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face. We consider the general situation in which the fluxes generate different twisted bound-
ary conditions at each branch point. The obtained multi-charged moments allow us to de-
rive the symmetry resolution of the Rényi entanglement entropies and the mutual informa-
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sults for the tight-binding model, which is a lattice realisation of the massless Dirac theory.
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1 Introduction

As Schrodinger already recognised one century ago, entanglement is at the core of quantum
mechanics. Nowadays it turns out to be the fundamental notion behind many quantum
phenomena, from quantum algorithms [1] to gravity [2, 3], passing by critical phenom-
ena and topological phases of matter [4-7], triggering unexpected connections between
apparently far branches of physics. At the center of all these ideas, we find the (Rényi)
entanglement entropies which are powerful entanglement measures that provide fundamen-
tal insights about the investigated system or theory. They are defined as follows. Let us
consider an extended quantum system in a pure state |¥) and a spatial bipartition into A
and B. The subsystem A is described by the reduced density matrix ps = Trp|¥)(¥| and
the associated Rényi entropies are given by the moments of p4 as

SA =

n

—— I Te[p}), (L1)



where we assume that n is an integer number. After the analytic continuation to complex
values of n, the limit n — 1 of eq. (1.1) yields the von Neumann entanglement entropy

SA = —Tr[palnpal. (1.2)

For bipartite systems in a pure state, the von Neumann and Rényi entropies can be used
as measures of the entanglement shared between the two complementary parts. One of the
most interesting properties of entanglement entropies is that they are sensitive to criticality.
In particular, for one-dimensional gapless systems, if A is a single interval, then the ground
state entanglement entropy breaks the area law and is proportional to the central charge
of the 141 dimensional CFT that describes the low-energy spectrum of the system [8-11].
In the case considered in this work in which A consists of two subsystems A; and
Ay, ie. A= Ay U As, the ground-state entanglement entropy depends on the full operator
content of the CFT, encoding all the conformal data of the model [12-15]. It is important
to remark that, in this situation, the entanglement entropies quantify the entanglement
between A and B but not between the two parts of A, for which one must resort to other
entanglement measures such as negativity [16-22]. Nevertheless, from the entanglement
entropies, it is possible to construct the following quantity, dubbed mutual information,

IA1:A2 = 5141 + Sf‘Z _ Sf’ (13)

which is a measure of the total correlations between A; and As. The computation of two-
interval Rényi entanglement entropies is a difficult problem, even for minimal CFTs [21, 23],
as it boils down in general to determine the partition function of the theory on a higher
genus n-sheeted Riemann surface [14, 15]. In fact, exact analytic expressions are only
available for the free theories or special limits [13-15, 24-37]. Moreover, the analytic
continuation in n to obtain eq. (1.2) is still a challenging open issue.

In recent times, a question that has attracted much attention is how entangle-
ment decomposes into the different symmetry sectors in the presence of global conserved
charges [38—40]. Various reasons have motivated the interest in this problem. The effect of
symmetries on entanglement can be investigated experimentally [41-44] and, moreover, un-
derstanding how entanglement arises from the symmetry sectors is crucial to better grasp
some quantum features, for example in non-equilibrium dynamics [41]. Also at more practi-
cal level, it can help to speed-up the numerical algorithms to simulate quantum many-body
systems [40]. All that has been the breeding ground for a plethora of works that analyse
the resolution of entanglement from different perspectives: spin chains [38, 43-59], inte-
grable quantum field theories [60-64], CFTs [39, 40, 56, 65-76], holography [77-80], out-of-
equilibrium [81-86] and disordered systems [87-90] or topological matter [91-96] to mention
some of them. In order to analyse entanglement in each symmetry sector, quantities such
as the symmetry-resolved entanglement entropy [38-40] and the symmetry-resolved mutual
information [82] have been proposed. As shown in ref. [39], symmetry-resolved entropies
are intimately related to the charged moments of the reduced density matrix pa, which
were independently studied in holographic theories [97-103]. Similarly to the moments of
pA, they can be interpreted as the partition function of the field theory on a Riemann



surface, which is now coupled to an external magnetic flux. Partition functions with a
background gauge field have been also introduced as non-local order parameters to detect
symmetry-protected topological phases in interacting fermionic systems [104, 105].

The symmetry resolution of entanglement in the two-interval case has not been much
explored in CFT. Ref. [78] studies it at large central charge, in the context of holography,
while, in ref. [74], the charged Rényi negativity is analysed for the complex free boson. Here
we take a different charge for each part of A, which leads to introduce the multi-charged
moments of p4. This non-trivial generalisation of the charged moments, first considered
in ref. [82] in the context of quench dynamics, is the main subject of this work. In CFT,
they correspond to the partition function on the n-sheeted Riemann surface, but with the
insertion of a different magnetic flux across each subset (interval) of A. We compute the
multi-charged moments analytically for the ground state of two bidimensional CFTs with
central charge ¢ = 1 and global U(1) symmetry — the massless Dirac field theory and the
free compact boson — generalising the expressions for the (neutral) Rényi entropies found in
refs. [24] and [14] respectively. From the multi-charged moments, we derive the ground state
symmetry-resolved entanglement entropy and mutual information of two disjoint intervals.

The paper is organised as follows: in section 2, we define the symmetry-resolved en-
tanglement and mutual information as well as the multi-charged moments, and we briefly
describe the general approach to compute the latter in CF'Ts. We then move on to calculate
the multi-charged moments for the ground state of the massless Dirac field theory in sec-
tion 3 and of the free compact boson in section 4. In section 5, we apply the previous results
to obtain the symmetry-resolution of the mutual information in these theories. When pos-
sible, we benchmark the analytic expressions with exact numerical calculations for lattice
models in the same universality class. We draw our conclusions in section 6 and we include
three appendices, with more details about the analytical and numerical computations.

2 Definitions

In this section, we first give the definition of the symmetry-resolved entanglement entropy
and mutual information for a subsystem composed of two disjoint regions. We explain their
relation with the multi-charged moments of the reduced density matrix, and we introduce
the replica method to calculate them in CFTs.

2.1 Symmetry-resolved entanglement entropies and mutual information

As we already pointed out in section 1, we take a spatial bipartition AU B of an extended
quantum system in a pure state |¥), with A made of two disconnected regions, A = A;U As.
We assume that the system is endowed with a global U(1) symmetry generated by a local
charge ). Given the partition of the system in different subsets, we can consider the charge
operator in each of them; for example, in region A, it can be obtained as Q@4 = Trp(Q). If
|¥) is an eigenstate of @, the density matrix p = |¥) (¥| commutes with @, i.e. [@, p] = 0,
and, by taking the trace over B, we find that [Q4, p4] = 0. This implies that the reduced
density matrix p4 presents a block diagonal structure, in which each block corresponds to



an eigenvalue ¢ € Z of Q4. That is,

pa=EPUypa =P p(a)palq)], (2.1)

q

where II, is the projector onto the eigenspace associated to the eigenvalue ¢ and p(q) =
Tr (Ilypa) is the probability of obtaining ¢ as the outcome of a measurement of Q 4. Notice
that eq. (2.1) guarantees the normalisation Tr[pa(q)] = 1 for any q.

The amount of entanglement between A and B in each symmetry sector can be quan-
tified by the symmetry-resolved Rényi entropies, defined as

53 (0) = 1 InTr[pa(e)"). (2.2)

—n

Taking the limit n — 1 in this expression, we obtain the symmetry-resolved entanglement
entropy,

Sit(q) = —Tr[palq) In pa(q)]. (2.3)

According to the decomposition of eq. (2.1), the total entanglement entropy in eq. (1.2)
can be written as [1]

SE =" p(0)S{(q) = > p(a) Inp(q) = S + S, (2.4)

where S. is known as configurational entropy and quantifies the average contribution to
the total entanglement of all the charge sectors [41, 50-52], while Spum is called number
entropy and takes into account the entanglement due to the fluctuations of the value of the
charge within the subsystem A [41, 88, 89, 92, 106-108].

Since the total charge in A is the sum of the charge in A; and Az, Qa4 = Q4, + Q4,,
then the reduced density matrices p4,, pa, of A; and A can be independently decomposed
in charged sectors as we did for p4 in eq. (2.1). Therefore, we can define the symmetry-
resolved entropies S/ (q1), S412(go) for the regions A; and Ay analogous to eq. (2.2) for A,
with ¢ = ¢1 + g2. In ref. [82], it has been proposed to define the symmetry-resolved mutual
information as

42 (g) = 3" plar, g — ar) [Si (an) + 512 (a — av)] - 7). (25)
q1=0

The quantity p(q1,q — ¢1), normalised as

q

> pla,a—q) =1, (2.6)

q1=0

is the probability that a simultaneous measurement of the charges 4, and Q) 4, yields ¢;
and g — q1, respectively, while the charge of the whole system A is fixed to ¢. Although
eq. (2.5) is a natural definition, I4142(q) is not in general a good measure of the total
correlations between A; and As within each charge sector since, in some cases, it can be
negative [82]. Nevertheless, we find interesting to investigate this quantity given that it



provides a decomposition for the total mutual information (2.5) similar to the one reported
in eq. (2.4) for the entanglement entropy,

e = Z p(g) T2 (q) + I, (2.7)
where [Z1id2 = g1 4 gds GA ig the number mutual information.

2.2 Charged moments and symmetry resolution

The computation of the symmetry-resolved entanglement entropies and mutual information
from the definitions (2.2) and (2.5) requires the knowledge of the entanglement spectra of
pA, pa, and pa, and their symmetry resolution. However, this is usually a very difficult
task, in particular if one is interested in analytical expressions. Alternatively, one can
employ the charged moments of the reduced density matrices. For p4, they are defined as

Z3(a) = Tal @], (2.8)
Similar quantities can also be introduced for the two subsystems A; and A, that constitute

A by replacing pa and Q4 by pa, and Q4,, p = 1,2. If we take now their Fourier transform,

™ do
27r

the symmetry-resolved entanglement entropies of the subsystem A are given by [39, 40]
1 Z:Mq)
S54(q) = In l n (2.10)
L=n"[(2{(2)

In a similar manner, replacing A with A; and As, we can obtain the symmetry-resolved

Z(q) = e MZ (), (2.9)

entanglement entropies of the two components of A.

Notice that, for computing the symmetry-resolved mutual information of eq. (2.5), we
need to determine p(qi,q — q1), i.e. the probability that a measurement of Q4, and Q4,
gives q1 and q — g1 respectively, with @ 4 fixed to ¢. In order to calculate it, we consider the
generalisation of the charged moments in eq. (2.8) introduced for the first time in ref. [82],

7442 (o ) = Tr [p" erAwﬁQAz} . (2.11)
We refer to them as multi-charged moments. When o = 3, eq. (2.11) reduces to the charged
moments of A = A; U Ay of eq. (2.8). If we take the Fourier transform of eq. (2.11),

. dad —ta %
Z,f‘l'AQ(ql,qQ)z/ o 25 a-ifle gAvAz (o 3) (2.12)

then th:AQ (g1, q2) can be interpreted as the probability of having ¢; and g2 as outcomes of
a measurement of ()4, and () 4, respectively, independently of the value of ) 4. Therefore,
it satisfies the normalisation

S 2 (gL g) = 1, (2.13)
q1,92
and p(q1,q — q1) can be calculated as the conditional probability
2% (g1, 0 - q)
plq1,9 —q1) = 2.14
( ) p(q) @19

which fulfills eq. (2.6).



2.3 Charged moments in CFT

In the rest of the paper, we will analyse the previous quantities in 1+ 1-dimensional CFTs
with a global U(1) symmetry. We will assume that the entire system is in the ground state
and that the spatial dimension is an infinite line which we will divide into two parts A and
B, with A made up of two disjoint intervals, namely A = A1 U Ag = [u1,v1] U [ug, vo]. If
we denote by ¢ and ¢o the lengths of the two intervals and d their separation, we have

5%
(d+01)(d+¥¢2)’

Elz\vl—uﬂ, €2=|UQ—UQ’, dZIUQ—Ul‘, xTr = (2.15)
where we have also introduced the cross ratio z of the four end-points, which takes values
between 0 and 1.

As explained in detail in refs. [10, 11], using the path integral representation of pg4,
the moments Z4(0) = Tr[p"y] are equal to the partition function of the CFT on a Riemann
surface, which we call ¥,, obtained as follows. We take the complex plane where the
CFT is originally defined and we perform two cuts along the intervals A; = (uj,v;) and
As = (u2,v2). Then we replicate n times the cut plane and we glue the copies together along
the cuts in a cyclical way as we illustrate in figure 1. We eventually obtain an n-sheeted
Riemann surface of genus n — 1, which is symmetric under the Z, cyclic permutation of
the sheets.

Alternatively, instead of replicating the space-time where the CFT is initially defined,
one can take n copies of the CFT on the complex plane and quotient it by the Z,
symmetry under the cyclic exchange of the copies. We then get the orbifold theory
CFT®"/Z,. The moments Z2(0) are equal to the four-point correlation function on the
complex plane [10, 109],

Z}?(O) = (75 (u1) T (V1) T (u2) Tn (v2)), (2.16)

where 7,, and 7, are dubbed as twist and anti-twist fields [10, 109-111]. They implement in
the orbifold the multivaluedness of the correlation functions on the surface ¥,, when we go
around its branch points. In fact, the winding around the point where 7,, (7,,) is inserted
maps a field O living in the copy k of the orbifold into the copy k£ + 1 (k — 1), that is

Tn(u)Ok(eZM(z —u)) = Ogs1(z — u)7(u). (2.17)

The twist and anti-twist fields are spinless primaries with conformal weight

- c 1

n

where c is the central charge of the initial CFT.

The charged moments of p4 can also be computed employing the previous frameworks.
As argued in ref. [39], the operator €'*@4 can be interpreted as a magnetic flux between
the sheets of the surface ¥, such that a charged particle moving along a closed path that
crosses all the sheets acquires a phase e’®. For the multi-charged moments introduced in
eq. (2.11), we have to insert two different magnetic fluxes a and § at the cuts A; and Ag
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Figure 1. Representation of the n-sheeted Riemann surface ¥,, for n = 3. The red edge of each cut
is identified with the blue edge of the corresponding cut in the lower copy. The calculation of the
multi-charged moments in eq. (2.11) requires to insert different magnetic fluxes between the sheets,
which we indicate by the arrows. The operator e/*@41 is implemented by the flux insertions o and
—a along the left interval, while e???42 corresponds to the fluxes 3 and —f at the right interval.

respectively, as we pictorially show in figure 1. They can be implemented by a local U(1)
operator V,(x) that generates a phase shift e’® along the real interval [z,00). Then the
charged moments are equal to the four-point correlation function on the surface ¥,

Z 2 (0, ) = Z7(0) (Va(u1) Voo (01)Va(u2)V_p(v2))s, - (2.19)

In the orbifold theory, the magnetic flux can be incorporated by considering the com-
posite twist field 7, o = 7, - V. Thus, if we take a field Oy, in the copy k of the orbifold,
then the winding (2 — u) + €*™(z — u) around the point u where 7, , is inserted gives rise

to a phase /™

Tna(W)OR(€¥™ (2 — w)) = €Oy 1 (2 — U) Ty 0(u). (2.20)

The same applies to the composite anti-twist field 7, o = 7, - Vi, which takes a field from
the copy k to k — 1 adding a phase €'/, Therefore, eq. (2.19) can be re-expressed as the
four-point function on the complex plane

Z31 A (0, B) = (Tn0(1) Foy—a (V1) T, (U2) T g (02)). (2:21)

In ref. [39], it is shown that, if V, is a spinless primary operator with conformal weight hY,
then so are the composite twist and anti-twist fields, with conformal weights
hV
hpoa = hy, + —. (2.22)
n
One can further consider other configurations for the magnetic fluxes between the
sheets of the Riemann surface X,,. In general, if we assume that a particle gets a different

phase €' when it goes around each branch point, provided they satisfy the neutrality
condition a1 + ag + a3 + aq = 0, then the partition function of this theory is given by

7,1 ({a7}) = Z;}(0)(Van (1) Vg (01) Ve (12) Vi (02))x, (2:23)



or, in terms of the composite twist fields, by

Zf1:A2({0‘j}) = (Tn,a1 (U1) T,z (V1) a3 (U2) T,y (02))- (2:24)

Then the multi-charged moments Z21'42(a, ) can be treated as the particular case in
which a3 = —as = a and, due to the neutrality condition, ag = —ay = .

In section 3, we will compute the charged moments Z;;‘”A2 (a, ) — and more in general
the partition functions Z/142({a;}) — for the massless Dirac fermion using the orbifold
theory CFT®"/Z,. On the other hand, in section 4, we will adopt a geometric approach
to obtain the multi-charged moments of the compact boson from the correlation function
on the Riemann surface ¥, of eq. (2.23).

3 Free massless Dirac field theory

The massless Dirac field theory is described by the action
Sp = /dxodxlzﬂyuaﬂq/), (3.1)

where ¢ = ¥4, The 4 matrices can be represented in terms of the Pauli matrices
as 70 = o1 and 4! = o9. The action of eq. (3.1) exhibits a global U(1) symmetry: it is
invariant if the fields are multiplied by a phase, i.e. 1) — €'t and ¢ — e~**1). By Noether’s
theorem, this symmetry is related to the conservation of the charge Qp = [ dziey.

The ground state entanglement of a subsystem A made up of multiple disjoint intervals
in the ground state of this theory was first investigated in ref. [24]. For the case of two
disjoint intervals, A = Ay U Asg, it was found that the moments of p4 are

2
Z20) = e [(1la(1 — )] o, (32)
where ¢, is a non-universal constant.

In this section, we will compute the multi-charged moments of eq. (2.11) in the ground
state of the massless Dirac field theory. We will extend the approach introduced in ref. [24]
for the moments of eq. (3.2). Similar techniques have been exploited in ref. [60] for studying
the charged moments of eq. (2.8), when A is a single interval, in two dimensional free
massless Dirac theories and in ref. [67] in the context of the charge imbalance resolved
negativity. We will benchmark our analytical results with exact numerical calculations in
a lattice model.

3.1 Charged moments

In section 2, we explained that the partition function ZA1:42({a;}) can be obtained either
by considering the theory on a complicated Riemann surface or by replicating it n-times
and working with the orbifold on the complex plane. For the massless Dirac field theory,
the latter approach is more convenient. Thus, let us take the n-component field

U1
(G

Un



where 1); is the Dirac field on the j-th copy of the system. Eq. (2.20) describes the effect
of the composite twist fields on the components of ¥ when going around the end-points of
the subsystem A = A; U As. This transformation can be encoded in the matrix

0 eta/n
0 eia/n
T, = R (3.4)

(_1)n—1€ia/n 0

In the general case of eq. (2.24), ¥ transforms according to Ty, , when winding around the
point u;, and to the transpose matrix Tg% when going around the point v,, with p =1, 2.
The matrix Ty, in eq. (3.4), sometimes called twist matriz, was introduced for the case a = 0
in refs. [24, 109] and for general a in ref. [60]. Its eigenvalues are of the form

te = eia/ne%m'k:/n, k= —

(3.5)

By simultaneously diagonalising all the T,,; with a unitary transformation (which is inde-
pendent of «;), we can recast the replicated theory in n decoupled fields 1, on the plane,
which are multi-valued,

wk(eiZﬂ(z o Up)) _ eiagp_l/neQﬂ'ik/nwk<z o Up),

¢k(ei27r(z . Up)) _ eiagp/ne—%rik/nwk(z _ Up). (3.6)

Notice that this technique, known as diagonalisation in the replica space, can be applied
only to free theories since, otherwise, the k-modes do not decouple. For the free massless
Dirac theory, this allows us to write the Lagrangian of the replicated theory as

Lpon =Y L Ly = ey Ouib. (3.7)
k

Following this approach, the partition function of eq. (2.24) factorises into

p=ngt
zie(ah = Iz (o)), (3.8)
k—_n=1

2

where Z;: };AQ ({a;}) is the partition function for a Dirac field 1, with the boundary condi-
tions of eq. (3.6).

The main difference between the partition functions Z,é;l:Az({aj}) and the standard
computation of ref. [24] for Rényi entropies is that the boundary conditions of the multi-
valued fields around the branch points now depend on the phases ;. This multivaluedness
can be removed, as done in [24] for a; = 0, by introducing an external U(1) gauge field Aﬁ
coupled to single-valued fields ;. In fact, if we apply the singular gauge transformation

yuAk ~

(@) = ¢ Jao VA (), (3.9)



then the Lagrangian for the k-th mode can be rewritten as
Ly = Puy* (O +iA%) i (3.10)

with the advantage of absorbing the phase around the end-points of A1 U As into the gauge
field. The only requirement that Aﬁ in eq. (3.9) must satisfy is that, integrated along any
closed curve C that encircles the end-points of A, the boundary conditions of eq. (3.6) for
1, must be reproduced. For this purpose, we require

27k _ 2rk
dy“Aﬁ:—L—%, dy“Aﬁ:L—%, (3.11)
Cup n n Cup n n
where C,,, and C,, are closed contours around the end-points of the p-th interval. Moreover,
we have to impose that, if C does not enclose any end-point, then ¢, dy“Aﬁ = 0. Applying

the Stoke’s theorem, the conditions of egs. (3.11) can be expressed in differential form,

%6"”31,142(35) = 22: [(an_l + k) 6(x — up) + (Oézp - k) 6(x — Up)] : (3.12)

= 2mn n 2t n

Once the transformation of eq. (3.9) is performed, the partition function Z,?};AQ({aj}) of
the k-th mode is equal to the vacuum expectation value

Zi ({ag}) = (] AL, (3.13)

where j; = Uy 4y, is the conserved Dirac current for each mode. Eq. (3.13) can be easily
computed via bosonisation [24], which allows us to write the current in terms of the dual
scalar field ¢y, such that ji' = €8,¢p/\/m. If we use this result in eq. (3.13), and we
apply eq. (3.12), then Z,i};Az ({a;}) is equal to the following correlation function of vertex
operators V,(y) = e~? )

ZI?,#AQ({%}) = <V§+Ll(Ul)V,ﬁ+&(Ul)Vk+%(UQ)V,EH%(W». (3.14)

27n n ' 27n n n

Notice that the neutrality condition a; + as + as+ a4 = 0 ensures that the latter correlator
does not vanish. The correlation function of vertex operators in the complex plane is well-
known (see, for instance, ref. [113]) and, therefore, eq. (3.14) can be easily calculated.
Plugging the result into eq. (3.8) and performing the product over k, we obtain
Aq:A
Zy 2 ({oy}) (3.15)
17n2

o [E1fa(1 — )] T [d720 619205904 (d 4 £1)103 (d 4 £3)°20 (d + £y + o)1) T

where z is the cross-ratio defined in eq. (2.15). When we take a; = —ag = a and a3 =
—ay4 = [ in this expression, we get the multi-charged moments in eq. (2.11) as

2 1
2420, 0) = emas 061 = )] T [(1 =) P G ] (316)

We assume that all the length scales in this formula have been regularised through a UV
cutoff which is included in the multiplicative constant c,., 3.

~10 -
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Figure 2. Analysis of Z{***42(q, ) for the tight-binding model. In the top and middle panels, we
show th:Az (a, B) as a function of « at fixed 8 for different intervals of lengths ¢, £, separated by
a distance d > 0. In this case, the solid lines are the theoretical predictions of eq. (3.16), taking
eq. (3.20) for ¢p.q,5. In the bottom left panel, we repeat the analysis but considering adjacent inter-
vals (d = 0) and the solid curves correspond to eq. (3.18), with &,., g conjectured in eq. (3.24). In the
bottom right panel, we plot Zf‘“Az (a, B) as a function of the cross-ratio x. Here the solid lines corre-
spond to eq. (3.16) using the exact expression for ¢,.q g of eq. (3.20), while for the dashed curves we
have considered instead the quadratic approximation for this constant of eq. (3.22). In all the cases,
the points are the exact numerical values for Z:{L‘“A2 (a, B) calculated as described in appendix A.
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An interesting case to analyse is when the two intervals A; and As become adjacent;
that is, when d — 0. In that limit, the cross-ratio z tends to one such that

0+ 0

l—z=d
o 105

+O(d?), (3.17)

and eq. (3.16) vanishes. Nevertheless, in this regime, the distance d must be regarded as
another UV cutoff, which can be absorbed in the multiplicative constant ¢, g. Therefore,
from egs. (3.17) and (3.16), one expects

l—n2

Z1 4 (o, B) = Cna,p(by + ) o0

1
gaﬂ—oﬁ goz,B—,BQ 272n
Lz : (3.18)

(01 + L)

which agrees with the fact that, according to eq. (2.21), the multi-charged
moments Z;:h:/h(a, f) must tend to the three-point function of primaries
(Tn,a(u1)V_a48(v1)7Tn,—g(v2)), in the limit d — 0.

In figure 2, we check the expressions obtained in eqs. (3.16) and (3.18) for ZA142(a, )
with exact numerical calculations performed in the tight-binding model, which is a chain
of non-relativistic free fermions whose scaling limit is described by the massless Dirac field
theory. The details of the numerical techniques employed are given in appendix A. In
order to compare egs. (3.16) and (3.18) with the numerical data, we need the concrete
expression of the non-universal factors ¢,.o 3 and ¢,.q g for this particular model. When
the two intervals A; and Ay are far away, that is in the limit d — oo, the multi-charged
moments of A1 U Ay factorise into those of A; and As,

lim Z3 42 (a, B) = 21 (@) 232 (). (3.19)

d—

Therefore, one expects ¢,.q,3 to be the product of the two non-universal constants associ-
ated to A; and As as single intervals. The latter were obtained for the tight-binding model
in ref. [45] by exploiting the asymptotic properties of Toeplitz determinants. We can also
apply here those results, taking into account that each interval is associated to a different
flux, either o or 8. Then we have

_l(p—l)__e? _ 8
Cnia 3 26[ 5(n—%) 2720 2772,1}10%24'7‘("706)'*"1‘(”,5)7 (3.20)
where [45]
o] T 1 )
T(n,a)= m/ dw[tanh(mw) — tanh(mnw + ia/2)] In M (3.21)
o (3 —w

Expanding Y(n, ) up to quadratic order in «, then eq. (3.20) can be approximated as

Cnias & om3(n=%) In 2+27(n,0)— 55~ (azﬂgg)’ (3.22)
where ¢, = In2 — 27%nv(n) and
1 927 | [ L(3+i
Ya(n) = 5 88(77,2701) = dw[tanh®(rnw) — tanh(rnw)] log (%;zw) (3.23)
o o 0 (5 —w
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In the limit of adjacent intervals, given by eq. (3.18), the multiplicative constant ¢, 3
cannot be determined using the known results for Toeplitz determinants. However, we can
conjecture an analytical approximation for it at quadratic order in o and 5. When d — 0,
we can associate to each end-point of the intervals ui, v1 = uo and vy the fluxes a, 8 — «
and —f respectively. From the results for one interval of ref. [45], one can conjecture that

_ ¢n 2
each end-point with flux « contributes with a factor e” 22 to the constant é,.q 3, if

2. Therefore, the combination of all the fluxes in our

__Cn (.2 N2 32
case should contribute with a total factor e antn (T H(B-)+B

we restrict to terms up to order «

). We then expect that ¢,.n g
should be well be approximated by

En;a,,@ = 6_%(71_%) In 2+ (n,0)— 27€T2Ln (0 +8%—ap) . (324)

When o = 8 = 0, the expression above simplifies to the multiplicative constant for the
moments of a single interval obtained in ref. [112]. In spite of the heuristic reasoning of
this result, in figure 2, we check its validity by comparing it against exact numerical data.
In the top and middle panels of figure 2, we study Zf 1:42 (a, B) as function of «, for
various values of 8, ¢1, f2 and d > 0. The points correspond to the exact numerical values
obtained as we described in appendix A, while the solid curves are the analytic prediction
of eq. (3.16), taking as multiplicative constant ¢, o g that in eq. (3.20). We find an excellent
agreement. In the bottom left panel, we analyse the case of adjacent intervals (d = 0). The
numerical data for Z{%A? (c, B) are in very good agreement with the analytical expression
(solid curves) of eq. (3.18), using eq. (3.24) as multiplicative constant. Finally, in the
bottom right panel, we plot Zf‘“AQ (a, B) as function of the cross-ratio z, for various values
of a, B, ¢1 and f3. The curves represent the prediction of eq. (3.16). The continuous
ones correspond to take as non-universal constant c,. g the full expression of eq. (3.20),
while for the dashed ones we have used the quadratic approximation of eq. (3.22). The
agreement between the analytic prediction and the numerical data is extremely good, even
considering the quadratic approximation for the non-universal constant. As expected, this
agreement is better for small values of o and 3, while, around +m, we need to take larger
subsystem sizes £1, {5 in order to suppress the finite-size corrections which are well-known

and characterised for the charged moments with a single flux insertion [45].

4 Free compact boson

The second theory we focus on in this manuscript is the free compact boson, which is the
CFT of the Luttinger liquid, and whose action reads

1
Sy = 8r /dxodxlﬁmpaugo. (4.1)

The target space of the real field ¢ is compactified on a circle of radius R, i.e. ¢ ~ p+2rmR
with m € Z. The compactification radius R is related to the Luttinger parameter K as
R = \/2/K. The action of eq. (4.1) is invariant under the transformation ¢ — ¢ + «
which, due to the compact nature of ¢, realises a U(1) global symmetry. The associated
conserved charge is Qp = % [ dx10,, .

~13 -



The moments of the ground state reduced density matrix of this theory are well-known.
An exact analytic expression for the two-interval case was obtained in ref. [14], which was
generalised to an arbitrary number of disjoint intervals in ref. [30]. In particular, for two

intervals, it reads [14]
2

ZA(0) = cn [(16a(1 — 2)] o Fo(a), (4.2)

n

where ¢, is a non-universal constant and

O(0l(z)/K)O(0L(z)K)

[©(0|T(2))]”
We denote by © the Riemann-Siegel Theta function
@[ (65 ] (’U,|Q) = Z eiﬂ'(m—&—e)t~Q(m+e)+27ri(m+€)t-(u+6)7 (44)

mezZn—1

with characteristics €,d € (Z/2)""!, u € C"~! and Q a complex (n — 1) x (n — 1) matrix.
In eq. (4.3), the characteristics are zero 0 = (0,...,0) and, therefore, we have used the
standard shorthand notation ©(u|Q2) = ©[3](u|2). The matrix I'(z) in eq. (4.3) has entries
given by

izl [W)}sm( >5l/n() rs=1l...m—1,  (45)

and

(4.6)

with I,(z) = 2F1(p,1 —p,1,1—2x). The function F,(x) is invariant under « +— 1 —z and it
is normalised such that F,,(0) = F,,(1) = 1. Although the moments of p4 are known for all
the integer n, its analytic continuation to complex n and, consequently, the von Neumann
entropy of eq. (1.2) is still not available for all the values of the Luttinger parameter.

A remarkable contact point between the theories described by the actions of egs. (3.1)
and (4.1) is the case K = 1. Notice that, when the Luttinger parameter takes this value,
the function Fp,(x) in eq. (4.3) simplifies to F,,(z)=1 and the moments of eq. (4.2) for the
massless compact boson present the same universal dependence on ¢1, ¢ and x as the ones
in eq. (3.2) for the massless Dirac fermion. A detailed discussion on this identity can be
found in ref. [29], where it is explained the reason why, although these two theories are
not related by a duality, their partition functions on the Riemann surfaces ¥, arising in
the two-interval replica method are actually equal. Here we find that this identity extends
to the partition functions Z4142({a;}) on the surface %, with different twisted boundary
conditions at each branch point. In general, when A is made up of more than two intervals
and the Rényi index n is larger than two, the moments of the reduced density matrix in
these CFTs (and the corresponding Rényi entropies) are different [29].
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4.1 Charged moments

We now generalise the result (4.2) to the multi-charged moments in eq. (2.11). Starting
from eq. (2.19), we will compute them as the four-point function of the field V, on the
Riemann surface ¥,. Since the U(1) conserved current is proportional to O, ¢, Vg is
identified in this case with the vertex operator [39]

Val() = 8902, (4.7)
which has conformal dimensions
2
- K
BY = hY = (O‘> = 4,
« o 27_[_ 2 ( 8)

In the following, it will be useful to introduce the rescaled Luttinger paratemeter n =
K/(27?) in order to lighten the expressions.

Without loss of generality, let us consider that the end-points of subsystem A are
up =0, v1 =, ug = 1 and vy = oo. Using eq. (2.24), and given that the composite
twist fields are primaries, we can eventually obtain the expression for an arbitrary set of
end-points through a global conformal transformation. Therefore, according to eq. (2.19),
the multi-charged moments can be derived from the four-point correlation function of the
vertex operators of eq. (4.7)

2% ({ag}) = Z;1(0)(Vay (0)Vas (€)Vag (1)Vay (00))5, (a) (4.9)

on the n-sheeted Riemann surface 3, (z) with branch points at 0, , 1 and oo. This surface
of genus n — 1 can be described by the complex curve

-1
_ A=l (4.10)

22—

n

The correlator of vertex operators on a general Riemann surface of arbitrary genus was
obtained in ref. [115]. In order to give the explicit expression in our case, we need to
introduce some notions about Riemann surfaces [114].

There are different parameterisations of the moduli space of genus n — 1 Riemann
surfaces. One possibility is through the matrix of periods, which we denote by I'. This is
a (n—1) x (n — 1) symmetric matrix with positive definite imaginary part. Notice that,
according to eq. (4.10), the Riemann surface ¥, (z) is parametrised by the cross-ratio .
Therefore, the corresponding matrix of periods only depends on z, i.e. I' = T'(z). In order
to define it, we need first to specify a particular homology basis for ¥, (x), i.e. a basis of
2(n—1) oriented non-contractible curves on the surface, which we denote by a, and b,, with
r=1,...,n— 1. The detailed description of the specific basis that we consider is given in
appendix B. We also have to choose a basis of holomorphic differentials v,., r =1,...,n—1,
normalised with respect to the a, cycles. That is,

f dzvg(2) = 0ps, ms=1,...,n—1 (4.11)
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Then the matrix of periods is defined as

T, ::jgﬂdZL%(z). (4.12)

For the surface ¥, (x), the normalised holomorphic differentials read

_a2n(r—1)1
n sin(wl/n)

Il/n(x)

In appendix B, we thoroughly explain the derivation of the expression for v,.. Inserting

1

™

(2(z — 1))V (z — )" 1H/, (4.13)

||Mf

it in eq. (4.12), it is then easy to show that the entries of the matrix of periods I'(z) are
precisely those of eq. (4.5).

If we now consider four vertex operators inserted at generic points in the surface ,,(x)
and with arbitrary dimensions satisfying the neutrality condition a1 + ag + a3 + a4 = 0,
then its correlation function is of the form [115]

<Va1 (Zl)VOtQ (ZQ)Vas (23)Va4 (24)>En(a:)
_ H ‘E(Zj, Zjl)e—wlm[w(zj)—w(zj/)}t-Im[F(m)_I}Im[w(zj)—w(zj/)}
1<j<j’'<4

ajaj/n

(4.14)

In this expression, we denote by E(z,2’) the prime form of the surface ¥, (z), which we
will define precisely later, and w(z) = (w1(2),...,w,—1(2)) is the Abel-Jacobi map, which
relates a point z in the surface ¥, (x) to a point w(z) in the genus n — 1 complex torus
C"1/A, where A = Z" ! 4+ TZ"~!. This map can be written in terms of the normalised
holomorphic differentials of eq. (4.13) as

:/OZ d2'v, (7)) (modA), (4.15)

where we have taken as origin the branch point z = 0. The images under the Abel-Jacobi
map of the points z = 0, x, 1, and oo, where the vertex operators in eq. (4.9) are inserted,
can be easily computed using eq. (4.13) and applying the identities of eq. (B.9). Then we
find

w(0) =0, (4.16)
w(z) = q, (4.17)
w(l) = q+ip(z), (4.18)
w(oo) = ip(x), (4.19)

where ¢ = (1/n,...,1/n) and p(x) = (p1(x),...,pp—1(z)) with

== Z [ {M} sin <7TZ> + sin [27rl(r1)] cos ( )} Biyn(@). (4.20)

n n
Therefore, for the case z1 =0, 29 = x, z3 = 1, 24 = 00, eq. (4.14) simplifies to
(Vo (0) Voo () Vg (1) Vs (00)) 5, (a) = Mip ()@ o) sreadn T Bz, 250)[ V99

1<5<j'<4
(4.21)
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where
M, (z) = e~ mP(2)"[ImD(z)] = 'p(z) (4.22)

Let us now focus on the prime form E(z,z’). It can be defined as [114]
0, (w(z) ~ w(z)[r(x)
9(z)V9(%)

where O1 is a shorthand notation for the Theta function of eq. (4.4) with both character-
2
istics equal to (1/2,0,...,0) € (Z/2)"! and g(z) is

E(z,7) = (4.23)

n—1

9(2) = 3" vp(2)u, O3 (ull(2))

r=1

e (4.24)

Notice that the holomorphic differentials v,(z) in eq. (4.13) and, therefore, g(z) are
singular at the branch points of the curve that defines the surface ¥, (z). This means that
the correlation function (4.14) is in principle not well-defined. In order to solve this issue,
the vertex operators inserted at the branch points have to be regularised by redefining
them as a proper limit from a non-singular point. We will first extract and remove from
g(z) the divergent terms at the branch points. Then, by considering the limit in which
the distance between A; and A, tends to infinity, we will fix the correct definition of the
regularised vertex operators at the branch points.

Close to the branch points z = 0, x, 1, and oo, the holomorphic normalised differentials
vr(z) of eq. (4.13) behave as

vr(z+e€) = e [Vﬁ*)(z) + O(el/")} , (4.25)
with |e] < 1,
:Ufl/”an(:U), z=0,
_im(4r—3) —1/n
(*) — € n (1’(1 - I’)) Q’/‘,Tb(x>7 = 3:', 4 26
VT (Z) (1 _ x)fl/"an(x), y = 17 ( . )
e 47”(7:71) Qr,n(x)v = 00,
and

2ri(r=1) sin(mw/n)

Qrn(z) =€ (4.27)

ndy () '

Observe that, in the four singularities, the divergent term when ¢ — 0 is a global factor
1—n

e » and, once we take it out, the subleading corrections in € vanish. Therefore, these

singularities can be removed in the correlation function of eq. (4.14) by defining the vertex

operators at the branch points as the limit

n—1 th
V(2) = lim (ks ) Valz+6), 2= 0,2,1,00. (4.28)

e—0

In this definition, we have included a possible global rescaling factor k,,, which may depend
on the genus of the surface, and we will adjust by studying the limit of large separation
between the two intervals. If we replace in eq. (4.21) the vertex operators by the regularised
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ones introduced in eq. (4.28), then the resulting correlation function can be written in the
form

VSO @)V (V) (00)) 5, )

— ,gihTMn(x)(aler)(aerM)n H |E(*)(Zj, Zj,)‘ajaj/n7 (4.29)
1<j<j'<4

where hr = hay + hay + has + hay, and B (z;, z;) stands for the regularised prime form
01 (w(z)) — w(z)|T(x))
\/g(*) (zj)\/g(*) (zj/)

E® (2, 2j) = (4.30)

with

n—1
99 (=) = 3 v)(2)0u, ©1 (ull(2)|
1

(4.31)

u=0"

ﬁ
Il

and the expressions of v*)(z) at the branch points are those given in eq. (4.26).
In appendix C, we conjecture and numerically check the following identities for the
regularised prime forms that appear in eq. (4.29),

[EX(0,2)| = na'/m, (4.32)
_ \1/n
*) _nd-a) "
[EY (z,1)] Mo(z) (4.33)
EO(1,00)] = 1, (4:34)
and
E®(0,1)] = [B® = |E™ - 4.
B0.1)] = 1B0(0,0)| = B z.00)] = 377 (1.35)
Plugging them into eq. (4.29), we finally find
(9 (0) V) (V) (1)) fin \ T eean a0
VOV @V OV o, = () e -0 1)

(%)

In eq. (4.9), once the vertex operators V, are replaced by the regularised ones Vs ’, we can
exploit eq. (4.36) to get
1 2

A1:As ) @ 2hr o % oo _ agag %
Zi (o)) o () @ - a) T @ o Ae). (437

In particular, when a1 = —as = a and a3 = —ayq = 3, we get the multi-charged moments
ZAvA2(q, B). After a global conformal transformation to a subsystem A with arbitrary
end-points (u1,v1, ug,v2), we obtain the following result

Rn 1-n?

224420, 8) = e (n)h (a1 )T (6760 —2)) " Fw). (439)

Note that the rescaling factor x,, which was introduced in the definition of the reg-
ularised vertex operators at the branch points, is still undetermined. We can fix it by
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analysing the limit in which the two intervals A; and As are far, i.e. d — 0o, as done for
the Dirac theory. In that case, the charged moments Z:142(q, 3) must verify eq. (3.19).
Since F,(0) = 1 and the constant ¢y, g factorises into those for the intervals A; and As,
then eq. (4.38) satisfies the limit d — oo of eq. (3.19) if k,, = n.

In conclusion, for the massless compact boson, the partition function on the surface
Y., with general twisted boundary conditions is of the form

ZA1:A2 .
n ZAE({))O‘J}) . [daQa?’f?lazfgs(M (d + gl)ala3 (d + 62)0‘20‘4 (d + 01+ 82)0‘10‘4]% , (4.39)

and the multi-charged moments are
_n2 __K

242 (0, B) = o s (Ga(1 = 2)) 50 (670 (1= 2)°%) " Fy(a). (4.40)
When the Luttinger parameter is K = 1, then F,(z) = 1, and the partition function of
eq. (4.40) is equal to the one obtained in eq. (3.15) for the massless Dirac field, as we
anticipated at the beginning of this section. Interestingly, the factor in eq. (4.40) due to
the magnetic fluxes is the same, when a = 3, as the one derived in ref. [78] for a large
central charge CFT with the Luttinger parameter K replaced by the level of the Kac-Moody
algebra of that theory.

5 Symmetry resolution

In this section, we apply the approach described in section 2.1 in order to evaluate the
symmetry resolution of the mutual information in the two CFTs analysed in sections 3
and 4 from the expressions obtained there for their multi-charged moments Z1:42(qa, B3).

5.1 Fourier transforms

The first step is to determine the Fourier transform (2.12) of the multi-charged moments.
We need to know how the non-universal constant c,., s does depend on a and 3. In
section 3, we have concluded that, for the tight-binding model, it can be well approximated
if we only take into account the quadratic terms in o and 3. In the following, we will assume
that this is in general a good approximation [40]. Therefore, we will take
_(@24+8HK
Cn;a,3 = Cn;O,O)\n min (5.1)

In the case of the tight-binding model (K = 1), we obtained in eq. (3.22) that A, = eS".
Therefore, applying eq. (5.1) in the result of eq. (4.40), the multi-charged moments

can be rewritten as
K

Z;?l:AQ (Oé,ﬂ) _ Z;,?(O) {(1 _ :E)faﬁ EIQQZ;BQ] 272n ’ (52)

where Zp = Aylp. The evaluation of eq. (2.12) using the expression above yields the following
multivariate Gaussian function for the Fourier modes of the multi-charged moments

_27_(_2”(1% In 22+q§ 1n[71+q1q2 In(l—x)
Z;?(O)Tme K[41n(Z1) In(lg)—In2(1—=)]

K\/4In(f1) In(fy) — In®(1 — )

2% (g1, q2) =

(5.3)
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Notice that the Luttinger parameter K enters in the Gaussian factor as an overall rescaling
of its variance.
In the limit of large separation between the intervals, i.e. d — oo (z — 0), eq. (5.3)

tends to

nwzq% nﬂQqS

- Z;?“A2(q1,q2) _onm e 2KInf] o 2KIni,

doo  Z(0) _ERfJQZ Jind,

namely ZA142(qy, go) factorises into the contributions of A; and Ay. This is consistent

(5.4)

with the probabilistic interpretation for the case n = 1: the outcomes of the charge mea-
surements in the two intervals are independently distributed when the separation between
Aj and As is large enough. On the other hand, in the limit of two adjacent intervals, i.e.
d — 0 (x — 1), the multi-charged moments have the form (see also eq. (3.18))

K
Ap:A saf—a? jaf—p2 | 2x2n
lim 2 (@) GG (5.5)
d—0 Z;j‘(O) (61 + 62)045 ’
whose Fourier transform is
Cor?n a3 InZy+q2 In 7y +q1 a2 [In(Z1 8) —In (21 +7))]
) ZAl:Ag niwe 4Kln(€~1)111(22)—K[ln(fllb)fln(zl+l72))]2
lim n (C.I17 Q2) _ (56)

a0 Zt () 4m(01) In(l) — [n(7afa) — In(ly +l72)]2.

Setting o = /3 in eq. (5.2), we obtain the charged moments (2.8) with a single flux

n

Zi(a) = Z0) |1 = 2)alo| > (5.7)

In this case, performing the Fourier transform of eq. (2.9), we end up with

A 72ng?
ZA(q) _ Zn (O) VTN 67 2K1n[(1—qz)l71l72] ) (58)
\/2K In {(1 — a;)lagg}

Taking n = 1 in this expression, we obtain the probability p(q) of having charge ¢ in
the subsystem A, namely p(q) = Z1(q). Now we can plug it together with the result for
Z41:42(gy | go) found in eq. (5.3) into eq. (2.14) to obtain the conditional probability p(q1, ¢2)
of having charge ¢; and g2 = ¢ — ¢1 in the intervals A; and As if the total charge in A is ¢,

27 In [(1 — .%')glgg} _2x2 [ nlata3 Inli+araz In(i-2) (a1+42)2
p(q17q2) — _ _ e K 41n(Z1) In(fy)—In2(1—z) 4In[(1—x)l1 L] )
K[41n(f1) In(fs) — In%(1 — )]

(5.9)
In this expression, £, = A\1f,; in particular, for the tight-binding model \; = e2+1+78,
with vg the Euler-Mascheroni constant. As a non-trivial consistency check, we have verified

that the probability functions we have obtained satisfy the normalisation conditions

[e’e) . q
/ ZM 2 (g g)dgrdgy = 1, / p(q1, ¢ — q)dg1 =1, (5.10)

—00

in agreement with egs. (2.14) and (2.13).
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Figure 3. Probability Z;(q1,¢2) for the tight-binding model as a function of ¢; at fixed ¢o and
for two disjoint intervals of lengths £1, f5, and separated by a distance d. The points are the
exact numerical values calculated using the methods of appendix A. The solid line is the theoretical
prediction in eq. (5.3) taking for the non-universal constants the corresponding values for the tight-
binding model indicated in the main text.
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Figure 4. Probability Z1(q1,¢2) as a function of ¢; at fixed ¢s for two adjacent intervals of sizes
¢1 and ¢5. The solid blue line is the theoretical prediction in eq. (5.6).

In figure 3, we compare the expression for Zi(qi,q2) found in eq. (5.3) for the case
of disjoint intervals with the exact numerical results obtained for the tight-binding model
using the methods of appendix A. The agreement is excellent. We remark that in figure 3
there is no free parameter when matching the analytical prediction with the numerical data
since we know the expression of the non-universal constants for this particular system. In
figure 4, we have repeated the same analysis in the case of adjacent intervals (d = 0),
checking the validity of eq. (5.6).

5.2 Symmetry-resolved mutual information

We compute now the symmetry-resolved mutual information defined in eq. (2.5). We need
the probability p(q1,q — ¢1) derived in eq. (5.9) as well as the symmetry-resolved entropies
for A and its parts A; and As separately. For the entropies of A1 and Ay, we can use the
results for a single interval obtained in ref. [45] while, for the full subsystem A, it can be de-
rived from the Fourier transform of the charged moments determined in eq. (5.8) by apply-
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Figure 5. Symmetry-resolved mutual information of eq. (5.14) in the tight-binding model. We
plot our analytical prediction for different combinations of ¢, /5 as a function of the cross-ratio x

(left panel) and ¢ (right panel).

ing eq. (2.10). The three symmetry-resolved entropies can eventually be written in the form

1 2K 1 £2 3
X X 4 2 4
- —Zln(Z=méA)-=— . A1
STl =57 =5 “( o o > 2 T EngmE T (Kmpgaye O
where S{¥ is the total entanglement entropy of subsystem X. In this expression, when
X = Ap, we have to take A = {, and o = 1 while, if X = A; U Ay, then A = {1/5(1 — z)
and o = 2. The auxiliary quantities 0 and £ in eq. (5.11) are defined in terms of A\, as

1
Ind =In\ +27%, €= — 5500 An) ln=1 (5.12)

For the tight-binding model, we know the explicit value of these non-universal constants,
Ind =27295(1) +1n2, € =(1) +5(1). (5.13)

From eqs. (5.9) and (5.11), we can now obtain an explicit expression for the symmetry-
resolved mutual information. Since the conditional probability p(qi,q — ¢1) satisfies

eq. (5.10), we have

[ (g) = A _ 1L [2K In(£9) In(£3) ] 1 ey S
2

20| ™ w(BB0 ) T e (Af1 - )

JE2 (1 1 1
—rr = — + — — =
K2 \Inf; Infy In({1ls(1 —2))

L @ (g—q)?
+ I g _ )T g 5.14
K?f/_oop (@10 = 1) Ln? i mih, | (5:14)

where 4142 is the total mutual information of eq. (1.3) and we have introduced the
rescaled subsystem length 52 = 0f,. We plot this function in figure 5. As we anticipated,
the symmetry-resolved mutual information is not a good measure of the total correlations
between A; and As in each symmetry sector since it can assume negative values. Finally,
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we can also derive the number mutual information defined in eq. (2.7). Applying in that
formula the result for 14142 () obtained in eq. (5.14), we have

s _ Ly lzK In(£9) In(43) ] Ll om2¢

num 2 7111 (g(ligg(l _ x)) 5 Kln (gng(l - 33))

2 (1 1 1
T = — + ——=— — ==
K2 \Inft; Infy In(fila(1 —2))

o0 2 2

4 € / ZAltAQ q1 (q_ql)
-t = ,q — — 4+ = dq1dg. 5.15
TR? ) (@10 =) [m% m2, | (5.15)

Since ¢ = q1 + g2 and

00 . Kln [
/ Z?I'AQ(%,Qz)qu%d% -T2 L p=1,2, (5.16)

—00

then eq. (5.15) becomes

) 0
[Avds _ 12K In(£}) In(£5) N 1 W4£ 1 N 11
2 7 In(£365(1 — x)) 2 K2 \Inf; Infy In(lils(1 —2x))

9 & 1 1 2
— T ~ + ——= — ——=— . 5.17
K (mzl In s 1n(£1fz(1x))> (5.17)
In the limit ¢1, ¢>, d — oo, this expression behaves as

IA1:A2 -~ 11 |:2K lnﬁllnfg

1
i~ ™ 5 ﬁln(flﬁg(l—x))}+2' (5.18)

This result resembles the one for the number entropy of a single interval (see e.g. [45]),
where a double logarithmic correction in the subsystem length also appears, even though,
in our case, the dependence on the parameters ¢1, /s, d is more involved. On the other
hand, it is a simple function of the Luttinger parameter K since, as we already pointed out,
the only effect of K in the Gaussian factor of the Fourier transform of the multi-charged
moments is renormalising its variance.

6 Conclusions

In this manuscript, we have computed the multi-charged moments of two intervals in the
ground state of the free massless Dirac field and the massless compact boson, with arbitrary
compactification radius. Using the replica approach, the multi-charged moments are given
by the partition function of the theory on a higher genus Riemann surface with a different
magnetic flux inserted in each interval. We have carried out the analysis of such partition
function for the two CFTs under investigation in full generality, allowing the background
magnetic flux to generate a different twisted boundary condition at each end-point of
the intervals. In the case of the Dirac field, we have adapted the diagonalisation in the
replica space method of ref. [24], to account for the different monodromy of the fields
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at each end-point. In the compact boson theory, we have chosen a geometric approach,
and we have directly considered the four-point correlator on the Riemann surface of the
vertex operators that implement the flux. It turns out that the known formulae for such
correlator diverge in our case [115]. Once we properly regularised them, we have obtained
a cumbersome expression for the multi-charged moments in terms of Riemann-Siegel Theta
functions. Nevertheless, we have found several remarkable identities concerning the prime
forms of the Riemann surface that allow to dramatically simplify the final result for the
multi-charged moments. The factor due to the magnetic fluxes is eventually an algebraic
function of the lengths of the intervals and their separation — identical to the one obtained
in the Dirac theory. In fact, for a certain value of the compactification radius, the multi-
charged moments of both theories are equal, generalising the known identity between their
two-interval Rényi entropies [29].

Given the simple expression obtained for the multi-charged moments, we can easily
calculate their Fourier transform, which has a Gaussian form. From it, we have finally
derived formulae for several interesting quantities such as the joint probability distribution
of the charge for simultaneous measures in the two intervals, the symmetry-resolved mutual
information [82] and the number mutual information.

Let us conclude this manuscript discussing few outlooks. The multi-charged moments
analysed here can be used to study the symmetry decomposition of the negativity in im-
balance sectors [65]. This is a measure of entanglement in mixed states which involves the
partial transposition of the reduced density matrix. In the replica approach, this operation
can be performed by properly fixing the different fluxes and exchanging the end-points
of the transposed interval. A further generalisation is to identify the holographic dual of
the multi-charged moments, which would be the starting point to compute the symmetry-
resolved mutual information in the AdS/CFT correspondence, as done for the entanglement
entropy in ref. [77]. Partition functions with twisted boundary conditions, as the ones con-
sidered here, have been also proposed as non-local order parameters to distinguish various
topological phases of spin chains [104, 105]. We think that our analysis for the multi-
charged moments can be useful to make progresses also in that direction. Finally, even
though far beyond the scope of this manuscript, it would be interesting to obtain a rigorous
proof of the identities for the prime forms that we have found and numerically checked here.
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A Numerical methods

For the numerical test of our field theory results, we consider the following lattice discreti-
sation of the Dirac fermion, known as tight-binding model,
1 o0
H=-3 3 (chiycj +hee), (A.1)

j=—oc

where cj. and c; are fermionic creation and annihilation operators that satisfy the anti-

commutation relations {c;, CL} = 0. In terms of them, the charge operator reads

Q= i (c}cj — ;) . (A.2)

j=—00
The two-point correlation functions in the ground state of eq. (A.1) are of the form

+ o sin(w(j —k))

(cjen) = o= k) (A.3)

and, due to the particle number conservation, (cjcx) = 0. As well-known [119, 120], the
moments Tr[p;] can be calculated from the restriction of the two-point correlation matrix
to the subsystem A, that is (Ca)jr = <c}ck>, with j,k € A. The charged moments
Z;;‘ZAlUAQ () can also be easily computed numerically in terms of the matrix Cy using the
formula [39, 45]

l14-L2
zi=4(0) = ] ()" + (1 - e/, (A4)

j=1
where ¢; are the eigenvalues of C4 and /, is the number of sites in the interval A,. In
the case of the multi-charged moments Z41:42(q, 3) defined in eq. (2.11), the method used
to compute ZZ(a) can not be applied since ps does not commute with the charges Q 4,
and @4, of the two parts of A. Following ref. [82] (which was based on [116]), we rewrite

eq. (2.11) as

74 (a, B) = ZaTra(papa), (A.5)

where 1
pa = ZieiaQAl-ﬁ-iﬁQAQ’ ZA — TrA(emQAl +7;6QA2)‘ (A.6)
A

Although p 4 is not a density matrix, it is a Gaussian operator with an associated two-point
correlation matrix, C4, given by

~ % j € Ay,
(Cadij =3 115" 7 (A7)
m ] S Ag.

Applying the rules for the composition of Gaussian operators [121] and introducing W =
2C4 — I, we get [82]

(A.8)

258 0, 8) = (¢ 4 0P O (e ERR )

2
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where

Wi Wia\ [(Saril 0
o= (e i) (T 0, ). (A9)
Wai Was 0 Sqle
and the notation Wy, p,p’ = 1,2, refers to correlations between sites in A, and A,/. This
result allows to exactly compute the multi-charged moments in the tight-binding model for

different values of o and 3, as showed in figure 2. The Fourier transform of th:AQ(a, B)
gives the quantities Zf‘ 1:42 (q1,42) analysed in figure 3 and figure 4.

B Derivation of the normalised holomorphic differentials

In this appendix, we present the detailed derivation of the expression given in eq. (4.13) for
the normalised holomorphic differentials v,.(z) of the Riemann surface ¥, (z). Recall that,
according to eq. (4.11), they are normalised with respect to the homology basis {a,, b, }. In
order to define this basis, it is convenient to introduce an auxiliary basis of non-contractible
cycles, which we call @, and b,. The cycle @, encloses anticlockwise the branch cut (ug,v1)
in the 7-sheet of the surface. The dual cycle b, connects anticlockwise the r and n sheets
through the branch cut (uj,v1) and then it goes back to the r sheet through the branch
cut (ug,v2). In figure 6, we draw the auxiliary homology basis in the case n = 3. The
cycles a, and b, are defined in terms of the auxiliary ones by

ar = Zaku bT:BT_bT-‘r].) (Bl)
k=1

withr=1,...,n—1 and b, = 0.

We can now obtain v,(z) by following the usual procedure considered in the literature,
see e.g. [117, 118]. We first take the basis of canonical holomorphic differentials of the
surface X, (),

pr(2) = (z(z = 1))z =2/, r=1,...,n—1. (B.2)

If we denote by A and B the (n — 1) x (n — 1) matrices with entries

Ars = f dz,us(z), Br,s = % dz,us(z), (B'?’)
ar br

then the normalised holomorphic differentials v,(z) can be calculated from pu,(z) such that
n—1

ve(2) =Y m(2) Ay, (B.-4)
1=1

where Al_rl are the entries of the inverse of the matrix A. Furthermore, by combining
eq. (4.12) with egs. (B.3) and (B.4), the matrix of periods I'(z) in eq. (4.5) can be obtained
from

I'(z) = BA". (B.5)

To compute the matrices A and B, it is useful to consider the auxiliary homology basis
{a,,b,}. The advantage of taking this basis is that it is easier to calculate the contour
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Figure 6. Auxiliary homology basis of the surface ¥, (x) for n = 3.

integrals of p,(z) along the cycles a, and b, than along a, and b,. In fact, let us denote by
A and B the (n — 1) x (n — 1) matrices analogous to .4 and B but integrating now along
the auxiliary cycles @, and b, respectively,

A :j{ dzps(2), Brs :% dzps(z). (B.6)
ar br
Then, by taking the correct branches for u,(z), we find that

- 2ri(r—1)s / _ 2mis x
A s =e n (e no — 1)/ dzps(2)
0

)

7i(2r—3)s

=2mie” n Lyp(7), (B.7)

and

~ 21ri('r—1)s 271—1705
Brs =e n / dzps(z

iw(r—3)s Sln (L
sin (22) "

where we have employed the identities

/dzus = mjs/n() dzus(z):wfs/n(l—x). (B.9)

If we apply now the relation of eq. (B.1) between both homology basis, then we directly
obtain the matrices A,

im(r—2)s Sln (m)

r
A7~75 = Z Ak-7s = 27726 n W

and B

Br,s = Br,s - BrJrl,s
im(r—2)s 1 iTs I ]. —
= 27ie 2 [Sin <7T(T+)S> —e n sin (mﬂ M (B.11)

n n sin (%s)
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The entries of the inverse of A are

_ 2mi(s—=)r

e n sin (%)

Ars = (B.12)

7Tn['r/n('r)
Using egs. (B.4) and (B.12), we finally arrive at the expression written in eq. (4.13) for
the normalised holomorphic differentials v,.(z). The matrix of periods in eq. (4.5) can be
directly obtained by plugging egs. (B.11) and (B.12) into eq. (B.5).

C Prime form identities

The identities for the regularised prime forms E®)(z, 2') of eqs. (4.32)—(4.35) can be easily
proved when n = 2 (genus one). In that case, the matrix of periods of eq. (4.5) is a scalar
['(x) = ip;/2(x) and the Theta function ©1 that appears in eq. (4.30) reduces to a Jacobi
2
theta function, @%(u|F(x)) = —¥1(u|l'(x)). The images under the Abel-Jacobi map in
eqs. (4.17)—(4.19) are in this case
r
<2$), w(oo) = — (C.1)
Here we illustrate the proof of eq. (4.33). The rest of identities can be checked in a similar
way by applying the different relations in section 20.2 of ref. [122]. If n = 2, eq. (4.30)
takes the following form for z =z, 2’ =1,

U1 (D(x)/2[0(x))
0,91 (00 (z)) |

|E) (2, 1)] = 2n2 /(1 — 2)'/21) o () (C.2)

where I,,(x) is defined below eq. (4.6). If we apply the half-period translation ¢ (I'/2|T") =
iMa(x)~194(0|T), the equality

9,01(0]T) = m92(0|7) 95 (0|D) 94 (0]T), (C3)

and the relation between the hypergeometric function and the Jacobi theta function
I o () = 93(0|T)?, we find

221/4(1 — x)V/2 93(0|T)
Ms(z)  92(0T)

|EW) (2, 1)| = (C.4)

Finally, employing the well-known equality

L 92(000)
J5(0]F)°

(C.5)

we obtain eq. (4.33).

The results for n = 2 led us to conjecture the generalisation of eqgs. (4.32)—(4.35) for
higher genus. Unfortunately, we have not been able to find a proof for them, although they
can be tested numerically with great accuracy, as we show in figure 7. The dots are the
result of evaluating numerically the definition in eq. (4.30) of E™)(z,2'), while the solid
lines are the functions on the right hand side of the identities in eqs. (4.32)—(4.35).
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Figure 7. Numerical check of eqs. (4.32)-(4.35) involving the regularised prime form E®)(z, 2’).
We test them for different values of the genus n — 1. The points correspond to the direct numerical
evaluation of the definition in eq. (4.30) of E(*)(z,2'). The continuous lines are the plot of the
functions on the right hand side of eqgs. (4.32)—(4.35).
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