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ABSTRACT: In two recent works, we studied the symmetry resolved Rényi entropies of
quasi-particle excited states in quantum field theory. We found that the entropies display
many model-independent features which we discussed and analytically characterised. In
this paper we extend this line of investigation by providing analytical and numerical ev-
idence that a similar universal behavior arises for the symmetry resolved negativity. In
particular, we compute the ratio of charged moments of the partially transposed reduced
density matrix as an expectation value of twist operators. These are “fused” versions of the
more traditionally used branch point twist fields and were introduced in a previous work.
The use of twist operators allows us to perform the computation in an arbitrary number
of spacial dimensions. We show that, in the large-volume limit, only the commutation
relations between the twist operators and local fields matter, and computations reduce
to a purely combinatorial problem. We address some specific issues regarding fermionic
excitations, whose treatment requires the notion of partial time-reversal transformation,
and we discuss the differences and analogies with their bosonic counterpart. We find that
although the operation of partial transposition requires a redefinition for fermionic theo-
ries, the ratio of the negativity moments between an excited state and the ground state
is universal and identical for fermions and bosons as well as for a large variety of very
different states, ranging from simple qubit states to the excited states of free quantum field
theories. Our predictions are tested numerically on a 1D Fermi chain.
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1 Introduction

Over the past two decades, entanglement measures have been widely studied in the context

of low-dimensional quantum field theory, starting with several seminal works [1-7] which

focused on one measure (the entanglement entropy [8]) and on one type of theory, largely

1D conformal field theory (CFT) and its discrete counterpart, critical spin chains. From

these papers sprang several important ideas and techniques which have been extensively

exploited thereafter. Notable among them are the numerical and analytical observation

that the entanglement entropy exhibits universal properties, i.e. properties that depend

only on the theory’s universality class characterised by the central charge ¢ and, at the



technical level, that conformal symmetry in 1D is itself a powerful computational tool.
An important idea to emerge from [2, 4] and later reinterpreted and generalised to non-
critical theories in [9] is that entanglement measures can be written in terms of correlation
functions of local fields of the quantum field theory (QFT) under study, or, more precisely,
of a replica version thereof.

One particular development of these ideas has been the proposal and study of new
measures of entanglement, each tailored to capturing particular features of entanglement
and/or of the state whose entanglement is being measured. One such new measure is
the (logarithmic) negativity [10-16] which we now introduce. Let us consider a tripartite
system consisting of subsystems A, B and C. Let us assume that the Hilbert space of
system is factorised as

Havpuc = HA®@Hp @ He (1.1)

We may now consider a state in this Hilbert space. This could be a mixed state (such
as a thermal state) or a pure state: in this paper, we will focus on the latter. We now
ask: what is the entanglement of A with respect to B given the presence of C'? In other
words: what is the bipartite entanglement between two non-complementary regions of a
quantum system? The answer will depend on the entanglement measure and on the chosen
state. If the state is not factorised, that is, there is entanglement, then the answer will be
non-trivial and can be measured by the (logarithmic) negativity. Let paup be the reduced
density matrix (RDM) associated with the subsystem A U B, resulting from tracing out
the degrees of freedom of C. If |¥) is the pure state of the whole system, then

pauB = Tro(|U)(V]). (1.2)

In order to define the logarithmic negativity we first need to introduce the partially trans-
posed version of payp, denoted by pgﬂB, as follows. We first pick a basis {|i) 4}, {|j) B} for
Ha and Hp respectively. Then, given the expansion of payp in that basis

pavs = Y lia,is)(ia,iBlpauslia, i5) (i, ipl, (1.3)
i4,0'4,0B:Jp
we require that
pls= D liadp){ia,islpauslia, i5) (i, il - (1.4)
i4,0'4,0B,Jp

It is possible to show that pﬁﬁ p has real spectrum, but in general it is not positive semi-
definite. As a matter of fact, the presence of negative eigenvalues is a signal of quantum
entanglement between A and B, which can be quantified by the logarithmic negativity

£ = log Tr(|p78 1) (15)

Here the trace is understood to be over the Hilbert space associated with A U B and
| - | represents the absolute value of an operator (that is |O] = vOt0). While its direct
evaluation may be hard, it has been pointed out that the moments of piﬁ g, written as



Tr((pZﬁB)") with n € N, have a direct field theoretic description [17, 18] and they are
easier to compute. Then, one can formally recover the logarithmic negativity as

€ = lim log Tr((p4f5)™) | (1.6)

where the limit is over analytically continued moments for n. even.

An interesting issue that is specific to the logarithmic negativity is the fact that the
definitions above apply directly to spin chains or bosonic systems, but are ill-suited to
treat fermionic systems. The reason for this is rather technical and can be explained
in different ways. Unlike for bosons, the (standard) partial transpose of the Gaussian
density matrix of a free fermion state is not Gaussian, which makes the computation of the
negativity spectrum particularly difficult. There have been several proposals as to how to
modify the definition of £ in a way that is better adapted to deal with fermionic degrees
of freedom. The first definition of partial transposition, specifically modified for fermionic
states, was introduced in [19]. However, in ([20], appendix A) it was proved that, because
of the anticommuting nature of the fermionic degrees of freedom, two of the standard
requirements of a partial transposition operation, namely that if p = payp:

(p™)™ =p" and pit@--@pht = (p @@ pa), (1.7)

with T representing transposition over the total space (here T'= Ty p), may not hold with
the definition given in [19]. On the other hand, these properties are satisfied with the defi-
nition introduced in [20]: this is the time-reversal (or fermionic) negativity, which accounts
for the locality properties of fermions [20, 21] and which we present below. Following [21],
we now choose an occupation-number basis for the Hilbert space

{nj}a {n;}n) (1.8)
such that all the n; € {0,1}. Then, given the RDM

pavs = Y Hngta {ng}){ns}a, {nj}sloavsl{n)}a, {0} e) ({nf}a, {n}} Bl
{njtadn;}s
{nf}ta{ni}e
(1.9)
we define the fermionic partial transposition as

Rp
PAUB
= Y U Y B (g Y a. {ng Y slpass {n Y a, {n} B) ({nf k4, {ny ) 1.

{njtadn;}s
{nf}taini}e

(1.10)
where ¢({n;}, {n}) is given by
¢({n;},{nj}) = (75 + 7)(mod 2) + 2(ra + 7)) (78 + 75) , (L.11)

and Ta/p = Xjca/B nj,TA/B = YjeA/B n; are the numbers of occupied states in each
subsystem. Thus, the novelty of the fermionic partial transposition (1.10), as compared



to (1.4), is the presence of an additional phase shift which depends on the number of
fermions. While in general piﬁ g is no longer hermitian for fermionic systems, one can still
define the (fermionic) logarithmic negativity as (1.5) by writing the absolute value as

‘PIXSB = (piﬁB)eriﬁB7 (1.12)
and observing that it is a positive semi-definite matrix.

Let us now add the final layer of definitions by introducing symmetry resolved entan-
glement measures. Such measures have become very popular in the past few years and
extend the standard definitions by exploiting the presence of internal symmetries. Some of
the earliest studies (see [22, 23] for the CFT/QFT and quantum spin chain constructions)
focused on the entanglement entropies but more recently also the logarithmic negativity
has been generalised in a similar fashion [24-27]. Let us consider a theory with a global
U(1) symmetry (i.e. a complex free boson/fermion). In that case, a global U(1) charge
QauB = Q4 + QB commutes with the state paup

[pauB,Qa+ Qp] =0. (1.13)

Then, it has been shown [24] that the charge imbalance Q4 — Qp' commutes with pﬁﬁ B

025, @a— @QB] =0, (1.14)

and it generates a U(1) symmetry for the (bosonic or fermionic) partial transpose. At this
point, it is natural to consider the charged moments of the partial transpose

Tr (Pl p)"e?™(@a=00)) | € [-1/2,1/2), (1.15)

as measures of the symmetry resolved entanglement negativity, generalising the standard
moments (a = 0). For fermions, the definition above is changed to

Tr (|pfs g ne?mie@a=@p)) | a e [-1/2,1/2]. (1.16)

The computation of charged moments of the partial transpose was performed in [25] in the
ground and thermal state of massless free fermions in 1+1 dimensions, where the universal
UV divergences were captured by the underlying CF'T. They have also been measured in an
experimental set up in ref. [28]. In this work, we are interested in zero-density quasi-particle
states of (massive) QFT, obtained as excitations of the ground state with finite number of
particles at given momenta. We aim to compute the contribution to the charged moments
given by the quasi-particles, which arises in addition to the zero-point fluctuations. These
states are “zero-density” in the sense that they contain a fixed and finite number of quasi-
particle excitations within an infinite volume. The present work applies to the same kind
of excited states considered in [29-32] for the standard entanglement measures and more
recently in [33, 34] for the symmetry resolved entropies.

To be precise, the correct relation is [pz;ﬁ 5, @A — Qg] = 0, however, the charge imbalance operator
is basis independent and in the occupation number basis Q5 = Q5 so we can drop the transposition. As
earlier, T represents transposition over the full relevant space, in this case B.



We will now briefly state the main results of this work. Let us consider a QFT in
d 4+ 1 dimensions carrying a global U(1) symmetry and two non-complementary spacial
regions A and B. We take the vacuum state |0), an excited state |k) containing k identical
quasi-particle excitations with unit charge, and we construct the associated reduced density
matrices (RDM) over AU B as

pauBo = Tra(|0)(0),  paus = Tre(k)(k|) with C=AUB, (1.17)
for the ground state |0) and excited state |k), respectively. We consider the limit when the

generalised volume V4, Vg, Vo of each region goes to infinity while the ratios

7“,4::%7 rB::% and T:=%=1—7‘A—7"B7 (1.18)

are finite and V := V4 + Vp + Vo. We then define the ratio of charged moments:
Tr ((p )" e?mie(Qa=Qn))
Tr (Pl )e2mio(@a=Qn) ) -

Ri(ra,rp,ra) = (1.19)

We find this ratio to be universal (UV finite), and for a single particle excitation (k = 1)
given by

RY(ra, 7B, 75 0) = e*™OpT 4 g7 2miapn | < 5

r—|—\/7‘2—|—4rArB>n (r—\/r2+4rArB>n
5 + .

(1.20)
We notice that the last in (1.20) is positive/negative when n is an even/odd integer and
therefore two distinct analytic continuations over the even/odd integers are present. In
particular, the analytic continuation from n even to n = 1 gives

lim1 R%H(T’A, TR, ;) = 2T T2 P2 4 Ay arg (1.21)

n—3z

+2mia

Comparing to the o = 0 result found in [31, 32] we see that the phases e only enter

some of the factors in (1.20) whereas others remain exactly as for the total negativity. This
provides a useful hint as to how more complicated formulae for multiparticle states will

2mic
generalise to the symmetry resolved measure, namely by the substitutions r4 — e » 14
2mic

and rg — e~ » rpg. Therefore, we can write:

2mic _ 2mia )

RY(ra,rp,r;a) =RY (e nra,e norg, 70 (1.22)

Indeed, the generalisation to states of many distinct quasi-particles is straightforward,
and each particle contributes independently (multiplicatively) to the ratio of charged mo-
ments, similar to the structure found in [33, 34] for the charged Rényi entropies. We high-
light that the results (1.20) are identical for fermions with the definitions (1.12) and (1.16)
when n is even. This is the case we will consider in the following when treating the fermionic
case. For bosonic systems, states of multiple identical excitations can also be considered,



whose total negativity was obtained in [31, 32]. A similar formula can be derived for the
ratio of moments, giving

k [5 (k—p)]
Rirarpria)= 3 Y A, aprapnon 20,0 2miop (1.23)
p=—k g=max(0,—np)

where [-] represents the integer part and

k!

Apg = > H (1.24)
b _— ' '

throboTeop(q) =1 B T RDHE =D = By = kjp)lk
are combinatorial factors, with the sum running over all the partitions {ki,...,ky,} of the

number ¢ into n non-negative integer parts.

We structure the paper as follows. In section 2 we analyse in detail a simplified model
consisting of a state of few qubits. In spite of the simplicity of these states, their symmetry
resolved negativity moments capture the main universal features found in QFT. In section 3
we give a field theoretical formulation of the charged moments of the partially transposed
density matrix, employing the notion of twist operators. The difference between fermionic
and bosonic particles is thoroughly discussed again in this context, and the evaluation of
the moments is shown to reduce to a combinatorial problem which we solve exactly for
single and multiple distinct excitations. We check numerically our predictions on a 1D
Fermi chain in section 4 and find good agreement. We conclude in section 5.

2  Qubit computation

In this section we derive the main formulae for the charged replica negativities by start-
ing with a multi-qubit system. This “toy model” was already employed in [29-31, 33, 34]
following the realisation that even if multi-qubit states are much simpler than the excited
states of a QFT, they both produce the same universal contribution to entanglement en-
tropies and negativities. Hence it is advantageous to obtain such contribution from qubit
states rather than a vastly more involved field-theoretical approach.

The advantage of this picture is that the ground state of a multi-qubit system is
trivial from the point of view of the entanglement content, which means that what is
dubbed “excess of entropy” or “excess of negativity” or, in our case, “ratio of moments”
of an excited state with respect to the ground state effectively reduces to the entropy or
negativity of the excited state and the moments of the excited state, respectively. The
notion of charge imbalance in a qubit setup was introduced in [24] and the notion of
fermionic partial transposition in the same setup was later used in [25].

The main result of this section is to show that equation (1.20) for a state consisting of
a single excitation can be derived employing either the bosonic or the fermionic notion of
partial transposition. Interestingly, even if the intermediate steps of the computation are
different in the two cases, the final result is still the same . For bosonic theories, the result
can be generalised to multiple identical excitations to give (1.23) with (1.24).



2.1 Single bosonic excitation

Assume that a single bosonic excitation is localised in space according to a uniform proba-
bility distribution, so that r4, rg and r can be regarded as the probabilities for the excita-
tion to be found in regions A, B, C respectively. Then the state in H4upuc representing
a single excitation can be written as

1) = /74]100) + /75|010) + /r|001) (2.1)

where the values 0 (1) represent the absence (presence) of the excitation and the coefficients
can be interpreted as probabilities of finding the excitation in a particular region. The RDM

pAuB is obtained taking the trace over Hc¢:

paus = Tro[1)(1] = r4|10)(10] + r5[01)(01] + +/rar5(|01)(10] + [10)(01]) + 7[00){00] ,

(2.2)
or in matrix form
00 01 10 11
00| r 0 0 0
paup = | 0110 rp /rarg 0 | . (2.3)
1000 /rarg ra O
110 0 0 0

This matrix has a block-diagonal structure with respect to the number operator in AU B:
(Na+ Np)lia,jp) = (ia +jB)lia, jB), ia,jp €1{0,1} (2.4)

as indeed we can decompose it as

pavs = (r)n=o @ ( % V:/ZTB> . (0)n=2, (2.5)

where each block corresponds to an eigenspace of N = N4 + Np. Let us now come to the
partially transposed matrix piﬁ - From the definition (1.4), it follows:

P 5 = r4]10)(10] 4+ r5|01)(01] 4 /Far5(|00)(11] 4 [11)(00]) -+ /00 (00|
00 0110 11
00 r 0 0 rarp
=01 0o rg0 0 (2.6)
100 0 0rg O
1|/rarg 0 0 0

which is a block-diagonal matrix with respect to the imbalance operator AN = N4 — Np:

(Na — NB)lia,jB) = (ia — jB)lia, jB), ia,jB €{0,1}, (2.7)



as
T \/TATB
A/ TATB 0

The spectrum of piﬁ p contains four distinct eigenvalues, one of which is negative and

pgﬁB = (ra)aN=1® ( ) @ (rp)AN=—1 - (2.8)
AN=0

produced by the block AN = 0. The eigenvalues are

r VP g - VP g
TA, TB, 2 ) 2

(2.9)

and therefore this system has non-vanishing negativity. The block-diagonal structure of
pﬁﬁB, i.e. the property [piﬁB, Ny — Np| = 0, implies that the operator e2mia(Na—Np)
attaches a phase 2™ to the AN = 1 block, a phase e 2™ to the AN = —1 block and

acts as the identity on the uncharged block. Hence, we finally obtain the expected result:
Tr ((pgﬁB)"e%m(NA_NB)) =Ry (ra,rp,r;a), (2.10)

with R} (ra,rp,7; @) given by (1.20). In addition, knowing the eigenvalues allows to com-
pute the negativity from its original definition (1.5), without the need to obtain the mo-
ments first.

2.2 Single fermionic excitation

In this section we will show that the result (1.20) holds for n even also if we adopt the
fermionic definition of partial transposition (1.10). It is important to emphasise beforehand
that by speaking of fermionic excitations in this context we only refer to the prescription
for the partial transposition of the RDM, not to any algebra of the operators that create
and annihilate the qubit states.

If we adopt the definition (1.10), the matrix pﬁﬁ g differs from piﬁ p as obtained in the
previous section only because there is now an extra phase in the off-diagonal elements:

(110)(01))" = —i[11){00[,  (|01){10])"*# = —i|00)(11] (2.11)

while the diagonal elements are not modified. It follows that pifj g is still block-diagonal
with respect to the imbalance operator:

r —1./TATB
—iyFars 0

The eigenvalues of the zero charge sector can now be imaginary, depending on the values of

PiﬁB = (ra)an=1® ( ) @ (re)AN=—1- (2.12)
AN=0

r4 and rp. However, we are eventually interested in the evaluation of the charged moment

B|”ei2m(N A=Ns )), which requires the knowledge of the eigenvalues of | piﬁ | only.

R
Tr <|PA5
From the definition (1.12), and making use of the block diagonal decomposition, it is clear
that we need to find the spectrum of the matrix:

e N R N W C e eV
siviars 0 ) \sivmrs 0 ) T \sinymars rars, |



which is given by

r VP drarg )
Ap = 5 (2.14)

The eigenvalues Ay are nothing but the squares of the eigenvalues of | piﬁ gl in the sector
with AN = 0, while the ones associated to AN = +1 are given by r4,rp respectively.
Since this spectrum was already obtained in the previous section for a bosonic particle,the
result (2.10) is recovered here for n even.

2.3 Multiple distinct excitations

A generic state consisting of k distinct excitations is a linear combination of states of the

form
3 S S L S P 7. A ®§:1|zf4,z§3,zjc> € (Hausue)® (2.15)

and for every j =1,...,k
i iil € {01}, il +ib=1. (2.16)

Among these states, let us focus on those which are tensor products of the linear com-
bination (2.1), that is, on states of the form [11...1) := |1)®*. For k = 2 we have for
instance
|11) = \1>®2 =r4|11,00,00) + rp|00,11,00) + |00, 00, 11)

+ /rarp(|10,01,00) + |01, 10, 00))

+ /rar(]10,00,01) + |01, 00, 10))

+ +/rpr(|00,10,01) 4+ 00,01, 10)) . (2.17)
For a tensor product state the density matrix is the tensor product of the single-particle

density matrices, and since the trace of a tensor product is the product of the traces, the
RDM is a tensor product itself:

) = (pM)2k Y = Trop™) = () F. (2.18)

Now we can compute the charged replica negativities using the bosonic partial transposi-
tion (1.4):

Tr ((pAUBl) TB) e2mia(Na— NB)) — Tr <(<p541L)JBTB)®k) 2wia(NA—NB))
Rk . ‘ ok
(G O ) B (GO
= (R} (ra,rp,7; oz))k , 2.19)

(1)

where the operators N ', N 1(31) act on a single two-qubit state in the obvious way

NWiayig) =ialia,is), NPliayig) =iplia,in), ia,ip € {0,1}. (2.20)



The result above is not surprising and it is a consequence of the choice of the state: if
the multi-particle state is a tensor product then there is no correlation between different
particles and the total negativity is simply the product of the single particle negativities.
This also holds for the ratio of charged moments. As we shall see below, this is not the
case when the particles are indistinguishable.

2.4 Multiple identical excitations

Consider now a k-particle state consisting of k identical excitations. Its associated qubit
state can be written as:

‘k> - Z Cka,kp ke ’kAkBkC> ) (2.21)
{ka,kp.kc}ead (k)

where of (k) represents the set of integer partitions of k into three non-negative parts and

the coefficients

k‘r Apkc kB

Ckakp.kc = m kat+kp+kc.k s (2.22)

are as usual probabilities of finding k4 identical particles in region A, kp identical particles
in region B and the remaining particles, ko in region C, weighted with the appropriate
combinatorial factors. As shown in [31, 32|, if all vectors |kakpkc) are normalised to one,
then also (k|k) = 1.

From this expression it is then possible to explicitly construct the matrix elements of
the (bosonic) partially transposed density matrix as:

<kAkB’pAUB|kAkB > Ckl k2 ke Ch2 kL ke (2.23)
kc€Np
where the sum represents taking the trace over the degrees of freedom in C' and the partial

transposition exchanges the indices k5 and k% in the coefficients. The matrix elements of
the nth power can then be simplified to

n+lgn+1\ __

<kAk‘B‘ (pAUB> |k k > - Z H Ck‘J kj+1k] ij+1kj kj (224)

kS kS €Ng;s=2,...,n j=1

kgeNO reln
Z H k'rA r C?“B 5
- j j+1 j j+1 j j
P AP Sl 21 TR 5 kytkp kgok Tk kg tke k
RS 0;8=2,..., n j=

k6€N0§7"61n

where I,, := {1,...,n}. This formula follows from multiplying together n copies of (2.23)
with different intermediate states (indices).

While eq. (2.25) was already presented in [31], its symmetry resolved version is new
and can be easily written by introducing phase factors in the sum above. We have

111 (I \" 2mia(Na—Np)|pn+1pn+1

(kakp| (PAUB> e?miod )|k: [
oty e b
7“ 7“ T 2mic (1.0 j
= E ” AT “"p B 2mia (g _fd ) _
- e n \WaTFBIY . . S ) (2.9
PR e B 1 11 Wkl k Okl k (2:25)

035=2,..., n Jj=

A’"B
kTCENO;TEIn

~10 -



Starting with this result, the derivation of equations (1.23) and (1.24) is identical to that
presented in [31, 32]. The idea is to employ the various existing constraints on the values
of K’ ,ké and ké in order to reduce the number of terms in the sum and product (2.25).
Several terms in the sum are vanishing due to the two delta-function constraints. Once
those are implemented, only one independent set of variables, say k:i‘ remains. This set
itself is constrained by the fact that each of these numbers can never be larger than k. The
implementation of all these constraints eventually leads to the result (1.23) with (1.24).
Before concluding the section let us analyse the simplest case, k = 1. For a single excitation,
the right-hand side of (1.23) is given by:

[n/2]
—27 27 —2
A—l,n r%e ma_‘_ALO 7“716 T + Z AO,q(TATB)an q .
q=0

By looking at the definition (1.24) one immediately gets A_i, = Ajp = 1. On the
other hand, Ao,g = > (1, . kn}eon(q) 1, Where each k; € {0,1} and whenever k; = 1 then
kj+1 = 0. Counting the number of sequences (ki, ... ,ky) that satisfy these constraints is
a combinatorial problem identical to the one we solve in the next section. This number is

n_ (n*q

prsrr] G ). As we explain in the next section, this result exactly reproduces (1.20).

Looking at the coefficients (1.24) it is clear that the computation has an underlying
combinatorial interpretation. For the o = 0 case this has been established by reinterpreting
the sum (1.23) as a partition function for a certain class of graphs [32]. A combinatorial
picture will emerge again in the next section in a related context: the computation using
twist operators.

3 Twist operator approach

In this section, we provide a field theoretic description of the charged moments of the
partially transposed RDM, valid in principle for any QFT. To do so, we employ the replica
construction, and we define a set of twist operators, which are based on the branch point
twist fields of 14+1D QFT [2, 9, 22, 35]. Branch point twist fields play a prominent role
in entanglement computations in 141D QFT and were used also in the context of excited
states in [29-33]. Branch point twist fields sit at branch points from which branch cuts
extend. Twist operators were introduced in a previous work [34], and have very similar
exchange relations with respect to local fields as branch point twist fields, with the difference
that they act on extended regions of space rather than points.

In [34] we showed that the analysis of the entanglement entropies of quasi-particle states
relies on few algebraic properties, mainly their exchange relations w.r.t. local fields, while
most of the theory-dependent features are hidden in the zero-point fluctuations (ground
state entanglement). Similar to the previous section we will consider here a single excitation
of either bosonic or fermionic type. In the fermionic case, we discuss the algebra of twist op-
erators and fermionic fields. We both compute the charged moments in a generic fermionic
theory, and, as a byproduct, we perform a simpler derivation valid for free fermions in any
dimension.
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3.1 Single bosonic excitation

We consider now a bosonic QFT, described by its algebra of observables A, acting on the
Hilbert space H, and |0) € H is the ground state of the theory. We then consider the replica
version of this theory, consisting of n non-interacting copies of the same model. The algebra
of observables is now denoted by A", so that Z, becomes an internal (global) symmetry,
which includes cyclic permutation symmetry among copies [36-39]. We also assume that
the QFT we start with carries an additional global U(1) symmetry. This procedure allows
us to introduce a set of twist operators, supported on extended spacial regions, which mix
cyclic permutation and internal U(1) symmetries, and generalise the notion of composite
twist fields of 1+1D QFT [22, 35, 40-43].

Let O7(x) be a generic bosonic field of the j-th replica (j = 1,...,n) with U(1) charge
ko. We consider a region A, and we associate to it a twist operator T3 which satisfies [34]

2o din OITH(x)TY x € A,

. 3.1
O'(x)Ty x¢ A. (3.1)

TS0 (x) = {
The action of T} is non-trivial only in the region A and it can be interpreted as a replica
shift j — j+1 followed by the insertion of a U(1) flux among the n-th and the first replica.
Similarly, we define the conjugate twist operator Tj‘ so that

6_2m"00‘51v1(9j_1(x)fg Xx€eEA,

OI(x)TY x¢ A, (3:2)

T30 (x) = {
whose action is the inverse of that of 7'}, so we can identify Tj‘ = (TX)T. These operators
will now allow us to develop a field-theoretic formulation of the symmetry-resolved nega-
tivity and its moments. Let A and B be two disconnected regions, |¥) a state and paup
its RDM over A U B. Following [20], one can indeed interpret the moments as charged
functions of a n-sheeted Riemann surface with a branch-cut over A and B, connecting the
replicas in two opposite directions. A similar construction in the presence of fluxes has
been proposed in [25]. In analogy with the works above, we establish the following relation
between the charged moments and the twist operators:

o )
Tr (Pl p)"e (@400 ) ~ " (W|TST|W)", (3.3)

up to a non-universal proportionality constant, which is irrelevant for our purpose as we
are interested in ratios. Note that |¥)™ represents the replicated version of the state |¥).

Consider once more the simplest case of a one-particle excitation of fixed momentum
p and charge 1, which is created by a field O acting on the ground state as

1) < O(p)[0) , (3-4)

up to a normalization constant. Here O(p) is the Fourier transform of O(x)

O(p) = /M dize P* O(x), (3.5)
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and M is the whole space, which, for simplicity, we take to be a d-dimensional torus. We
note that O (—p) = [O(p)]" which will be important for later computations. Our aim, as
in the previous section, is to compute the ratio of charged moments, which in this language

becomes B
oy LA (3.6)
(0|7 TR|0)"
We define the projection of O(p) over a generic region A as the restricted integral
Oalp) = / dize”P*O(x), (3.7)
A
then we can write
i OO (—=p) ... (OHYY(—p)TSTEO (p)...O™(p)|0)"
(A|Te T )" = (O[(oN*(=p)... (0 (-p)T3T50O (p) (p)[0) (3.8)

*(O[(O)*(=p) ... (0N (=p)O*(p) ... O"(p)|0)"

We point out that bosonic creation operators, whether on the same or on different copies,
commute with each other, therefore the order of a string of operators O7(p) is irrelevant.
We now observe that

07 (p) = O (p) + O%(p) + OL(p), (3.9)

which, when inserted into (3.8), leads to a large numbers of terms both in the numerator
and the denominator. The key idea is that in the infinite volume limit many of these terms
are subleading and the leading contribution can be isolated and shown to be simple. We
now present the details of the calculation.

Employing the exchange relations between twist operators and O, we can bring all the
bosonic fields O7(p) to the left of T{TS in (3.8). This gives

HO[(ON (=p)... (O (~=p)TETEO (p) ... O"(p)|0)" =
"o[(ON)"(=p)... (0N (~p)(Oi(p) + O (p )’2’”“+O (p))---x (3.10)
(O4(p)e*™ + O~ (p) + O¢(p)TATH|0)"

So far everything is exact, and no approximation has been made. To proceed further with
the evaluation of the expectation value, we focus on the large volume behavior. In [34] we
argued that the leading terms come from the contractions of fields belonging to the same
replica, which amount to the following formal replacement inside the correlation function:

(01, (—=p) O (p) = (0/(O1Y, (—P) O (P)|0) ~ Varar, (3.11)

with A, A’ C M generic spacial regions. Proportionality to the volume is valid in the
large volume limit and was shown in [34]. The proportionality constant can in principle be
absorbed in the normalisation of the field O and does not affect the final result. According
to the findings in [34], the accuracy of the approximation 3.11 is supported when the
correlation length or the de Broglie length (represented by |p|~!) are significantly smaller
than the size of the subsystem. This condition is an essential requirement for the excited
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states we aim to describe, and we refer to [34] for additional details. In this regime, the
vacuum expectation value of the twist operators also factors out:

010N (=p)... (0N (~p)(Oh(p) + OF(P)e ™ + Op:(p)) -+ x
(Oh(p)e™™ + O + O&(p))TETH|0)" ~

"01(ON)(=p)... (0N (=p)(Oi(p) + O (P)e > + Op:(p)) -+ x

(O4(p)e*™ + OF ™! (p) + O¢(p)|0)" x "(O|T4TH|0)",

(3.12)

which means that the charge moments of the ground state factor out and will subsequently
be cancelled in the ratio (3.6). While the formula above is already a large volume approx-
imation, when the sums are expanded and each individual term considered, many terms
that are subleading for large volume still appear. To make things clear, consider the terms

"(0[(O")*(=p) ... (O (—p)OA(P) ... O4(p)|0)"e*™ ~ Ve (3.13)
and
O[O (=p) ... (O (=p)O%(p) ... O% H(p)|0)te 2T ~ Ve 2o, (3.14)

These are the terms that generate the highest powers in the volume of regions A and B
respectively. Among the other terms that are generated, the leading ones at large volume
are those containing a string of operators O7(p) and their daggered versions all inserted at
different replicas, just as in the examples above. If that is not the case, there is at least a
pair of operators that can not be contracted as in (3.11) and the term is subleading.

We now proceed with the systematic evaluation and counting of all the leading terms
generated in the expansion (3.12). We introduce the following notation to identify each
term

(A1... An) == "(0](ON)"(=p) ... (0N (-p)O%. (p) ... O% (P)IO)",  (3.15)
where A; € {A,B,C} and j; € {1,...,n}. We observe that, once the sequence of regions
(Ay...A,) is identified, the sequence of replica indices (ji ...Jy) is fixed unambiguously,
as in fact

1+1, if A;=A
Ji=A1, ifA;=C (3.16)
i—1, ifA;=B

hence the choice of notation above. Moreover, due to the contraction rules discussed
above, only the terms for which (ji...J,) is a permutation of the indices {1,...,n} are
non-vanishing. As a consequence, one can show that (See appendix A.1) the only possible
non-vanishing terms fit into one of these two categories:

o Either (A;...A4,) = (A...A) or (A;...4,) = (B...B), the two cases which have
been already discussed in egs. (3.13), (3.14),

o Or, whenever A appears in (A;...A,), it has to be followed by B. Similarly, if B
appears in (A; ... Ay), then it has to be preceded by A.
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We focus on the second set of terms. It is convenient to split this into two additional
subsets, which we call type-I and type-I11

. Type—I: (A1 “ e An) = (B AQ e An—l A) y
o Type-Il: (A;...A,) with A; # B.

Thus, both types of string contain a number k of pairs AB and n — 2k C’s, and according
to (3.11) each of them will be proportional to (VAVB)ng_%. Due to the balance of A’s
and B’s there is no phase present in these terms (no a dependence). We now just need to
count how many of each type we have.

Among the strings of type-I, there is always at least one pair AB and there are at most
k — 1 additional pairs AB that can be present. The number of such strings is precisely (a
proof is given in A.2)

n—k—1
( ko1 ) for k=0,...[n/2]. (3.17)

Similarly, one can show that the number of type-II strings consisting of k pairs of consec-
utive A and B is

—k
(” B ) for k=0,...[n/2]. (3.18)
In summary,

010N (=p)... (0N (=p)(O4(p) + O (P)e ™ + OL(P)) - - - X

(Oa(p)e?™ + OFH (p)e™ + O (p))[0)" ~
(3.19)

(51
; — 2T n n—k n—
VIS 4 Ve 2T ( L )(VAVB)k(VC) ",

where we used the simple identity

n—=k n—k—1 n n—=k
<k>+< k—l)zn—k<k)' (3:20)

The denominator in (3.8) can be fully contracted and yields V™ (up to a non-universal
normalisation constant). Therefore the ratio (3.6) becomes a function of the usual variables
r4,rg and r and we obtain

5]
. . K
RY(ra,rp,r;a) = 7"2627”0‘ + r%edma + g n <n >(7“A7“B)kr”2k , (3.21)
o k k

which is the main result of this section. Note that although this formula looks different
from (1.20), they are in fact equivalent. That is

<r+ r2+4rArB>n+ (r— T2+4TATB>n & n (n—k)w r )k n—2k
= ATB :
2 —

r
2 On—k k

k
(3.22)
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This relation was given already in [31, 32] without a proof. The proof is indeed quite in-
volved, and can be performed using properties of the generalised Lucas’ polynomials. This
is presented in appendix B, where we also derive two interesting corollaries. The equal-
ity (3.22) is particularly interesting because it shows that the result is always a polynomial
in integer powers of 74, 7, r for n positive, even or odd. However, its analytic continuation
from n even to n = 1 does contain a square root as seen in (1.21).

3.2 Single fermionic excitation

Let us consider a theory for which the algebra A contains fermionic observables. In other
words, we assume that A is a Zs-graded algebra (superalgebra) generated by bosonic/
fermionic fields, which are even/odd with respect to the Zg fermionic parity. Here, to
generalise properly the twist operator construction, one must take care of the fermionic
nature of the fields. Indeed, two such fields sitting at distinct points, say ¥(x) and ¥(x')
will now anticommute

U(x)¥(x') = —¥(x')¥(x). (3.23)

Moreover, when the replica construction is performed and the replica fields are obtained,
we will require that fermionic fields on distinct replicas also anticommute

W (x)0 (x') = =0 (x) 0 (x). (3.24)

As a result, the algebra of the replica theory A" is not a conventional tensor product.

As before, we assume that an additional U(1) symmetry is present in the theory. Let
A be a spacial region, and we associate to it a twist operator 7' which shifts the replica
indices and appends a U(1) flux. While its action for bosonic fields has been already
discussed, we now consider its commutation relation with a generic fermionic field ¥ of
charge ky. The natural generalisation is

(—1) (=D 2mikwadin Gitl(x)TY  x € A,

Tav(x) = W)TS x ¢ A.

(3.25)

We point out that the only difference with respect to (3.1) is the presence of an additional
flux (—1)"~! between the n-th and the first replica, a factor that was already introduced
in [44] and employed for instance in [9] in the calculation of the vacuum expectation value
(VEV) of the Ising twist field.

For fermionic theories we need to define another twist operator which implements
explicitly the fermionic partial transposition, and from now on we only consider n even,
denoted also by ne. It has been shown in [20] that the effect of the partial transposition
on the fermions gives rise to an additional insertion of a flux (—1) among any pair of
consecutive replicas, in addition to the usual replica shift. To implement this construction,
we define a twist operator T' 'Y satisfying

_(_1)(1171)6%16727rim1,a6j,1 \Iljfl(x)j;g X € 147

Taw(x) = )T x ¢ A.

(3.26)
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We are now ready to compute the ratio of charged moments, along the same lines of the
previous computation. Namely, given a fermionic field ¥(x) with U(1) charge +1, we
consider the state

1) ~ ¥(p)|0), (3.27)

and its replicated version
)" ~ W (p)... " (p)0). (3.28)

Given two disconnected regions A and B, we express the ratio of charged moments of the
partial transpose also in this case as

m{0|TgTgl0)"

with n an even integer. We expand the expectation value of the twist operators as follows

O[T (=p) ... (TN (=p)(Ti(p) + Th(p)e >™* + T4 (p)) - - X
(—Wh(p)e™™ — Wi (p)e®™® + Wi(p)) THTH|0)" ~

"(0[(TN)"(=p) ... (T (—=p)(¥%(p) + VE(p)e >™* + VL (p)) - - x

(=W (p)e*™™ — Wi (p) + W (p))[0)" x (0| TS T5(0)".

(3.30)

As in the bosonic case, many terms are generated after the sums are expanded and similar
considerations as to which are leading and which are sub-leading for large volume can be
applied. However, since the fermionic fields anticommute, we need to pay attention to the
order of the fields. For example, the term (A A...A) can be evaluated to

n<0’(\IIT)n(_p) - (\IJT)l(_p)\Ij?q(p) o \I/}q(p)’())n(_e%ria) _

. . 3.31
HOIEH)™ (=p) ... (TN (=p) VA (P)TA(P) ... Th(p)|0) "™ ~ 2TV, 230

where W), (p) has been recast in the first position after crossing n — 1 (odd) fermions, thus
acquiring an additional phase —1. Similarly, it is easy to show that

HO[EH) ™ (=p) ... (TN (=p)TE(p) ... W (D)]0)" (—e2T) ~ VEe 2T (3.32)

So far, it should be clear that each term of the expansion is weighted with a proper phase,
which arises from both the commutation relations (between twist operators and fermions)
and the contractions, and this is the crucial difference with respect to the calculation
presented for the boson. We can summarise the total contribution to the phase for a
generic term

(G Gm) = "ol (=p) ... () (=p) ¥}, (p) ... ¥ (B)IO)"  (3.33)
as follows:

e If j, =1and A, = A there is a —e?™® phase. Similarly, if j; = 1, and A; = B, there

is a contribution of —e 27,
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e In addition to the previous phase, an additional —1 is present for each B which
appears in the string (A ... A,). This is due to the fermionic partial transposition
over B.

e Once the contraction is performed, there is a sign coming from the order of the fields.
Given (j1 ... jn) = (o(1)...0(n)), with o a generic permutation of the replica
indices, one can show that the sign appearing after the contraction is sign(o).

Having suitably modified the definition of the twist operators for the fermion, the phase of
each term appearing in (3.30) is the same as the one for the corresponding term in (3.12),
leading to the same result for fermions and bosons. To see this, let us first analyse a term
of type-I

(52 1) (3.34)
The phases coming from the last A and the first B cancel each other. Let A;11 = B: then
this must be preceded by A; = A. The resulting replica indices at the corresponding posi-
tions are j;11 = ¢ and j; = ¢ + 1. In other words, there is an exchange of the replica indices
¢ and ¢+ 1, which changes the sign of the permutation ¢ and it contributes as —1 after the
contraction, but it is compensated by the —1 due to the presence of a B. Similar consid-
erations apply straightforwardly to the strings of type-II. Putting everything together, the
same formula (1.20) is obtained again, which is the final result. We emphasise that this
derivation relies on the assumption that n is even, something that was not necessary for a
single bosonic excitation.

3.2.1 Single fermionic excitation via replica diagonalisation

We briefly note that the same result just derived for fermions can also be obtained via
replica diagonalisation in the free case. The key observation is that, as show in ref. [20],
the fermionic partial transpose of a Gaussian state is still Gaussian. This allows to simplify
the analysis of the replica theory, reducing it to a single-replica model in the presence of
proper fluxes. For instance, given a Gaussian state and its RDM, and taking n to be even,
one can show the factorisation [20]

n—1

. 2 27i(a+p) .
Tr (|p§5B’n€2ma(QA—QB)) — H Tr (PAuBe otr (QA—QB)""”"QB) ) (3.35)
-1

n

pP=—"5

Fach term appearing inside the product is nothing but a single copy charged partition
function with given fluxes along A and B, that is the key quantity we aim to evaluate in
this subsection.

We can also identify each term inside the product (3.35) as a ratio of correlators of
twist operators, as done in 3.6. The only difference is the flux « in 7'}, which needs to be
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shifted in accordance with the form of the trace inside the product. We then have that

nTil Tr (pAUBeW(QAQB)JriWQB)
R?(rAaTBaT;Oé) = H
p=—252 Tr (PAUB,OB

Li(zﬂj) (QAQB)HTFQB)
(3.36)

n—1

v 1
ATyrT, )

—o—pt L ’
p=—nz (0T3P, 7772 o)

|
e

where the twist operators are defined by eq. (3.25) with n = 1. A similar calculation as in
the previous sections gives

(017 (p)T5 T u(p)l0) _
(O[Tt (p)¥(p)|0)
(O[T (p) (0 4(p)e>™ — Wp(p)e 2™ + Ue(p))THTE " 2|0) (3.37)
(01wt (p)¥(p)|0) B

—a+1 . .
(OIT§T " 2|0y (r a®™ — rpe27% 4 1),

_ 1
AT3T, 2 1) =

so that

n—1
2mwi(a+p)

1 n—1
5 1Ta+pT—a—p+§ 1 2 mi(a+p)
< ‘ A B | > _ H (TA@T —TB(272 n+p +7“). (3.38)
_n—1

ot T
p=—gt (OIT4PTE" 772 |0)  penn

This product can be shown yet again to be equal to (1.20), though the proof requires some
mathematical identities that we present in appendix (C).

3.3 Bosonic state with multiple distinct excitations

Consider now a k-particle bosonic state where all particles have the same (unitary) charge
and momentum p. In order to ensure the presence of U(1) symmetry we consider the
complex free boson, described by a field O which satisfies Wick’s theorem in the vacuum
state. We thus describe the excited state as

k) ~ (O(p))*[0). (3.39)

Before entering the core of the computation in the replica model it is convenient, for
computational reasons, to slightly modify the definition (3.1) of the twist operators as
follows

2mic

e n OITYx)TY x € A,
OI(x)T¢ x ¢ A.

TS0 (x) = { (3.40)

This amounts to distributing the total flux e?™® among all copies, rather than inserting
it between the n-th and the first replica only. While this operator is different from what

we used before, one can show that the final result obtained as expectation value is not
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modified, as a consequence of replica and U(1) symmetry. An analogous fractionalisation
will be considered for T'¢. We can now evaluate

(O ep) (00 ) T (01 ) (0 () 0y
(K|S Tg k)" = : P _ATs | |

"] (O (=p))* .. (O (=p)) (O'(B))F ... (0"(p)) \o>n( |
3.41

The denominator, required to ensure the normalisation of the state, can be computed using
Wick’s theorem, which gives the expectation value as a sum over the possible contractions:

mof (O (=p)" . (O (-p)* (0'p)) .. (O (@) 0y =
0] (M) (=) (O [0))" ~ V" (k1)

The numerator in (3.41) can be manipulated similarly to the previous sections, now

(3.42)

using the exchange relation (3.40):

"ol (O (-p)"... (O ) 75 (0'( >)’“ (0" (B) 0)" —

o] (©0"(-p)" ... (O ()" (oA<> # 4 Op(p - Obp N
(Oh(p)e™™ + 05 (p)e " +Oe(p ) TITRI0)" ~

"(0) (<o*>”<—p>)’“...(<OT>1<—p>) (o,a<p)e%%+oyp> =4 0bm)' - x

(Oh(p)e™ + 05 (p)e™ " + O2(p >)'“\o>“x“<0\T2T§\o>".

(3.43)

The generic evaluation of the previous expression is combinatorially-speaking rather in-
volved, however many crucial features are already apparent. Namely, it is clear that 3"*
terms are generated simply by expanding the product over sums. Each resulting term can
then be evaluated via Wick’s theorem and will give rise to many contractions, as there are
many possible ways to contract OZL,’ (p) with (O")7(—p). Any of these contractions can be
recovered via the permutation of the operators (O1)7(—p) living in the same replica, giving
a factor (k!)™ which precisely cancels the normalisation of the state (the denominator in

q. (3. 41)). Moreover, whenever the restriction of O)(p) over the region A appears, a
factor Vae s present after the Wick contraction; similarly, a factor VBethm appears
with every B and a factor Vi for every C. Putting everything together, we can infer the
general structure

"o (0N (-p)" ... (0N (=) (4 )™/ + Op(p)e >/ + Ok(p))" - x
. X k
(0114(1))627”0(/71 + O%—l(p)ef%ma/n + Og(p)) ‘O>n —

k k k—kai—Fk 2ria(kg—kp)
ARB AA BB " )
" Cr, ks Vi V5E (Vo) ATFBe n
ka,kp

(3.44)
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so that the expectation value is a homogeneous polynomial of degree nk in V4, Vg, Vo, and
Cla.kp 15 a natural number of combinatorial nature. Using the expression eq. (3.6), we get
the ratio of charged moments as

"(1|TTg|1)"
»(0[TSTg0)"

. 2mia(kp—kp)
= > Oy kAt arghEpnh—ha—kse n , (3.45)

ka,kp

RZ<TA7 rB,T; Ck) =

valid, as usual, in the infinite volume limit. The closed formula for the combinatorial
coefficient C},, 1., at any k and n is difficult to obtain by this method, but has been obtained
ealier for simpler qubit states. The coefficients C,, 1, are nothing but the coefficients A, ,
given in (1.24).

3.4 An example: k=n =2
Let us consider the example n = 2 and k = 2 to get an idea of how the combinatorics
of (3.44) works in this case. Define the symbol

(41 Ank) (3.46)

which represents to the insertion of a string OQI (p)... Off:k (p) inside the correlation func-
tion. Among the strings which are generated, we only keep those for which any replica
index j appears exactly k times among (ji ...Jnk), as all others will vanish after Wick
contractions. For n = k = 2 the length of the strings above is nk = 4. For any given string,
there are others that can be obtained via the following permutations of the A; indices:

(A1 Ay As Ay) — (Ax A1 Az As), (A1 Az As Ay) — (A1 Ay Ay A3),

(3.47)
(Al A2 A3 A4) — (A3 A4 A1 Ag)

and these contribute equally. This allows us to slightly simplify the combinatorial counting,
and we only list the strings up to the transformations generated by eq. (3.47), taking care
of the degeneracy for each representative distinct string. These are

AAAA): it yields (rae 2% ),
).
A A B B) and (A B A B): they yield 6r%r%.

2mic

B B B B): it yields (rge” 2

2mia

).

—271'2‘04/2)3(,’”14627”'04/2)‘

B A A A): it yields 4(7’,46#)3(7"36_
): it yields 4(rpe
A C B C): it yields 8rarpr?.
C C C O): it yields 7.

2mia

AC A Q): it yields 4r2(rqe”2 )2

_ 2mia

B C B Q): it yields 4r%(rge” "2 )%

(
(
(
(
- (ABBB
(
(
(
(
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Putting all these pieces together, we obtain

R%(T’A,TB,T; a) :7“;44647@& + T4B€747ria + 67“1247"23 + 47"?47‘362#1.& + 47,3BTA6727M'04+

2

‘ ; 3.48
87',47'37“2 =+ 'r4 + 47~A7~2627"ZO¢ + 47“237‘26_2ma, ( )

This result is consistent with the one obtained from a direct evaluation of the right hand
side of (1.23) forn =2, k = 2.

4 Numerics

In this section, we present numerical results for a 1D lattice Fermi gas. In particular, we
consider the ground state at half-filling, which is a Fermi sea and has critical features. This
Fermi sea is then excited through the insertion of an additional particle above the Fermi
energy at large momentum. We aim to compute the ratio of charged moments for a state
of a single excitation and show the validity of result (1.20) numerically. Agreement with
the latter confirms the claim made earlier in this paper and in previous works, namely that
while the ground state exhibits theory-dependent, highly non-trivial behavior (in this case,
captured by a free fermion CFT [25]), the contribution given by the excitation is universal.

4.1 The method

Let us consider a Fermi chain of length L described by the fermionic operators { f;, f;-r Yi=t1,..L
satisfying the standard anticommutation relations

{fj7fj'}:{f;7f;/}:07 {fj?f;/}:5jj/' (4'1)

We choose a Gaussian state with a given number of particles and consider its correlation
matrix, denoted by

C(]ajl):<f]1-f]’>a ]a]lzlaaL (42)
Let us further define the L x L covariance matrix

r=1-2C. (4.3)

Given any two disjoint spacial subsystems A and B, of length £4,¢p respectively, the
restriction of I' over AU B is a ({4 + ¢p) X ({4 + {p) matrix defined by

I T
P = ( aa AB) | (4.4

Following ref. [45] one can show that, if p4up is the RDM for this system, the fermionic
partial transposition pﬁﬁ g is Gaussian. Moreover, since in general piﬁ p is not hermitian,
it is convenient to introduce a matrix p* defined as

Rp Rp \t
X _ % (4.5)
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From the definition of partial time-reversal transposition, it is possible to show [46] that
p* has unit trace. If one interprets p* as an unphysical mixed state of AU B, its associated
covariance matrix is? (See [45])

2 Tya O
Ihp = — 5 — : 4.6
AB 1+r?4UB< 0 —FBB> (4.6)

One can then express the even charged moments of the partially transposed RDM as (See
also ref. [25])

. 1 — FX % . 1 + FX %
log’I‘r (‘pﬁﬁBPeQWZO‘(QA_QB)) — ’I‘rlog <2AUB> 627T’LO¢ + <2AUB

n 14+ T auB 2 1—-TauB 2
—Tr 1 _— _— .
+2 rog(( 5 ) +< 5 >

We stress that eq. (4.7) makes sense also if n is not an even integer, and it naturally

(4.7)

provides the analytic continuation over n for the even charged moments.

4.2 Lattice Fermi gas

For our numerics we take the Hamiltonian of a lattice free Fermi gas on a ring of length L

1
H=—=33 flafi+ flfia (4.8)
J

Its ground state is a Fermi sea, with Fermi momentum kp = 7/2, and its correlation

matrix is ke — 7

.. SMAp\) —J
Co(4,4") = <f;fj’>0 = G- (4.9)

L sin =7

We then consider the excited state obtained via the insertion of a particle at momentum

T T
above the Fermi sea, whose correlation matrix is
1 N s s : -/
C(5.4') = Co(G, ') + e trramDu=), (4.11)

While the specific choice of k is irrelevant for our purpose, it is important to require k — kp
finite in the thermodynamic limit3
We consider the following subsystems

A={1,...,04}, B={la+1,...,04+ (B}, (4.12)

2Strictly speaking, the correlation matrix is unitarily equivalent to the one in eq. (4.6), as shown in
ref. [46]. However, this is not important for our purpose, as we are interested on its spectrum only.

$We mention that in ref. [47] the case k — kr ~ 1/L, which is a low-lying state, was considered, and its
symmetry resolved entanglement was computed.
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Figure 1. Difference of (uncharged, o = 0) Rényi negativities for the one-particle state at n =
0.5,1,2. Note that although we derived our predictions (1.20) for n even via the replica approach,
we can analytically continue them to any value of n (and they are shown with dashed lines).

and we fix the size of AU B to be half the subsystem size:

fa+ Vg 1
_— = 4.1
T 5 (4.13)
We finally evaluate numerically the difference of charged Rényi negativities
Tr |pRB |n627rio¢(QA—QB)
En(a) —Eno(a) =log ( A0B ) (4.14)

R . _ )
Tr (|pASB70’n327”‘1(QA QB))

for some values of the flux a as a function of r4 = £4/L, and we compare it with the
prediction (1.20) (with rg =¥fp/L =1/2 —ry4). In figures 1 and 2 we show the results for
a chain of length L = 400 and given values of n and «, while varying the value of r4 from
0 to 1/2. We consider also non-even values of n, and we compare the numerics with the
analytical continuation (over the even integers) of our predictions.

The general agreement is good: even if there are small discrepancies for small values
of £4 or {p, corresponding to r4 ~ 0 and r4 ~ 0.5, these are expected to be finite-size
effects which vanish in the large-volume limit.

5 Conclusions and outlook

This work is Part III of a series of papers, starting with [33, 34] where we have investigated
the universal properties of symmetry resolved quantities in zero-density excited states.
Zero-density here means that volume is taken to infinity, while the number of excitations
above the ground state (which may be trivial, as for a qubit state, or highly non-trivial as in
QFT) is kept fixed and finite. These papers in turn extend work on entanglement measures
for zero-density excited states carried out in [29-32]. Other important contributions to this
study are [48-54]

In line with the results of [33, 34] for the Rényi entropies, also here we expected
and indeed found that the contribution of a finite number of excitations to the symmetry
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Figure 2. Difference of charged Rényi negativities for the one-particle state at flux a =
0.1,0.2,0.3,0.4 and n = 1,2 evaluated numerically (dots) versus the analytical predictions (1.20)
(dashed lines). The left/right panels show the real/imaginary part of &,(a) — &, 0(a). The size of
the chain is L = 400, and we plot the results as functions of r4 € (0,1/2). Note that although
we have insisted that n must be even, once a formula with n even has been obtained, n can be
analytically continued to other values, hence our choices for the numerics.

resolved (logarithmic) negativity is given by a simple formula, a polynomial on the variables
ra,rp and r = 1 — r4 — rp, which represent the relative sizes of two subsystems A and B
and their complement, respectively. For the symmetry resolved moments of the negativity,
this polynomial will also depend on a parameter related to the internal symmetry of the
theory, which in this paper we take to be U(1). We called this parameter . The formulae
that we obtained generalise the results of [31, 32] in a simple way and are consistent with
numerical results. However, some of the methods that we have employed to obtain these
results are quite new and have potential for further use.

The method of twist operators, closely related to the derivation in [32] for d-dimensional
free bosonic theories, was introduced in [34] and the present paper provides a very non-
trivial check of its validity. From this method alone, we can claim that our formulae should
be valid in any dimensionality. Compared to a computation based on branch point twist
fields for free QFT, as performed for the negativity in [31], the use of twist operators, at
least for free theories, captures the same universal result through a significantly simpler
computation.

A further application of twist operators and one of the most interesting and novel
results of this paper is the fact that twist operators can be easily adapted to treat particles
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with both fermionic and bosonic statistics. In particular, it has been known for some time
that the negativity of fermionic theories requires a slight redefinition of the operation of
partial transposition [19, 20]. Here we find that, first, this redefinition is easy to implement
in the context of twist operators, and, second, that once implemented it leads to a result
which is the same as for bosons (even if the intermediate steps and starting point of the
computation are different). This ties in well with the idea that the universal part of the
entanglement associated with these types of excitation has a semiclassical interpretation
(as recently explored in [54]), thus the statistics of excitations plays no role, even if it
does play an important role for non-universal contributions, which are non-trivial when we
consider excited states of QFT.

Looking ahead, there are many interesting questions to explore in relation to the role of
different kinds of symmetries in the context of entanglement as well as the entanglement of
excited states in different limits and for different types of particle statistics. For example, a
notion of anyonic partial transposition was introduced in [55] which we could easily adapt
to some of the models considered here, such as qubit states. There have also been recent
studies of the symmetry resolved entanglement for non-invertible symmetries [56] which
could equally be extended to excited states. In connection to twist operators, any new
measures of charged entanglement should be computable by a suitable redefinition of the
operators.

Also related to this and previous work is the investigation of the crossover from low
to high energy states in CFT, from the model-dependent predictions of [57] to the sort
of universal results obtained in [29-34] and here. The results of [57] apply to low-lying
excited states of CFT, whereas the universal formulae obtained for zero-density excited
states apply for large momentum/energy. There must be a crossover between these two
behaviours that one can understand from CFT arguments and it would be very interesting
to do so.

Finally, twist operators seem to be a promising approach to computing entanglement
measures in limiting cases where many details of the interaction can be neglected, i.e. semi-
classical limit. A possible field where these ideas could be applied are out-of-equilibrium
protocols [58, 59]. It would be interesting to try to characterise entanglement growth for
free/interacting theories in any dimension through this approach. For some protocols (i.e.
global quench), we expect that the linear growth of entanglement may be captured by a
semiclassical approximation of correlation functions, similar to what we have done here.

We very much hope to tackle some of these problems in future work.
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A Combinatorics

A.1 Non-vanishing strings

Here, we count explicitly the terms in (3.12) that give rise to non-vanishing contractions.
In the following, we will make use of the notation introduced in (3.15). Let us consider
a string containing the symbol A at a certain position, say the first one, without loss of

generality:

A As ... Ap

(25 7 50)- (A.1)
Then, the replica index 1 should appear exactly once among jo,...,Jj,, as each of the
replica indices 1,...,n has to be present if the corresponding term is non-vanishing. By

inspecting (3.16), one realises that there are only two possible cases:
e jn =1, and then A, = A,
e jo =1, which implies Ay = B.

If the first condition holds, one can apply the previous considerations to A, = A and deduce

A,—1 = A; this argument can be iterated, and one concludes that (4;...4,) = (A A...A).
Ji1 Jj2 - Jn 12 gn/°
So far, as the choice of the first position was arbitrary (by cyclic permutation symme-

In contrast, if the second condition holds, then (

try), we proved that whenever A is present, either it is followed by B or the whole string is
(A A ... A). Using the same argument, one can prove that whenever B is present, either
it is preceded by A or (41 Az ... A,)=(B B ...B).

A.2 Combinatorial counting of strings

In this subsection we count the number of non-vanishing strings
(A... Ap) (A.2)
containing k pairs of consecutive A’s and B’s. We first focus on the type-I strings
(B Ay...... Ap_1 A). (A.3)

The number of strings that satisfy the constraints derived above is given by all the possible
ways one can insert sequences of C’s among any pair of A and B. In other words, the
generic string will look like

(BCC...CABCC...... C A), (A.4)

where k sequences of C’s of length {z;};—1,_ are present, and x; > 0 are integer numbers.
As the length of the total string is n, the {z;};=1 . satisfy the following constraint

x4+ xp=n—2k. (A.5)
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We now make use of a remarkable mathematical result, namely that the number of non-
negative integer solutions of x1 + - -+ + z; = n, that is the number of non-negative integer
partitions of n into k parts is ("+7]z_1) [60]. As a consequence, the number of type-I strings

n—k—1
) o

Similarly, we consider now the type-II strings, having the following structure

satisfying the previous constraints is

(CC...CABCC...... ). (A7)

In this case, there are k + 1 sequences of consecutive C’s, as the difference with respect to
the previous case is that there is now also a sequence that precedes the first pair of A and
B. Thus, we now have to count the number of non-negative integer solutions of

T+ -+ T =1 — 2Kk, (A.8)

n—=k
! o

Summing up the contribution of both type of strings, we get precisely

(7?511) + (n;k) (A.10)

as the number of strings containing k pairs of consecutive A’s and B’s.

which is

As a last technical remark, we observe that there is at least one pair of consecutive A
and B in the type-I strings, given by A, = A and A; = B. Then, if K = 0 there are no
strings satisfying the constraints, and this is compatible with the convention

("__11> = 0. (A.11)

B Generalised Lucas polynomials and a proof of eq. (3.22)

The generalised Lucas polynomials (in two variables) are defined via the recurrence rela-
tion [61, 62]:

Vit2(z,y) = 2V (2, y) + yVa(z,y), n€No (B.1)
the first few polynomials are Vo(z,y) = 2, Vi(z,y) = z, Va(x,y) = 2% + 2y. The proof
of (3.22) is based on the fact that the two sides of the equation are precisely two equivalent

closed formulae for the n-th Lucas polynomial, with x = r, y = rarp. In fact, we will now
prove the following two statements:
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1. For all integers n > 0, one has a generalised Binet formula

T+ +4 x—x2+4
Valwy)=a"+ 5", a="YT = gVt (B2

This is immediate to prove, as (B.1) holds by inspection for n = 0, n = 1 and
furthermore a? = za + vy, % = 28 + y, which implies that a2 = za"*! + ya™ and
pt2 = xp"+tl 4 yB". This means that o™ + 37" satisfies the relation (B.1) for all

n > 0.

2. For all integers n > 1 another explicit formula for V,,(z,y) is given by
In/2|
n (n—=k
Va = —_— n=2ky k| B.3

We prove this by showing again that the recurrence relation is satisfied. For n =1,
n = 2 it is immediate to see that this reproduces the correct polynomials. For n > 3,
we can make use of the identity

n (n—=k n—1 n—k—1 n—2 [(n—k—1
n—k:< k >:n—k:—1< k >+n—k:—1< k-1 ) (B-4)

and we adopt the convention that (Z) =0if k > nor k < 0. It is convenient to

split the two cases n = 2m and n = 2m + 1, as the floor function yields different
values. Let us consider the case n = 2m, the other case being completely analogous.
If n=2m, |n/2| =m, [(n—1)/2] =[(n—2)/2] = m — 1. From (B.3) and (B.4) we

have
™ 2m 2m — k
V (:U y) ( ) 2m72kyk
P 02m k k
ks 2m -1 2m —1- k 2m—1—2k k
- kz om—1— ( k )x Y
0
LS 2m—2 2m—1—k _ _
_|_y Z ( L1 >x2m Qkyk; 1 (B5)

the first sum in the right-hand side vanishes if & = m, so that this term is zV,,_1(x, y).
The second sum on the other hand vanishes if kK = 0, so we can shift the summation
variable and we see that this term reproduces yV,,_a(z,y). Hence the recurrence
relation is proved.

Equation (3.22) follows from these two statements. This equation has (at least) two in-
teresting implications. The first one comes from a direct expansion of the Binet formula

~ 99 —



using the binomial theorem:

() (i)

2

. 2in ‘n l(—l)’“ C“) 2" (2 + dy) % + (?) 2 (22 + dy)i/ 2]

Jj=0

/20 | .
E [

=0
1 s 2 27—2ko2k k 1 g 2ko2k, k
g (g (e =y g ) ()
j=0 j=0 k=0
[n/2] [n/2] j [n/2] [n/2]
e e 8 (1) (1) <5 (o (1))
j=k k=0 j=k
(B.6)

where in the last line we rearranged the sums over j and k. This quantity equals (B.3),
which implies the non-trivial combinatorial identity:

n n—=k 1—nt2 n/2) j
i) () () @

As far as we know, this identity was only proved for n odd in [61].
The other interesting implication is obtained for z = y = 1. In this case, the Lucas
polynomials (B.1) reduce to the Lucas numbers:

L,=L, 1+Ly 2, n=>2 (BS)

with Lg = 2, L1 = 1. The recurrence formula is the same defining the Fibonacci sequence,
except for the different initial values. Equation (B.2) with x = y = 1 gives a closed formula
for the Lucas numbers, and thus we have, for n > 1:

el noo en
(5 ()

k=0

the quantity on the right-hand side is ¢" 4 (1 —¢)™, with ¢ the golden ratio, and it is always
a positive integer. On the other hand, the quantity on the left hand side is the number of
non-vanishing strings of type-I and type-II (out of a total of 3™ possible strings) obtained
via the contraction methods discussed in section 3.

C Mathematical identities

Here we point out two useful identities which are employed to obtain the free fermion result
in subsection 3.2.1. The first relation is

n—1

2 27mip

II (z+eny =a"+y", neN (C.1)

p=—"5"
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where the product is performed over p integer/semi-integer when n is odd/even. An im-
mediate consequence of this identity is

n—1
2 2mip _ 27ip
H (xe ™ +ye  n +2)
e
n—1
I T O e T ) B PO Vit T
n—1 23: 2:1;
P=—"%"
: s gz \" Oy A
=z2" |1+ ———— 14| =¥ 777
2x 2x
n n
e (R (T
2 2 :

The latter equation can finally be employed to evaluate

n—1

2 . .
II (raen @) _ ppe=it(@te) 4y

n—1

==

_ e27rio¢r2 +€_27ria7"% + ( (CQ)

v VP arars " | (=14 VP drars
2 + 2 ’

valid if n an even integer.*
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