reduced density matrix). It would be
interesting to use our results to find the entanglement spectrum of the different symmetry
sectors.

Finally, to apply the CFT analysis to our class of models, we supposed that every ground
state had a parent Hamiltonian that is described by a CFT at low energies. We proved this
for a simple subclass of models with N = 2, but this should apply in general based on the
form of our results and the principles of [47]. It would be neat to have a general formula for
the function 4 (k) that would allow us to constructively show this in the general case.
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Appendix A: Details for Sect. 3.1.3
A.1.The Casen > 2
Here we analyse || ]| on the contour of integration Cy(¢, §) (see Fig. 1). Recall that ||8]] is

defined as max; x|Re(B;) —Re(Bx)|. Hence, for our choice of 8;(4) (givenin (33)), we have
that the seminorm ||8(1)|| is equal to 2|Re(B(A))|. Recall also that the branch points are at

iy = i(1 + &) tan (%) (101)
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A = —i(1 + &) tan (M) . (102)
2n

Let us consider the vertical contours. First take A = (1 + &/2) +is for (A_ +6) < s <
(A4 — §8); then:

1
IRe (BN = 7— ; (103)

2s
arctan | ———————
s2+e+¢62/4

which is maximised at s = £+v/4¢ + &2, with value 5-|arctan ((e + &2/4)~!/2)|. The same
formula holds for the other vertical contour, A = —(1 4 ¢/2) — is. Hence, along the vertical
contours we have that |Re (8(1))| < 1/4, and so (||,3(k)|| - 1) < -—1/2.
The upper horizontal contouris A = i(Ay — ) —s for —(1 +¢/2) <s < (1 +¢/2). We
have:
Re(B(1) = <log (_gu s 1) —log (—?(“ 2t 1)) )
4ri iy —08)—s—1 iy —08)+s+1

It is straightforward to see (e.g., from (105) below) that Re(8(1+)) < 0, and, moreover, that
Re(B(X)) has a minimum at s = 0. Furthermore, s = 0 is the only stationary point. Hence
|[Re(B(A))] is maximised at s = 0, and so we have:

1 I+ Ay 1 " 1
Re(B (1 =|—1 — =|— log(—€™) | = |=— (6o —
Re(B(11))] ‘M og( (1—A+)> 5 log (=) ‘h(o )
1 —1
_ L <7<” ) +“) . (105)
2 n
Hence, along the upper horizontal contour we have:
1 o
1B =1 -—(1-2)+ 06,0, (106)
n T

Now consider the lower horizontal contour with A = i(A_ 4+8) +s for —(1+¢/2) <5 <
(1 4 ¢/2). By analogous calculations, on the lower horizontal contour we have:

BG)I -1 < -1 (1+3)+0(5,s). (107)
n T

o]

Now, forn > 2 we have that — % (1 — 7) > —1/2;i.e., the horizontal contours dominate.

We can then conclude that, for —7 < o < 7 and along the contour Co(e, §), we have the
following A-independent bound:

1 o
1Bl —1 < — (1—U)+0<a,e>. (108)

n T
Note that for integer n there is no branch cut on the real line, so we can extend the rectangular
contour along the real axis. This will improve the bound on the vertical contour, but since

this is always subdominant to the contribution from the horizontal contour it does not affect
our result.

A.2.TheCase0 <n<2

We now have the possibility that there are no imaginary branch points either above or below
the real axis, i.e., A+ = Fo00. This means that we take our rectangular contour with corner
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atA=1+¢/2+iRor A = —1 — ¢/2 — iR respectively, and then take the limit of large R.
Note that on the horizontal contour with imaginary part £R, we have Re(8(1)) — 0. On the
vertical contour, the maximum of Re(8(1)) is always at s = £+/4¢ + &2, independent of R.

Depending on the value of « and n we can use the above analysis to find a similar bound.
First,let 0 < n < 1 and —n (1 —n) < a < w (1 —n). Then iA+ = Fioco and on the two
horizontal contours we have Re(8(1)) — 0. Thus from the vertical contours we have the
A-independent bound:

Bl —1 < —1/2. (109)

For0 <n < land (1 —n) < a < m, we have a branch point at 6y, and close our contour
below it. Then we have the bound (106) for the horizontal contour; and over the full contour
we have the A-independent bound

1Bl =1 <max{ — -, ——|1——) t +0(@,¢). (110)
2 b4

n

The same bound follows for 0 < n < 1 and —7 < o < —n(1 — n). Moreover, for
1 1

—(1—m) <@ =70 —n wehave — > —1 (1= 1), 50 we conclude that (110) holds
forO <n < landfor—7 <o <.

By considering the different cases for 1 < n < 2, we are again led to (110). Hence, that
bound holds for all » > 0 and all -7 < « < . For the special case n = 1 we have a single
branch point at 6y for 0 < o < m and at 6_1 for —7 < « < 0. There is no branch point
on the real line, so we can extend the rectangular contour to 00 along the real axis. This
means that on the vertical contours ||8|| — 0, while the horizontal contours are analysed as
above. We then see that forn = 1:

e o)
[1BI] = 1 < max 1, 1 - + 0(@,¢). (111)
In fact, for « = 0 this agrees with the expected CFT scaling, O(L_l). However, based on
the discussion in Sect. 4.5, we expect that this contribution has coefficient equal to zero (see
Ref. [55] in the XX model case and (100) more generally). Hence, once again, the rigorous
bound does not give the expected (conjectural) leading subdominant term.

Appendix B: CFT Parent Hamiltonian for N = 2

Suppose we have a model of the form (4), with Fermi momenta 0 < k; < k» < =, and
h(k) = 1. The Fermi velocities are given by:

1
v = 7 sin(ky)(cos(k;) — cos(kp))
1
vy = 1 sin(kp)(cos(k;) — cos(kp)). (112)
These are equal at all points k, = 7 — k.
Now, let (k) = 1 + bcos(k), which is a valid choice of h(k) for |b| < 1; i.e., the

Hamiltonian f; (e'*) and the Hamiltonian b (e*) = fi (e’®) (k) have the same ground state.
The Fermi velocities of the new model are those of the original model multiplied by % (k) at
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the Fermi momenta, giving:
1
vi = (1 +bcos(ky)) 7 sin(ky)(cos(k;) — cos(ky))

vy = (1 4+ bcos(ky)) % sin(ky)(cos(ky) — cos(kz)). (113)

We can then solve v; = v; for b, giving:

sin(kp) — sin(kp)
b= . . ) (114)
cos(ky) sin(ky) — cos(ky) sin(kp)
which satisfies |b| < 1 for 7 /3 < k1 < ko < 27/3.
Consider the analogous calculation using

sin(ky) — sin(ky)
cos(nky) sin(ky) — cos(nky) sin(ky)

hk) =1+ ( )cos(nk) (115)

for n > 2. For this to be valid, we need

< sin(kp) — sin(ky) )
-1 < - - < 1.
cos(nky) sin(k;) — cos(nky) sin(ky)

(116)

One can try to find a suitable n satisfying this inequality for a given k| and k&, or try different
forms h(k) = Z,f:o by, cos(nk). A full analysis would be of interest since it would establish
that for all models in our class, the ground states have a parent Hamiltonian that is a CFT at low
energies. In this appendix we simply show that this conclusion holds beyond a measure-zero
region of k-space.

Appendix C: Details for Sect. 4.5

In this appendix we outline the steps to reach the explicit form of the subleading term given
in Sect. 4.5. First, recall the definition:

_N-t 12
|ze — zZn+14251CD
|| VIR +142s ) -0 (117)

|(=DV

o.(r,s) = (

1_[;#N+2r |zt — Zn+2r

and define corresponding length scale L, = o,L. Then note that the expression for the
oscillating corrections A(L, A) given in (91) is a sum over terms of the form:

1 IN+2r
Ji(r,s) = 373 < )
27 |zN+2r — ZN+142s 17 L% \ ZN 41425

dfu(1+e, 1, 0) T(1—BON? 4p0)
X 5 L,”"dA
Co(s,8) da C(B())
hr.s) = i < IN42r )L
’ 27 |Zn42r — IN41425 1L \ ZN41425

» / dfn(1+e,2,0) T+ ,3()\))2[‘74,3()\)(& (118)
Co(e,5) da r(=Bm)?: ™~ )

To evaluate these integrals, deform the contour Cy(e, §) to C(g, §’) and take the limit. We
then reach standard integrals that have been studied before in the XX model case [19, 22,
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55]. In particular:

1 ra) T — B())?
lim dfn(I+e, A, ) I'(1 — B( 2)) L0 g;,
£,8'=0JC(e,8) da rem)

*© . (2 +iw)? —diw+2 -4
= h 2) — tanh(rw)) —2——— L 4" 2du (14 O(L
nn/_oo Canhrw +ia/2) = tanhrw) S5 L w(1+0w:h)

2-2(1+4a/7) I+ 21 +a/m)?

= —2miL,
T3 — 5 (1 +a/m))?

(I +o(D)). (119)

In the second line we use the change of variables A = tanh(;rw). The third equality follows
from the residue theorem on closing the contour in the lower half-plane; the explicit leading
term comes from the pole closest to the real axis. Similarly

dﬁxl+sx<wrw1+ﬂu»2.4mmdx

lim L,

8,8'—=0JC(e,8) da F( /3()\.))2
2-2(1- am TG+ 2 (1 —a/m))?
rgG- *(1 —a/m))?

= —2miL, (I +o(D)). (120

Putting this all together, we have a correction term of the form given in (97).

Appendix D: Vertex Operators and Fisher-Hartwig Representations
forN =2

In this appendix we look in more detail at corrections to the charged moment coming from the
conjectured expansion of the Toeplitz determinant and the corresponding corrections coming
from the CFT expansion. We will consider the case N = 2. Then we have:

1/2
sin2 (kzzkl)

: 2 kotky
s (72 )

o = | 4sin(ky) sin(kp) (121)
D.1: Fisher-Hartwig Terms
We can specialise (97) to the case N = 2. Then:

(3 + 20 +a/m)?

2
dy(a, L) = L™a+e/m)
e ) réd — La+a/m)?

% <C1(_a)ei(k2—k1)L + oy (—a)el +C3(_a)e—21k1L>

T(§+ 2 (1 —a/m)?
1"(* - f(l —a/m))?

4+ L aU-a/m)

x <c1(a)e_i(k2_k‘)L + ea(e Pt 4 63(oz)ezik‘L) +ow™h (122
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where:
2-2(1—a/m)
20— . . n
ert@) =2 x (4sin (F2 =R )Y sink) sintka)
! 2 Sin(k2+k|>
2
2-2(1-a/n)
, sin (kzgk‘) “
ca(@) = (4sin(ky)) w1/ [ ——=
sin (255
2-2(1-a/n)
2 an (50 \
e3(@) = (@sinkp)"n 7 =L . (123)
sin( 242' ‘)

+i(ka—k1)L

Note that the terms oscillating as e each correspond to two summands in (97).

D.2: CFT Operators

Now let us consider the CFT description for N = 2. Then, considering the expansion (73),
forn > 2 and @ > 0 the dominant terms correspond to correlators of vertex operators:

1) eilzz —Dei (X)ei%@(x)’
) eiﬁwl(x)ei(%—l)wz(x),

3) ei(%—%)w ) i(F5 = D2 (x) 161 (1) g —if2 (x)
@) o(F D00 D261 0 gita)
Using (68), the two-point function in the orbifold CFT of each of these operators scales as

L3O m=R (= (1=5) (124)

and so the correction to (72) is o(1) = O(L’%(l’%)). Now, the dominant term leading
to (72) allows us to fix the phase factors that come with the fields g (x). In particular, we
put @1 (x) = @1(x) + 2k1x and @2(x) — @2(x) — 2kox. This means that in the two-point
functions of the subdominant terms listed above, we have an oscillatory factor ekl for
(1), an oscillatory factor e~ 2k2L for (2) and the correlator of both (3) and (4) oscillates as
e!\1=k2)L - An analogous discussion holds in the case & < 0.

D.3: Conclusion

We see that calculating the charged moment using an expansion of the Toeplitz determinant
based on representations of the symbol with ||8|| > 1, and calculating the charged moment
using an expansion in CFT fields leads to the same order of subleading term. Moreover,
the oscillatory terms that arise in the two methods coincide exactly. This correspondence
is perhaps even closer: there are two vertex operators and two Fisher—Hartwig representa-
tions corresponding to el*1 %)L while there is one vertex operator and one Fisher-Hartwig
representation corresponding to each of the other oscillatory terms. We point out that the

. . -2(1+2
lattice calculation (122) does not lead to a sum over terms of the form L, w17 ), for the
length-scale o given above. This means that in the CFT expansion (73) the prefactors depend
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non-trivially on the Fermi momenta. This is in contrast to the N = 1 XX model case, where
the dependence is on L, also in subleading terms.

Appendix E: Leading Descendant Correction to Charged Moment

In this appendix we prove certain claims made in Sect. 4.5.3 about the correction of order
L~ to the charged moment. First, recall the definition (98) of J (n, «):

J(n,a) =n /00 (tanh(rw) — tanh(nrw + i /2)) (3w2 —1/4)dw. (125)

—0o0

We now use a trick that was used to evaluate (42) in [19]. Writing z = nrw, for |¢| < m we
have:

4 ) i /Oo ! ( 3 p 1/4)d (126)
—J(n,0) = —— - = -
da 27 J_oo cosh(z + ia/2)? n2m2’ ¢

The singularities of the integrand nearest to the real line are at z + /2 = =£in /2, we can
thus deform the contour to get:

o i /00 1 ( 3 e—ia)? 1/4) q
—J(n, @) = —— —— 5=k —ix -
da 27 J_o cosh(z)? \n2x2 * ¢
3o 2
= 4n2”3a +147m2 (n“—=1). (127)

Since J (n, 0) = 0, we can integrate to reach the claimed formula (99).
Now let us consider the correction of order L' for the full-counting statistics generating
function, Z (o). We take the case n = 1 in (98) to give:

. ECYECAY 2 k
Z1(@) = e (@) (e  ~2(57) (1 _ 2008KF) Sy gy 4 o(L—1)> . (128)
o
Using (99), we have:
. _2(2)? 3 k
Z1(@) = Qa7 (Lay p ~2(57) 1_1LM+O(L*1) . (129)
213 Ly

This result was conjectured in [61] based on numerical calculations, and was then derived
analytically, assuming the Fisher—Hartwig expansion (88), in Ref. [86]. Since we use formula
(98), our derivation also implicitly assumes that this expansion holds. Alternatively, we could
assume that the expansion given in (89) is uniform.
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