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ABSTRACT: In a recent paper we studied the entanglement content of zero-density excited
states in complex free quantum field theories, focusing on the symmetry resolved entangle-
ment entropy (SREE). By zero-density states we mean states consisting of a fixed, finite
number of excitations above the ground state in an infinite-volume system. The SREE is
defined for theories that possess an internal symmetry and provides a measure of the con-
tribution to the total entanglement of each symmetry sector. In our work, we showed that
the ratio of Fourier-transforms of the SREEs (i.e. the ratio of charged moments) takes a
very simple and universal form for these states, which depends only on the number, statis-
tics and symmetry charge of the excitations as well as the relative size of the entanglement
region with respect to the whole system’s size. In this paper we provide numerical evi-
dence for our formulae by computing functions of the charged moments in two free lattice
theories: a 1D Fermi gas and a complex harmonic chain. We also extend our results in two
directions: by showing that they apply also to excited states of interacting theories (i.e.
magnon states) and by developing a higher dimensional generalisation of the branch point
twist field picture, leading to results in (interacting) higher-dimensional models.
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1 Introduction

The symmetry resolved entanglement entropy (SREE) is a relatively new measure of entan-
glement for many-body quantum systems. The concept was introduced in [1-3] although
the name SREE first appeared in [4], where it was defined as a new measure of entangle-
ment associated to theories that posses an internal discrete or continuous symmetry. The
role of symmetries in the structure of the entanglement entropy and the contributions of
symmetry sectors to the total entropy were also studied in [5], simultaneously and inde-
pendently of [4]. The approach of [4], which we adopt here, falls within the framework of
branch point twist fields [6-10] and their composite generalisations [4, 11-13]. These fields
have only been formally defined for 1+1D theories and have proven particularly useful
in the study of entanglement measures for conformal field theories (CFTs) [8, 14-16] and
integrable quantum field theories [9, 17-20]. In this context, typical examples of theories
that posses internal symmetries are the Ising field theory, with (discrete) Zg-symmetry,
and the sine-Gordon model which has (continuous) U(1)-symmetry.



Interest in the SREEs has been motivated in part by the fact that they can be measured
experimentally [21-23]. Our interest however stems from 141D quantum field theory and
related models, such as integrable spin chains, where powerful analytical and numerical
computational techniques can be employed. In this context, there has been an enormous
wealth of results in recent years. These include many studies in CFT [4, 5, 24-33], integrable
quantum field theories [34-39], holography [1-3, 40-42], lattice models [5, 2426, 34, 43-50],
out of equilibrium [22, 25, 48, 51-54] and for systems with unusual dynamics [55-60].

Let us recall the general definition of the SREEs. Consider a 1+1D quantum field
theory and a bipartition of space into two complementary regions A and A so that the
Hilbert space of the theory H also decomposes into a direct product Hq ® H 7. Assume
that the theory is in a pure state |¥). We define the reduced density matrix of subsystem
A as

pa = Trz(W)(T]), (1.1)

and the standard von Neumann and nth Rényi entropy of subsystem A are defined as

S =—-Tra(palogpsa) and S, = M with S = lim S, , (1.2)
1—n n—1
where Trap’ := 2,/ 27 is the normalized partition function of a theory constructed from
n non-interacting copies or replicas of the original model.
Assume now that the theory has an internal symmetry, with symmetry operator @
whose projection onto subsystem A we call Q 4. By construction, we have that [Q 4, p4] = 0.

Let ¢ be the eigenvalue of operator @) 4 in a particular symmetry sector. Then

Zu(q) = Tra(piP(q)) (1.3)

with P(q) the projector on the symmetry sector of charge ¢, is the symmetry resolved
partition function. In terms of this object, the SREEs can be written as

Zn(q)

Sn(q) = 7 log Zr(g)

and  S(q) = lim Sy(q) . (1.4)

In particular, for n = 1 the partition function (1.3) represents the probability of obtaining
the value ¢ upon measuring the charge.

In part I of this series [61], we presented a study of these SREEs by focusing on complex
free theories and qubit states. We considered a class of excited states |¥) consisting of a
finite number of excitations and a particular scaling limit, namely one in which parts A
and A are infinitely large, but the ratio of their lengths by the total length of the system
is r and 1 — r respectively, with r € [0, 1]. Since the ratio of particle number to volume is
zero, we call these states zero-density excited states.

As discussed in [4] the partition function (1.3) can best be obtained in terms of its
Fourier modes, the charged moments

Zn(a) = Try(pe?™ia@ay (1.5)



If the symmetry is U(1) the following relationship holds

1

Zo(q) = [ da Zy(a)e 2mioT, (1.6)

NI

which we employed in [61] in order to compute the SREEs. However, similar formulae hold
for other symmetries and, in particular, the integral is replaced by a sum if the symmetry
is discrete (see e.g. [39]).

Let us now summarise the main results of [61]. We computed the ratio of charge
moments between the excited and ground states. As anticipated, the results are functions
of the state | V), the parameter o and the ratio r. Formally, we define the ratios

A 2% (r; )

n (ria) = (ra)’ (1.7)

generalising the notation in the definition (1.5) to include the dependence in r.
We found that for a state consisting of a single particle excitation of charge ¢ = £1
above the ground state |¥) = |1), the ratio is

M%E(r; o) = e2mien 4 (1 — )", (1.8)
and for a state of two excitations with opposite charges +e we have
M¥Y (ra) = (X 4 (1 — 7)) (e 2% 4 (1 — 1)) . (1.9)

For a state of k identical excitations, that is, with the same charges ¢ and momenta, we

obtain
k
MY (ria) = Y[, (110)
j=0
where ff(r) = ,CjrI(1—7r)*J and 1,C; = ﬁlj), is the binomial coefficient. This formula

acts as the fundamental building block for all other cases. A generic state comprising s
groups of k;* identical particles of charge ¢; will have

51 €
kL kS

My (r;e) =] Mﬁ:i(r; a). (1.11)
i=1

In the present follow up paper we test these results numerically as well as extend them to
interacting and higher dimensional theories.

Note that the possibility of having identical excitations is excluded for fermionic the-
ories. For v = 0 these formulae reduce to those found in [62, 63], later generalised to
entanglement measures of multiple disconnected regions [64] and to higher dimensions for
free bosons in [65]. These results in turn have been extended in a series of works [66-71] to
deal with finite volume corrections and non-localised excitations. More recently, some of
the o = 0 results were recovered as a semiclassical limit in the presence of an interaction
potential [72]. This semiclassical picture had already been invoked much earlier, see for



instance [73]. However, it is worth emphasising that our formulae are not merely semiclas-
sical limits but hold for genuine quantum theories. The quantum nature of the model is
encapsulated by the symmetry resolved entanglement entropy of the ground state (and its
associated moments), which are highly non-trivial for quantum models. In other words, it
is only the ratios (1.7) that are simple, not the individual charged moments.

This paper is organized as follows: in section 2 we present numerical results for two
(free) discrete systems: a 1D lattice Fermi gas and a 1D (complex) harmonic chain. We
find that in both cases the formulae above are reproduced with great precision, even if
the scaling limit of the Fermi theory is a massless free fermion whereas for the harmonic
chain it is a complex massive boson. For the complex free boson, we show how the SREE
can be computed by employing a wave-functional method partly presented in this section
with technical details in appendix A. In section 3 we show that our formulae also hold for
some magnon states in interacting theories, including those of two interacting magnons.
In section 4 we present an extension of our results to higher-dimensional quantum field
theories, which draws on the connection between entanglement measures and twist fields
and is close in spirit to the wave-functional approach employed for the complex free boson.
We conclude in section 5.

2 Numerical results

In this section we present numerical results for two very different discrete models. First
we consider a 1D lattice Fermi gas, which has critical features but also possesses highly
excited states whose entanglement is well described by our formulae, and then we look
at the harmonic chain, whose scaling limit is a massive free boson. Whereas for the first
model we can only consider distinct excitations, for the second we consider also states of
identical excitations. The good agreement found confirms the more general picture put
forward in [62] that these kinds of formulae hold under the broad assumption of localised
excitations. These are present both in gapped systems due to finite mass scale/correlation
length, and in critical systems, when the De Broglie wave length of the excitations (which is
inversely proportional to their momentum) is sufficiently small compared to subsystem size.

2.1 1D lattice Fermi gas

In this section we analyse a particle-hole excited state of a 1D lattice Fermi gas, comparing
our analytical predictions with the numerical data. Even though the model is critical,
it was realised in [68] that certain highly energetic quasiparticle excitations still have a
universal entanglement content. More precisely, if one assumes that a set of quasiparticles
with small enough De Broglie wavelengths (compared to the typical geometric lengths)
is present and their momenta are sufficiently separated, then the quasiparticles will be
essentially uncorrelated with each other and with respect to zero-point fluctuations. We
refer the interested reader to [66—-71] for further details about the universal entanglement
content of quasiparticles in critical systems.

Our goal here is to briefly review the numerical techniques involved in the characterisa-
tion of fermionic Gaussian states [74] and their application to the computation of symmetry



resolved measures. We start by considering the Hamiltonian of free spinless fermions on a
circle of length L

H:—%Zf}+1fj+f}fj+1+ﬂzf;’rff’ 21)
F j

where p is the chemical potential and {f;};=1,..r, {f;}jzlw"L are the ladder operators
obeying the standard anticommutation relations

iy =1L =0 {f. £l =65 (2:2)

When |p| < 1 the theory is gapless, and the ground state is a Fermi sea with Fermi
momentum kp = arccos(p). The two-point function evaluated in the ground-state at
Fermi momentum kg takes the following form
. sinkrp(j — j')
Co4.4") = (flfiho = =557 (23)

— G
Lsm%

Here, we analyse the quasiparticle excited state described by the following two-point
function
1

fe—i(kF—%%)U—j’) . (2.4)

It corresponds to the insertion of a fermion of momentum k = kg + 7 above the ground state

]. y s s s -/
O(.4) = Co(3,4") + e rra=2)U)

and the removal of another fermion (or equivalently, the insertion of a hole) at k = kp — 7.
The choice of the momentum shift |k — kp| = 7§ is not important in the continuum limit,
where the only necessary condition is that |k — kp| remains finite when L — co.! We now
have to specify the symmetry of the model. The Hamiltonian (2.1) is invariant under an

internal U(1) symmetry associated to the number of fermions generated by

Q=> flf (2.5)
J
and it clearly satisfies the locality condition @ = Q4 + @ 3, with
Qa=> [t Qi=> ff (2.6)
JEA jeA

As subsystem A we consider the segment of length ¢, that is the sites j = 1,...,¢ and
investigate its entanglement properties with the complementary region A containing sites
j=4L+1,...,L We denote by 064 and C4 the ¢ x ¢ matrices resulting from projection
of the matrices Cp and C' (defined by egs. (2.3) and (2.4) respectively) onto subsystem A,
keeping only j = 1,...,¢ as spacial indices. Following [27] we express the charged moments
of the particle-hole state and the ground state by means of the determinants

TrA(pze%riaQA) = det ((CA>ne27ria + (1 o CA)n) 7 (2_7)
Tra(ploe?™ @) = det ((Cgh)"e? @ + (1 - Cg)"), (2.8)

n the work [27] another particle-hole state satisfying |k — kr| ~ 1/L was analysed. The entanglement
measures of that low-lying state turned out to be captured instead by CFT predictions, due to the strong
correlation effects between the particle/hole and the zero-point fluctuations.



with p4 and pao the respective reduced density matrices. According to our analytical
predictions, we expect that the ratio of the charged moments takes the following univer-
sal form

Tr n 2ol o ) )
TrAA(i;[:zA eQWiaQA)) = (,r.n62ma + (1 B ,r)n)(Tne—%rm + (1 - T)n) ) (29)
A0

that is, the expression for two distinct excitations with charges +1, which contribute to
the charged moment with an Aharonov-Bohm phase e*?™, We write ~ to indicate that
equality is only expected in the scaling limit of the lattice model.

To test the validity of eq. (2.9) we consider two entanglement measures, namely the
excess of (total) Rényi entropy and the so-called (following the terminology of [27]) “excess
of variance”. The excess of entropy is recovered from our formulae for &« = 0 and for two
distinct excitations takes the simple form

1 Tra(p)  log (™ + (1 —7)")?
AS, = log AWA)  log (" + (1 = 1)) (2.10)
I—n TTA(PA,O) L=n
We define the variance? associated to p4 as
2 4
oy _ Tra(paQd)  (Tra(piQa)) _ 1 & Tra(ple’™9)
(AQA)n = o o = —5——log - . (2.11)
Tra(pli) Tra(p) (2mi)? do Tralph) |,

Similarly, we denote by (AQ%)n o the variance of the ground state pa 9. From (2.9) it then
follows that the excess of variance is given by

2r(1—r)"

(AQ,24>n - <AQ2A>%0 = (rm+ (1 —r)")2’

(2.12)

A way to physically interpret the result of eq. (2.12) is to regard this excess of variance as
twice the contribution associated to a single quasiparticle, since particles and antiparticles
contribute in the same way. The latter is just the variance of a Bernoulli random variable
with success probability given by

rn

A (2.13)

p:

namely the probability one associates to the presence of a quasiparticle in A computed
with the density matrix p'j. Since the variance of a Bernoulli variable with probability p
is just p(1 — p), we get eq. (2.12).

In figure 1 we report the numerical values of AS,, and (AQ%), — (AQ%)n 0, computed
from (2.7) and (2.8) using exact diagonalisation of the correlation matrices C'4,C4 0, and
our analytical predictions. We keep L fixed, analysing different values of » = ¢/L. Our
choice is motivated by the expectation that these plots should be “universal”’at large L,
meaning different data obtained with different L should collapse to the same universal
prediction (independent of lattice details as kp) when L — oo. As we see from the plots in
figure 1, the match between numerics and analytics is really good.

2The choice of this terminology comes from the fact that for n = 1 the physical variance of the charge
is obtained. For n > 1 this variance has not a direct physical meaning, nevertheless it is still useful for the
understanding of the symmetry resolved entanglement.
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Figure 1. Numerical data versus analytical prediction for the particle-hole excited state described
by the correlation function (2.4). The data is for kp = 7/2, L = 200 and different values of n for
r =4{¢/L € [0,1]. Left: excess Rényi entropy checked against eq. (2.10). Right: excess variance,
checked against eq. (2.12). The numerical results are in very good agreement with the analytical
formulae.

2.2 Complex free bosons and the wave-functional method

In this section we consider a complex massive free boson. Unlike the 1D Fermi gas, this
model and its lattice version allow us to test formulae for states containing two or more
identical excitations. Furthermore, thanks to the computation technique that we outline
below, we are able to directly access the ratios MY (r; ) defined in (1.7) for different values
of a. Our numerical computation is based on the wave-functional method introduced in [63]
(see appendix A of that paper). Here we need to extend the technique to a complex theory
and to the symmetry resolved moments. These extensions are not entirely trivial and for
that reason we review the wave-functional method in detail.
Let us consider a 1D complex massive boson on the line [0, L] with Hamiltonian:

H= /OL dz (T + (9,9)1(0,9) + m?a7®), (2.14)

where

M(z) = ®T(z), IIi(z)=d(z). (2.15)

Alternatively, we can introduce a pair of real bosons ®1, ®5, and express ¢ and II as
_ D + 1Py _ II; + 11y
\/i ) \/5 ’

so that the Hamiltonian becomes that of two real bosons. The only non-vanishing equal-

iy (2.16)

time commutators are:

[@(), I(y)] = [®F(2), I (y)] = id(z — ). (2.17)
Since space is compact, there are discrete energy levels with dispersion relation:
2
E, =/m? +p?, pE%Z, (2.18)



and the Hamiltonian is diagonalised via the introduction of two sets of creation/annihilation
operators. The annihilation operators are:

A, = \/ﬁ/ dze P (E,®(x) + 111 (2)) (2.19)
B, = \/W/ dze™ P (E,®'(z) + ill(z)) (2.20)

and as usual A;r, (B;g resp.) creates a positively (negatively) U(1)-charged particle with
momentum p from the vacuum. These operators satisfy:

[Ap. Al = (B, Bl,| = 6, . (2.21)
®(z), II(z) then admit the usual Fourier decomposition

Ape'™ 4 Ble ) (2.22)

1

x) = —_
zp: V2LE, (
T) = —iz Ly (B e — ATe_im) . (2.23)

— 2L\ P
Finally, the charge operator corresponding to the U(1) symmetry of the theory is:
L

Q=i [ dr:(0f(@)f(z) - @(@)(x)) := > (A}4, - B}B,), (2.24)

0 P

where the normal ordering means that we subtract every non-operatorial term resulting
from the commutation relations (i.e. terms involving J-functions).

2.2.1 The wave-functional method

A very useful way to represent the states in the theory is provided by the wave-functional
formalism. In this approach, we associate to every state a functional ¥ acting on the space
of classical field configurations ¢, ¢’ : [0, L] — C and formally defined by:

(g, '] = (4,6 ¥). (2.25)

The action of the operators ®, IT on the (rather abstract) state |¢, ¢') mimics the action
of the position and momentum operators on the state |z) in non-relativistic quantum
mechanics, so that in the wave-functional representation:

T
B(0)¥(0, 1] = ()Wl ()¥lo. o = 7500 (2.26)

and analogously
¥ (0)%[6. ] = o/ (0)¥[o.of], 11 (a) @0, 6] = 25 (2.27)



Notice that, for consistency, when 411, iII" act on a ket |¢, #T) there is a minus sign in front
of the functional derivative. The functional of the vacuum state is defined by:

ApWie = ByWoe =0 Vp, (2.28)

and the only solution to these functional differential equations up to normalisation is the
Gaussian functional:

U0, 6] = exp [— /[)dedygﬁT(x)K(x—y)qb(y)], K(z ZE w(z=y)

(2.29)
Notice that K(z) is a real, even function of xz. The functionals of the positively and
negatively charged one-particle states are obtained through the action of A}; and B;Q:

Al = 0y e oplo] = 22 [Carergin) (230
0
L .

Bi e = 6,0 Bolol = 22 [ dwemow), (23

and the functional for a state with kT positive excitations and k™ negative excitations (all
with different momenta) is:

k
l;:Qf d) ¢T H H B;j ‘I’V"m H ap ¢T H Bq] vac d) ¢ ] (2'32)
j=1

A correct choice of the normalisation in (2.29) ensures that the functional above has unit
norm with respect to the bra-ket product. However, the normalisation must be modified
when some of the particles’ momenta are equal, according to (2.21). If there are k" (k;)
positively (negatively) charged particles with momentum p; (¢;), for i = 1,...,m™ (m™)
we define:

A k m~ B k;
= Wac (2.33)

’m
k+ k— _ L
pu% [¢ ¢T - H )

\/ﬁFl\/Z

with >/ k+ = kT, 37" ki = k™. The action of the charge operator on a wave-functional

IZI

1mmed1ately follows from that of the fields and their conjugates:

1) 1)
5@ e

and in particular one finds that the vacuum and the Fock state functionals are charge

wawﬂzéﬂu<w@> ) o, (2.34)

eigenstates:
Qe =0, QUL I = (k* — k7 )wk" k" (2.35)

DPi,q; Di,q;5

However, because |¢, ¢') is not associated to any charged state in the Fock space, it is not
a charge eigenstate. The exponential of the charge operator acts on |$, ¢') by introducing



phases (notice the minus sign in front of the integral):
0 o

— () —— Ty — 2 g, —2mia i .
2~ >5¢(m))]|¢,¢> 27, =2 )
(2.36)

This can be argued, for instance, by looking at the corresponding infinitesimal translation:

GQﬂWQW, ¢T> = exp [—27Ti04 /L dz <¢T($)
0

L 0
+ 2mia @) ~ + 2m’a/ dz ¢(x . 2.37
6+ 2iad) ~ |§) [ ar o) s 10) (2:37)
Employing these results it is possible to show (see appendix A for the derivation) that
Tr (o 4e?™0@4) = / D1 ... Doy exp[—Gal (2.38)

where G, is a known gaussian functional of the fields ¢(z), ¢! (z) given in (A.23). Results for
the harmonic chain can then be obtained by discretisation, as we see in the next subsection.

2.3 The harmonic chain

Since the Hamiltonian (2.14) reduces to the sum of two Hamiltonians for the real bosons
®4, $, with prefactors %, the discretisation proceeds exactly as for the real boson [63]. We
divide the interval [0, L] in N parts introducing a spacing:

L

Ax = — 2.39
r= (2:39)
and we define z = %:E, z € {0,1,...,N — 1}, so that we can replace every integral with
a sum:
L L—Azx L {—Ax L L—Azx
de — — , /dx—>— , /dx—>— . 2.40
fot v oy X feoy s eo

If we discretise the Laplace operator as:

O(x + Az) + (z — Azx) — 2P(2)
(Az)?

and impose periodic boundary conditions ®(0) = ®(L), ®7(0) = ®T(L), the Hamilto-

nian (2.14) reduces (upon integration by parts) to two independent harmonic chains for

020(x) —

(2.41)

real fields. The set of momenta is now restricted to the first Brillouin zone, p = 2%;5, p €
{0,1,..., N — 1}, and the dispersion relation becomes:

2N L\?
from which the relativistic relation Ez = m? + p? is obtained when % < 1. Notice
that since we restrict the set of momenta, the function K (z) defined in (2.29) becomes a
finite sum:
| ZN-D/L
K(z) = T ];) E,e™* (2.43)

thus it is no longer an even function of x, though the property K*(z) = K(—=x) still holds.

For the sake of simplicity we will take ® and ®' to be the fundamental degrees of free-
dom in the following, while keeping in mind that the real degrees of freedom are recovered
using (2.16). In the formula (A.26) the functions U, V¥ are modified by simply replacing
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the integrals with sums following the prescription (2.40). On the other hand, discretisation
of the measure G, leads to a finite-dimensional (nN') x (n/N) matrix G which couples the
fields ¢ () and ¢;(y):

0.~ (%) zlz( > o+ X )cbi(a:)K(w—y)@(y)

1=1 r€AYEA zcAycA

+ Y (@) + el @e %) K@ - y)gily)

zeAycA

n L
+ Y d@E(-y) (@(y)+¢i+1<y>e2m5i»")] = > Y 6l@)Giagytiv)

zeAyeA i,j=1z,y=0
(2.44)

where we explicitly wrote the complex conjugate in (A.23) before discretising the integrals.
Wick’s theorem ensures that the Gaussian average in (A.26) can be computed from the
contractions of pairs of fields, which are in turn obtained via the inversion of the matrix G:

| —

$i(2)'0;(y) = (G iz gy (2.45)

The matrix G has a block structure, consisting of n? blocks Gi. ;., each of which is an N x N
matrix. From the above expression we see that the only non-vanishing blocks are either
in the diagonal G;. ;. or just off the diagonal, G;. (j+1).. Each block G admits a sub-block
structure in terms of the matrices K¢, q,, @1,Q2 € {A, A}, whose elements are:

L 2
(KQ1Q2)ay = (N) Kxz-y), z€Q1,y€ Q. (2.46)

Notice that K44 is a square matrix with dimensions %N X %N , K45 has dimensions
%N X %N and so on. From (2.44) we obtain the following basic structures:

» Diagonal blocks Gj. ;.

( o+ D+ D>+ > )gbl(x)Gm,im(y)

T€EAYEA zcAycA zcAycA zcAycA

2
- (fv) 23 dl@K (@ —y)dily) +2 Y ¢l@)K(x —y)eily)
r€E A $EA
veA yeA

+ Y dl@K@-yay)+ Y. sl@K@—y)eiy)

zeAycA zeEAycA

2K A4 KAA
= Gz,z =
Kia 2K;4
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o Off-diagonal blocks Gj. (i41).

2
> ¢1T(93)G¢m,(i+1)y¢i+1(y) = <J€]> > &} (2) K (& — y) i1 (y)e2miodin

z€eAycA zeAycA

0 0
= Gi~,(i+1)- = KAAGQM'O@,” 0

o Off-diagonal blocks G ;4 1). .

L ’ —2miad;
>0 Ol (@G ey ®i(y) = <N> S @K (@ —y)ei(y)e T
zcAycA zcAycA
_,—2miad; n
= Giy1).4 = 0 Kaae
0 0

Note that the block structure is different from that in [63] because the roles of regions
A and A are now exchanged. Although this exchange has no effect on the form of the
entanglement entropy, for the SREE it makes a difference as the symmetry between A, A
is broken when we choose to place the charge in subsystem A.

In terms of the N x N blocks above, we can schematically write the matrix G as follows:

1 2 n—1 n
A A A A A A A A
—— — N N — — — N~
1{ A{ 2Kaa ' K,i 0 ' 0 0 ' 0 0 ' NK i
,,,,,, L - - __L____] I -
;1{ Kiy '2Kz5| Kiy ' 0 0 ' 0 0 ' 0
2{ A{L 0 Kaq | 2Kaay Kas || N U
A{| o 0 | Kqu 2K, 0 1 0 0 1 0
n—l{ A{ 0 1 0 0 L 0 QKAALKAA 0+ 0
;1{ 0 ' 0 0 ' 0 Kzq '2Ks5 | Kzy ' 0
n{ A{ 0 , O 0 , 0 0 | Kaq |2Kaa, Kz
-c I~ - - - - -1 - T~ -1 -7~ T - 71" T 7 T T
A{ MKis1 0 0 .+ 0 0 . 0 Ki, 1 2K

where we introduced )\, = 2™,

2.3.1 Numerical results

In appendix A we have explicitly derived the ratio of charged moments for excited states.
We thus have all the ingredients needed to obtain numerical results. Let us take a bi-
partition where A is a segment made of N4y < N consecutive sites, with N4q/N = r and
analyse the behaviour of MY (r; ).
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Figure 2. Numerical data (triangles) versus analytical predictions (dashed lines) for M21+1+(r; a)
(top row) and M2" (r;a) (bottom row). We consider n = 2, system size L = 30 with m = 0.1.
The left/right panels in each row show the real/imaginary part of the function. In both rows we
take values of the flux @ = 0,0.1,...0.5. The numerics for the top row figures employ momenta
p1 = 7, p2 = 27/5 whereas for the bottom row we took equal momenta p; = py = 7.

In figure 2 we compare results for two kinds of two-particle excited states: those of
particles with identical charges and either distinct or equal momenta p; and ps. Our
analytical predictions for M, (r; «) are

My Y (rsa) = (" + (1= 1)")?, 1 # e,
M2+( ) 7’2n dmia + 2n(1 o T)nrne%rioz + (1 _ T,)2n . pL=Dp2. (2.47)

In our numerics we have chosen L = N = 30, so that the lattice spacing L/N = 1. We
also fix the mass scale to m = 0.1, which corresponds to a typical correlation length of
¢ =m~! = 10 sites. Finally we choose either p; = py = 7 or p; = m and py = %’T, both in
units of the lattice spacing.

Similarly, figure 3, we consider the following three-particle excited states: a state of
three equal momenta, that is p; = p2 = p3, a state of two equal momenta among the three,
that is p1 = p2 # p3, and a state with three distinct momenta, that is p1, p2, p3 distinct. In

this case the analytical predictions are

M3+ (7’; a) — T3ne6z7ra +3nr2n(1 . ,,,)ne4i7ra +3n7,n(1 _ T)2n62i7ra 4 (1 _ ,’,)371 . pL=Dp2=D3,
(2.48)
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Figure 3. Numerical data (triangles) versus analytical predictions (dashed lines) for M3" (r;q)
(top row), M2 (r;a) (central row), and M2 ™11 (r; a) (bottom row). We consider n = 2, system
size L = 30 with m = 0.1. The left/right panels in each row show the real/imaginary part of the
function. In each rows we take values of the flux @ = 0,0.1,...0.5. The numerics for the top row
figures employ momenta p; = py = ps = 7, for the central row p; = ps = 7, p3 = 7/3, whereas for

the bottom row we took p; = w,py = 7/3,p3 = 7/5.

and

M2V () = M2 (r;0) (P2 4 (1= 1)), p1 = p2 # 3,

' (2.49)
MYV (rra) = (MmeP 4 (1— 1)), pr £ pa # b3

The set of momenta is p; = pa = p3 = 7 for the first excited state, py = py = m,p3 = 7/3
for the second state, and p; = 7, py = 7/3, p3 = 7/5 for the third one.
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In all our figures we chose non-negative values of a. Given the formulae above, taking
a < 0 is equivalent to complex conjugation with « positive, so the figures for negative «
are identical except for a change of sign in the imaginary part of all functions. We have
also considered the value @ = 0 (in green) which is the limit where there is no flux. As
expected, in this case our formulae recover those for the excess Renyi Entropies in [62, 63],
which are symmetric in » and have vanishing imaginary part. Despite the fact that the
correlation length is not particularly small with respect to the system’s size L (£ ~ 0.33L),
we took highly energetic states (momenta being fixed in the large-volume limit) and we
thus expect the validity of our predictions.

In both figure 2 and 3, we plot the numerical data (triangles) against analytical pre-
dictions (2.47) and (2.49) as functions of r fixing n = 2 for several values of o between 0
and %, which correspond to flux +1, respectively. At these two points, the ratio becomes
purely real. The figures show excellent agreement between numerical data and analytical

predictions.

3 Magnon states

The numerical results of the previous section provide convincing evidence that the results
of [61] are correct. We now consider how our results might be applicable in a broader
context. A natural starting point are magnon states. Such states describe the eigenstates
of a variety of spin chain Hamiltonians, with or without interactions. They admit a simple
explicit form in the spin basis so that entanglement computations are easy to perform. We
also know from [63, 71] that the total entanglement entropy of magnon states is described
by our formulae with o = 0. As we see below, even in the presence of non-trivial scattering,
the agreement extends to o # 0.

The main idea behind this construction is somewhat similar in spirit to the qubit pic-
ture [61, 63], namely, that the entanglement content of quasiparticles can be easily under-
stood if one factors out the zero-point fluctuations. In other words, instead of considering
the full quantum theory where the quasiparticles are constructed on top of a nontrivial
ground state, which in general has its own entanglement content, we consider a simpler
theory in which particles are constructed above a trivial ground state. It turns out that
the entanglement of this simpler model keeps track of the exact entanglement of the quasi-
particle and discards explicitly the entanglement of the true ground state. Our magnon
states belong to a Fock space generated by multiparticle configurations. In this case, the
symmetry we construct will be “internal”, meaning that it acts just as a phase on each
multiparticle state; this phase is directly related to the quantum numbers of each particle.

3.1 One-magnon states

We firstly focus on a single magnon state on the lattice, belonging to the one-particle sector

of a quantum spin—% chain of length L. A one-magnon state can be written as

L § Wi
\\Pl):ﬁ;e 1705 (3.1)
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where |j) is the state of a localised magnon of momentum p in position j. If one imposes
boundary conditions on the chain, the momentum p is quantised as follows

7. 2
peT (3.2)

We introduce the action of the symmetry operator e2riaQ

, where () is associated with an
internal symmetry. For our purposes we just need to specify its action on the vacuum state
|0) and on the one-particle sector. In addition we assume that the magnon is charged with
respect to ), and it has charge +1.

We are interested in the entanglement between spins 1,2, - - - , £ in region A and the rest
of the system. Associated to this region there is a restricted symmetry generator e?™@@4

which acts as
ePTRA0) = [0),  €PTaj) = ePTIiealj) (3:3)

where djca gives 1 if j is in A and 0 otherwise. The reduced density matrix of the region
Ais
_ 1 ip(3=3")| 7\ (4!
pa=Tog(|[T)(W) =7 > e )G+ (1 =7)]0)(0]. (3.4)
Ji'eA

These two terms appearing in the formula above are interpreted as the contributions as-
sociated to the presence/absence of magnon in subsystem A, respectively. It is easy to
show that

n

i n 1 ip(G—3)1 2\ /2 Tio n
XA pl — T S PTG €T+ (1= r)m0)(o, (3.5)
J,J' €A

a relation which shows explicitly the presence of the symmetry for this state ([pa, e27@4] =
0). After a straightforward calculation one gets

n

Tra |1 X0 UG = T no) = (-0 (36)
J,j'€A

Putting the previous two pieces together, we arrive at the expected final result
Tr (pﬁe%iaQA) = r"e?™Y 4 (1 — )", (3.7)
with » = ¢/ L, which provides the exact charged moments of a single magnon state.

3.1.1 Two-magnon states

In the following we consider a state of two magnons with the same symmetry charge. This
example is more interesting because it allows us to test whether the presence of non-trivial
interaction changes our results. Given a pair of quasimomenta p and p’, we parametrise
this state in the following way

L
1 o
02) = =D 8P, (33)
33’
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where S is a scattering matrix and |jj’) is the state with two localised magnons in sites j
and j'. The choice of the S-matrix is not really relevant for our purpose, but for the sake
of concreteness we set
e for j > j,
Sjj/ =<1 for 7 < 4/, (3.9)
0 for j =7/,

using the same conventions as in [62]. The action of the restricted symmetry operator
e2mia®Qa on the two-particle sector of the Hilbert space is

p2miaQa 1757) = e2mia(djeatdjica) 175). (3.10)

It is possible to decompose pa = Tr ; (|¥2)(¥2|) as follows

1
o= (210, )

L

where pg‘l) is the two-particle contribution (both particles in A), ,0542) is the vacuum contri-

bution (no particles in A) and pf) is the one-particle contribution (one particle in A and
one in A). The introduction of the flux gives rise to the following relation

paemed = = (e (o))" + () ) (3.12)
No approximation was made up to this point, but the explicit expressions of p%), given
in [62], are cumbersome and not particularly enlightening for our purpose. However, one
can show that in the limit L — oo and ¢/L,p # p’ kept fixed, Tra ((p?)”) simplifies

drastically:

Try ((pg))”) ~ L2, Try ((pf))”) ~ L"(1—7r)*", Tra ((p(j))") ~ 20" (1 —r)".
(3.13)
Putting all the pieces together one finally gets

Try (pZ€2mO‘QA) ~ T2n€47ria + 27471(1 _ ,r,)n€2m‘oz + (1 _ T)Qn _ (rn€27ria + (1 o T)n)Q'
(3.14)

This computation shows that in this particular scaling limit the interaction between par-
ticles has no effect on the final result, and the total charged moment is just a product of
two single-particle charged moments. A different result is obtained if p = p’ and fixed. In
that case, the magnons are indistinguishable and one can prove that

Trg ((p(Al))n) ~ Lnr2n, Try4 ((pf))n) ~ Ln(l _ 70)2717 Try ((pf))n) ~ QnLnrn(l o 7’)”,
(3.15)

so that
Tr 4 (pZeQWiaQA> ~ p2n ghmic + 2”7‘”(1 _ r)ne2m'a + (1 i T)Qn7 (316)

which no longer factorises into one-magnon contributions. Both results are special cases
of (1.8) and (1.10).
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The results of this section generalise previous work for the excess entanglement entropy
of excited states [63] and are also related to the results of [71] where the entanglement of
magnon states was considered more generally. In particular, it was shown that for states
consisting of several magnons, entanglement will factorise into the contributions of groups
of magnons which are well-separated from each other in momentum space (that is their
momentum difference is of order 1 rather than 1/L, where L is the length of the system).
Such results also apply to the present case up to the introduction of the appropriate phases.

4 Further generalisations: higher dimensions

So far we have derived the behaviour of the charged moments of the SREE of quasiparticle
excited states making use of two different formalisms: the form factor expansion in 141
integrable QFTs [61] and the analysis of qubit/magnon states on the lattice. Unfortunately
these techniques are specially suited for 141D theories. In this section we want to consider
instead a generic QFT in higher dimensions. To this aim we introduce a slightly different
approach. Indeed, on the one hand, the description of the Rényi entropy as a correlation
functions of branch point twist fields inserted at some points of the space is special of
141 dimensional QFT [8, 9]. On the other hand, the description of excited states as
magnon/qubit states, even if generalisable to higher dimensions, has the disadvantage that
it does not take into account the zero-point fluctuations.

Despite these technical limitations, we expect that in the particular scaling limit we
are considering the universal entanglement content of the Rényi entropy, together with
its symmetry resolved version, should not depend on dimensionality, presence or not of
interactions or even integrability. To support these claims, section 3 on magnonic states
provided evidence that the same results tested numerically for free theories in section 2
can be recovered for interacting systems. As for higher dimensions, at least one precedent
for this generalisation already exists. In a previous work [65] the excitations of the free
massive boson in D := d 4+ 1 dimensions have been extensively analysed and their Rényi
entropy was computed in terms of graph partition functions, and found once more to fit
the same formulae, with r replaced by the ratio of generalised volumes.

In this section we slightly generalise the formalism of [65], to take into account possible
interactions, and provide, as a proof of concept, a simple calculation of symmetry resolved
entanglement of a single-particle excited state. The key ingredients we need are the de-
scription of the excited states as local operators acting on a vacuum state and a twist field
operator, which generalizes the composite branch point twist field to higher dimensional
settings (an introduction to composite twist fields can be found in [61]). The only strong
assumption we make in our derivation is the presence of a finite mass gap m, whose inverse

m~! is much smaller than the typical lengths of the system.?

3This is probably not necessary, since the emergence of the universal entanglement content is also
expected for some high-energy states in massless theories (see [69, 71], for the analysis of the gapless XY
chain). However, we keep this assumption here mostly to avoid technical complications, leaving the analysis
of CFTs to future investigations.
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We anticipate here that our formulae (1.8)—(1.11) are unchanged in higher dimensional

theories, up to the identification
Va

r= (4.1)
which is the ratio of (generalised) volumes between subsystem A and the total system.

It may seem surprising that results should only depend on r, as defined in (4.1), and
not on other features of the entanglement region, such as the connectivity and smoothness
of its boundary. Indeed, the charged moments and symmetry resolved entropies of both the
ground state and of excited states will depend on such properties, as would finite volume
corrections to our results. However, our computations deliver results for the ratio of charged
moments between the excited and ground states in the infinite volume limit, and it is this
ratio in this limit which is universal and independent of boundary features, not the charged
moments themselves. This independence of boundary features has been analytically shown
for one simple example, namely the case of one-dimensional disconnected regions, where
the same formulae as for one connected region were found to apply, with r the sum of the
lengths of all disconnected parts [63].

4.1 Excited states and operator algebra

Let us consider the vacuum state |0) of a Hilbert space H, together with an algebra A of
observables® acting on H which has |0) as a cylic vector (see [75] for a modern review of
this algebraic viewpoint in QFT). This allows us to represent any state |¥) of the Hilbert
space as

T) = 0)0) with OcA. (4.2)

We would like to assume further that the vacuum state is translation invariant, namely
that it is invariant under a certain faithful representation of the translation group in d
dimensions. Strictly speaking, since we consider a finite-size system, we have to slightly
modify this requirement. Specifically, we put our system on a d-dimensional torus M of
volume V' and we require that |0) is invariant under the isometries of the torus. Other
boundary conditions can be considered too, but they do not change the picture in the
scaling limit we are interested in. We also require locality of the observables, asking that
A is generated by a set of fields {O(x)}, which can be applied at any point of M.
For any field O(x) one can construct its Fourier transform O(p) as

O(p) = /M dlze= PO (x), (4.3)

and these transformed fields are building blocks for the following set of translation invariant
states

O1(p1) - - - Or(pr)[0) - (4.4)

The state above corresponds physically to k particles distributed on M with momenta
{p;}j=1,..k, and the choice of the fields {O;} may depend on the particle species and

4In the case of a single real boson, A is just the algebra of operators generated by the field ®(x) and its
conjugated momentum II(z).
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quantum numbers. At first sight, this construction is similar to the usual way of generating
particle states in free theories acting with creation operators on the vacuum on a Fock
space. However, the real advantage of our formulation is that it is directly related to local
observables, a property which is fundamental to correctly define entanglement measures.

Let us take a set of orthogonal fields {O;}, so that the correlation function ((9;T (x)0;(x'))
vanishes for ¢ # j. In other words the fusion

Ol x 0 =1 (4.5)

is present only if i = j and their operator product expansion (OPE) can be expressed

formally as
Ol (x)0;(x') ~ 6;;(0|0} (x — x')O;(0)]0) + ... ., (4.6)

where we neglected explicitly the contributions coming from less relevant operators (with
respect to the identity). The exact evaluation of the correlation function above can be
hard, but the assumption of a finite gap m ensures that it vanishes exponentially for
|x —x’| > m~!. This is the only property we really need in our subsequent discussion.

Consider a smeared version of the modes O(p), with support in a subsystem only, that
is a region of space. To each spacial region A C M and field O(x), we associate

Oa(p) :/Addxe_ipr(x). (4.7)

Given any two regions A and A’, we compute® OZ(—p)O 4 (p’), making use of some ap-
proximations. First, we consider only the most relevant term in the fields OPE, namely

OL(-PIOw(p) = [ da [ dala'e™—P% (00T (x)0(x)0) (438)
A Al

Second, since we are working in the limit of small correlation length (compared to the

geometry), the leading contribution comes from the insertion of the fields at small distances,

which is present if x,x’ € AN A’; this observation motivates the change of variable x” =

x’ — x, and the subsequent approximation

OL(~P)Ou (P') = /A e

dzeiP—P)x . / da" e~ (0|01 (0)O(x")|0) . (4.9)
M

The second integral may be difficult to compute and in principle it could require a UV

regularisation for |x”| < € < m~!. However it does not depend on the regions A, A’ and in

our computation appears only as a multiplicative constant. In conclusion, we end up with
Ol (=p)Ou(P') o Vanap s (4.10)

where V4na+ is the volume of AN A’, which is the main result of this subsection. Since the
volume in (4.10) emerges from the integrals (4.9), which involve a Fourier transform, we
require that subsystem A N A’ consists of a finite number of disconnected regions, whose
boundaries are piecewise smooth.

50ne should note that hermitian conjugation and Fourier transform do not commute. Indeed, we have
that O (=p) = (Oa(p))".

—90 —



It is natural to ask how our discussion above would be modified for a vanishing gap
m = 0. The main change is in the scaling of correlations functions: exponential localization
of the correlation function in a region of typical length m~! does not hold any longer, due
to the long algebraic tails of the correlation functions. We conjecture that, as long as the
momenta are fixed in the infinite-volume limit, the main conclusion (4.10) is unchanged. A
qualitative argument is that in this case the inverse momentum, say the De Broglie length,
plays the role of typical length scale. In order to make this consideration more precise, let
us analyse eq. (4.9) for a 1+1D CFT, where O is a field of conformal dimension Ap. We
focus on the following integral

/ da’e= " (0|01 (0)O(x")[0). (4.11)
M

which we regulate both in the UV, with a cutoff ¢, and in the IR, with a cutoff L, as follows

L ) 1
/6 dxe*szxA‘Ao + (c.c.). (4.12)

This integral can be explicitly computed. However, the important feature is that for
Ap >0, p >0 and e > 0 all fixed, the integral converges to a finite value when L — +oc.
This is no longer the case if p ~ 1/L in the infinite-volume limit. In practice, this means
that for small momentum and scaling dimension 0 < Ap < 1 the considerations we made
so far regarding the scaling at large sizes cannot be applied. As a matter of fact, for free
CFTs the scaling dimensions of the fundamental fields are smaller than 1: the fermionic
field ¥ has dimension 1/2 while the derivative of a compact boson 9,® has dimension 1.

While these considerations are not mathematically rigorous in establishing convergence
of the OPE expansion in the large volume limit, they are sufficient to explain why low-
energy states of gapless theories, or multiparticle states with small momenta difference, are
not well captured by our predictions. Indeed, for such states the excess entanglement was
computed in [76, 77] and is clearly different from the formulae in [62, 63].

4.2 Replica construction for symmetry resolved entanglement

Consider now a replica version of the theory, consisting of n copies. For any state |¥) we
consider its replicated version |¥)"™. Our goal is to define a composite twist operator, which
generalises the composite branch point twist field as defined in [4], generalising [9], to higher
dimensional theories. It is well known from a large body of literature e.g. [4, 36-39] that
the charged moments of the symmetry resolved Rényi entropies are given by correlation
functions of composite twist fields (CTF). A short review of their main properties can be
found in [61].

In this section, we want to extend the notion of CTFs to higher dimensions. To this
aim we will introduce a composite twist operator whose expectation value over |¥)" gives
exactly the charged moments Z, («). This type of operator was already considered in the
literature, especially in the absence of the flux insertion (see for example [65, 78-80]), but
here we are mostly interested in its relationship with the algebra of local operators.
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The first point we have to clarify regards the symmetry, and its action on the space of
fields. Starting from e2™? the global generator of U(1) symmetry in the non-replicated
theory, we say that O(x) has charge ko if

ezm'aQO(X)e—%iaQ - 627”'01%0(’)()(). (4.13)

Since one can decompose the space of fields as irreducible representations of U(1), we
restrict our analysis to charged fields. Going back to the replicated theory, we consider the
algebra of replicated observables A" as the algebra generated by the tensor product of n
observables in A. Thus, to any field O(x) € A, we associate 07(x) € A" defined as

Olx)=1® - 2100x) @11, (4.14)

where O(x) lives only in the jth replica. Consider a spacial region A, and its complement
A. We define a composite twist operator T¢ which implements the structure of the n-
sheeted, cyclically connected, Riemann surface where the replica theory is defined. That is
T4 “implements” the gluing of the replicas along A with an additional flux insertion due to
the action of the U(1) symmetry. As for a standard CTF, it does so via its commutation
relations with any charged field (07 (x), which we require to be

2003 OIT(X)TY  x € A,

. _ (4.15)
OJ (x)T9 x € A.

TS0 (x) = {
Using this choice, the flux is inserted only between the nth and the first replica. We would

like to emphasize that a similar definition has already appeared in the context of 1+1D
integrable QFTs (see [36-39]). In particular for A = [0, ¢], one can identify

T8 =T 0)T(0), (4.16)

and the commutation relations for 7' can be expressed as commutation relations for the
CTF 7,*. The only novelty here is that for higher-dimensional theories it is not clear what
the replacement for CTFs is, thus how to represent 7. Regarding the definition of the
twist operator T'Y, it is worth mentioning also that in QFT it is known [81, 82] that the
twist operators are not local observables of the algebra A™. They are rather observables
of the orbifolded algebra usually written as A" /Z,,, which extends A" and is obtained by
taking the coset over the cyclic symmetry of replicas.

We are now ready to relate the twist operator to the symmetry resolved entanglement.
The charged moments of |¥) are given by

_ TR e)”

ZY (o) = IR (4.17)

n

The above definition, together with the commutation relations (4.15) and the OPE of
eq. (4.10), should be enough to prove the explicit analytical expression of the ratio of
charged moments between |¥) and the ground state defined in (1.7). We now show how
these ideas come together for a simple example.
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4.3 Single-particle state

In this section we analyse an excited state |¥) made of a single quasiparticle with momen-
tum p generated by a charged field O. Its explicit expression is given by

W) = O(p)|0), (4.18)
and the replicated version is just
1T = Ol (p)...O0"(p)|0)". (4.19)
For the sake of convenience, we split
O’(p) = O%(p) + O (p), (4.20)

so that its commutation relations with 7' become more transparent. Indeed, using
just (4.15) one can express

TR|9)" = TR(O4(p) + O4(P)) .. (O%(p) + O%(p))[0)"
= (04(p) + O4(p)) - .. (Oa(p)e* ™" + O%(p))T40)".

Up to now everything looks exact, while the approximate evaluation of "(W¥|T%|¥)"™ makes

(4.21)

use of the OPE contraction in (4.10). Note also how the phase e?™* is only present for
nth factor above, similar to the Gaussian measure found by employing wave-functionals in
section 2. Among all the terms which are generated, all but two are vanishing and they give

H(|TE )" = e2mere (0|01 (=p) ... (O)4(~p)O%(P) ... Ok (P)OA(P)TFI0)"
" O[(ON5(-p) ... (ON5(-P)O5(P)O(P) ... O (P)T5]0)"

O\TA\O

A
oc (MmO R 4 (V = Vo)) — TR

(4.22)

Similarly, we can evaluate the norm ™(¥|¥)™ which does not require the splitting of O7(p)

(U w)" ="(0](0")"(—p)(ON) (—=p)O'(p) ... O™(p)[0)" o V™. (4.23)
In the evaluation of the ratio (0TS D)
A
7”\1]‘\1])” (4.24)

the proportionality constant (which is non-universal and could be absorbed in a redefinition
of the field) cancels out, and one can write
(YT w)"

n<\II|\I/>n ~ (62mcm@ n +( )n) n<O|TEf|O>n (4‘25)

"(0]0)"

with r = V—‘;‘. In the expression above, the first piece is universal while the second is not,

it is just the nth charged moment of the ground-state. Taking the ratio with the ground

state contribution, we finally arrive to the desired result

(| w)" "(0]0)"
m(ww)n m0[Tg]0)"

Results for multiparticle states can be obtained in a similar fashion.

M) (r,a) = o ATIOROR | (1 ), (4.26)
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To conclude, the striking simplicity of these results, and the possible generalisations
to multiparticle states, rely especially on the truncation of the OPE in (4.6), which is
expected to become exact in the limit m?V > 1. We further expect that for finite m?V
further contributions in the OPE can be recast as a (possibly non-integer) power series
in (m?V)~!, which generalises the explicit (mL)™' power expansion that is obtained for
141D free theories using form factor techniques [61]. In massless theories, we instead
expect corrections as a power series in (|p|4V)~1.

The explicit evaluation of these corrections, which are expected to be non-universal,
that is, momentum and QFT-dependent, and any possible issues regarding the convergence
of these power series are all beyond the scope of this work.

5 Conclusions

In this paper we have extended the results of [61] by first, providing numerical evidence
for their validity and second, showing that they apply much more broadly than the form
factor computation of [61] would suggest, to interacting and higher dimensional theories.

Regarding the numerics, we have considered a 1D Fermi gas and a complex harmonic
chain. Although both these models are discrete and amenable to numerical computations,
their microscopic features are extremely different. Whereas the 1D Fermi gas is a fermionic
theory whose continuous limit is a massless complex free fermion, the complex harmonic
chain’s continuous limit is a complex massive free boson. It is therefore quite remarkable
that the same set of formulae for the ratios of charged moments should apply for both
theories. This is nonetheless the case. Whereas for the 1D Fermi gas our formulae hold
for highly excited states containing excitations of large momenta, thus small De Bloglie
wavelengths, for the complex harmonic charge, the formulae hold as long as the correlation
length is small compare to subsystem size and the excited states are usually of low energy.
The common feature of both types of states is that they are characterised by localised
excitations.

A simple class of states in one space dimension are magnon states. These are typical
excited states of quantum spin chains, with and without interaction. They have a simple
representation in terms of spin degrees of freedom and their entanglement entropies can
be computed analytically. We have shown that, irrespective of interaction, the formulae
found in [61] still apply, in line with observations made in [63, 71].

Finally, we have proposed a method to compute the charged moments of zero-density
excited states in higher-dimensions with or without interactions. The generalisation re-
lies on generalising the action of branch point twist fields to higher dimensions (without
generalising the fields themselves) and on standard assumptions about the asymptotics of
correlations functions of local fields.

There are several extensions of this work that are still outstanding: the study of finite-
volume corrections to these results in a QFT setting, the extension of our formulae to other
symmetry resolved measures of entanglement, such as the logarithmic negativity [22, 53,
64], and the study of theories where quasiparticle excitations are not localised (such as free
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fermion chains where the local degrees of freedom are the spins, which are non-local with
respect to fermions). We hope to return to these problems in future work.
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A Trace calculations via wave functional method

In this appendix we present explicit calculations of the ratio of charged moments for excited
states in a complex free boson theory using the wave functional method introduced in
section 2.2. The discretisation of these results leads to the formulae for the complex
harmonic chain presented in subsection 2.3.

A.1 Zero flux

We now wish to compute the ratio of charged moments

o (5 27001)
Try (pg’A eQWiaQA) ’

(A1)

where py and pg 4 are the reduced density matrices of the excited and ground states,
respectively.

We define restricted wave functionals which take as arguments (complex) fields that
either have support on region A = [0,£) or on A = [(, L]. Leaving the dependence on the
conjugate fields implicit, we write:

(x)¥[pa, ¢5] = (ecad(x) + 0, 1¢'(x)) ®lpa, d'5], (A.2)

()T (g4, 8] = (&Ee 4 a5, (A.3)

1) 1)
&b(:c)+5””“5¢’(1r)) ¥l

and similarly for the action of ®'(z), iIIf(x). The action of the charge operator Q4 on the

wave functional is simply:

1) 1)
5@ e

Qu¥loady) = [ a (6w) ) i, 0. (A.4)
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while from (2.36) it follows that
T b, ¢3) = P4, ¢) (A5)

The reduced density matrix then admits the functional representation
pa=Tiap= [ Doxtoalolos) = @aloaldls) = [ Dox¥loh %[0k, 02", (A6)

where D¢ is shorthand for DpDe!.

We start with the simple case where there is no symmetry resolution, that is, we
compute (A.1) for o = 0, following [63]. For n integer, we can insert the resolution of the
identity n times, with the identification n + 1 = 1, and we get:

Tra(pg.a) = /D¢1A---D¢nA<¢1A\pvac,A!¢2A> o Abnalpvac,alp1a)

= /D¢1 D [ [ Cracldia, & 4] [ Puacldivran ¢; 40" (A7)
=1 i=1

The product of the diagonal terms, i.e. those in which the fields act on the same copy for
both subsystems is

HlIIvac (bz A7 ZA expl Z/ dxdy ¢T ) ( _y)¢i(y)‘| ) (AS)

with K(z) defined in (2.29). For the non-diagonal terms we notice that since K(x)* =
K(—IE) we have ‘Pvac[¢i+1,Aa (Z)Z"A]* = ‘I’VaC[(z)i+1,A7 (;Si,A] and:

n

\Pvac[¢i+1,z4a ¢i,A] = exp {_ Z

n
= =1

[ceA dzdy ¢1‘L+1(35>K($ —Y)¢i+1(y) (A.9)
yeA

(2

1

+ ﬁe adzdy ¢! (2)K (z — y)gi(y) + ( [EGA dzdy ¢l | (2) K (z — y)éi(y) + c.c.)] } .

yeA yeA
(A.10)
Putting all the terms together, we end up with the Gaussian measure:
Tea(pl 4) = / Dé ... Dy exp|—Gl . (A.11)
where
g = 22 (/a:eA+/ceA> <z5;r(x)K(x —y)¢i(y)
=1 yeA yeA
+Z (/xeA 6i(x) + ¢it1(2) K (z — y)di(y) + C-C') . (A.12)
ycA

The numerator of (A.1) instead is

n

Tra(ph) = /D¢1 Do [[¥ipip, 3 0ins 054 [T 0,0, 3 (0014, 0,417 (A13)
i=1

i=1

for a state of k¥ particles of charges -1 and momenta, p;+ (assuming p;+ # p;+ for j + £t
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and using (2.32):

ki 2F,. 2B, _ L
Hw{p‘ﬁpj}[@,m%]:(ﬂ =1 ) 111 / _does79l(@)

i=1

X H/ B dl‘eipjingi(-’r) H ‘I’vac[({bi,Aa ¢)i,A] )
alja

i=1

n 98, .  2E, _
. 1 — J J
I |‘I’{py+pj,}[¢w+1,A,¢i,A] = (l | 17 | I 17

i=1 it J~
X HH (/ dxeiiijrI(Z)iJrl(l") +/ dweipj+z¢i(x))
i=1 j+ A
x H </ dwe ®i- I+1( x) + /da:eipﬂ‘zqﬁj(x)) H‘I’vac[¢i+1,A»¢i,A}~
- A A i=1

(A.14)

Putting everything together we have that

Trs (0" 2B, . _ 2E, \
Trj(('ZA)Z(H A 11 z) HHU+p]+V+p] HU (p; Vi (p;-))

Poa) -\ Gt i i=1j+
(A.15)
where the correlation function is defined with respect to the Gaussian measure:
Dé1 ... DpnOlé1, 6] ..., n, $}] exp [-G]
Oldr,d! ..., o, b1 _J 1 n A.16
< [¢1 (bl d) (bn}) fD¢1...D¢nexp [_g] ( )
and the operators are
Ut o) = [ deeel@), Ure) = [ deeroa) (A7)
AlJA AlJA
= / dze P ¢y (2) + /_ dz e P ¢;(z), (A.18)
A
/ dze ng)lﬂ x) + /7 dz e Pl (x). (A.19)
A

If the excited state is of the form (2.33), the result (A.15) is minimally modified. The terms
inside the correlator are exactly the same, except that now the range of the indices j*
that specified after (2.33) and the prefactor is modified to:

+ -\ "
m 1 2E, j m 1 2Ep N\ i
(Hk+'< LJ*) Hk_< . (A.20)
jt=1"5% j—=1"

A.2 Non-trivial flux insertion

We now come to the quantity (A.1) with a # 0, assuming the excited state to be of the
form (2.32). Let us consider the denominator first. Because of the flux insertion to the right

_97 —



of the nth operator pg 4, everything is the same as in (A.7) except for the last resolution
of the identity, which produces a term:

(U|¢, 1)€*™ QA B14) = (U] Py a, by, 1) = C[d14e”™, ¢, 4] (A.21)

Thus, the Gaussian measure in the presence of the charge is modified as follows:

Tra(pf ac®29%) = [ Don... Do exp[-Gal | (A.22)

2 (/QZGAJFAG/}) ol (2) K (z — y)¢i(y)

yeA yeA

with

n

Ga =2

i=1

+ ( Jrea (6l@) + ol(@)em00) Ko = yosty) + )] . (an)

yeA
As for the numerator of (A.1), we have similarly

n—1

Tra(pla) /D¢1 D¢y [] Yip s, 30in, 02l o p 3| dit1,4, dia]"
=1

X ‘I’{p].+ Pi—} [Pna, ¢nA]‘I’{p]-+ p-} [¢1,A627rma ¢nA]* . (A.24)

The product in the first line gives what we already had found in the o = 0 case, with the
replica index running up to n — 1 only. The product of the last two functionals gives:

(H 810t (8146727, 61 1 T1 By, [61By,_[Br467, M*)
4

X l:[lvac [¢nAa QSnA]lIlvac [¢1,A€2ﬂ—ia7 qbn,aﬂ* . (A25)

and from the definitions of the o and 3 operators we obtain our final result:

Try (p” eQmO‘QA)

n
B 2B, - 2B, _
TrA( e2mQA) (H L H L )

Jt J
1_[1_[1]Jr pj+ VJr pj+ HU p] i pj )> (A26)
=1 ]+

where (...), is defined as in (A.16) with respect to the Gaussian measure (A.23). U (p)
are defined exactly as in (A.17), while V;i (p) are now modified by the presence of the
charge as follows:

Vi) = et [ doe o @)+ [ doe o), (A7)

Vo (p)=e —2ma61n/ dre™ sz¢z+1 /dxe—zpm¢T( ). (A.28)

If the excited state is given by (2.33), the right-hand side of (A.26) is changed exactly as
in the case a = 0.
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