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The partial transpose of density matrices in many-body quantum systems, in which one takes the
transpose only for a subsystem of the full Hilbert space, has been recognized as a useful tool to
diagnose quantum entanglement. It can be used, for example, to define the (logarithmic) negativity.
For fermionic systems, it has been known that the partial transpose of Gaussian fermionic density
matrices is not Gaussian. In this work, we propose to use partial time-reversal transformation to
define (an analogue of) the entanglement negativity and related quantities. We demonstrate, for
the symmetry-protected topological phase realized in the Kitaev chain, the conventional definition
of the partial transpose (and hence the entanglement negativity) fails to capture the formation of
the edge Majorana fermions, while the partial time-reversal computes the quantum dimension of the
Majorana fermions. Furthermore, we show that the partial time-reversal of fermionic density matri-
ces are Gaussian and can be computed efficiently. Various results (both numerical and analytical)
for the entanglement negativity using the partial-time reversal are presented for (1+1)-dimensional
conformal field theories, and also for fermionic disordered systems (random single phases).

I. INTRODUCTION

Entanglement has been perceived as one of the in-
triguing manifestations of quantum phenomena, since the
birth of quantum mechanics. There have been numer-
ous attempts in developing theoretical tools to detect
the quantum entanglement (see for example the review
articles [1, 2]). For a pure state, the entanglement be-
tween two complementary subsystems can be captured by
the von Neumann entanglement entropy, in which case,
it may assume an area law for gapped phases [3] or a
universal logarithmic dependence for critical phases [4—
6]. One important application of the bipartite entangle-
ment entropy is the identification and characterization
of topological phases of matter through the subleading
topological term in the entanglement entropy [7, 8]. For
a mixed state, however, the situation is more compli-
cated and rather open. In this case, the most practical
method to capture the entanglement in extended systems
is considered to be the (logarithmic) negativity [9-11]
of partially transposed density matrix, inspired by the
separability criterion based on the negative eigenvalues
of partial transpose [12, 13]. In parallel, the condition
of separability from quantum information point of view
was also studied in bosonic [14-17] and fermionic [18-22]
systems.

Different approaches have been devised to efficiently
compute the logarithmic negativity in various systems.
Harmonic oscillator chains were studied using the covari-
ance matrix technique [23-28] and quantum spin chains
were studied using the density matrix renormalization
group [29-33] and exactly [34, 35]. The topologically or-
dered phases were also investigated for the (2+1) dimen-
sional Chern-Simons theories [36, 37] and for the toric
code where exact calculations are applicable [38, 39].
A particularly important progress was due to a sys-
tematic approach developed for conformal field theories
(CFTs) [40, 41]. This approach was further expanded
to study massive quantum field theories [42] as well as
finite-temperature [43-45] and out-of-equilibrium situa-

tions [44, 46-48]. The entanglement spectrum of partial
transpose in CFTs was also recently studied [49]. Among
other useful numerical methods, tree tensor network [50],
Monte Carlo simulations [51, 52], and rational interpola-
tions [53] are notable.

In this work, we would like to revisit the problem of
finding the entanglement in fermionic mixed states. In
the previous studies on fermionic systems, initial work
by Eisler and Zimboras [54] and later works [55-60], the
definition of the fermionic partial transpose was based on
the partial transpose of the corresponding bosonic den-
sity matrix. In other words, the action of the partial
transpose on a fermionic density matrix is obtained from
the action of the partial transpose on the bosonic density
matrix through a Jordan-Wigner transformation. Using
this definition, it was observed that for fermionic Gaus-
sian states (free fermions), the partially transposed den-
sity matrix can be written as a linear combination of two
Gaussian operators. In general, these two Gaussian op-
erators do not commute and therefore, the entanglement
spectrum of partial transpose cannot be easily found even
for noninteracting fermions as is done for the original
(untransposed) Gaussian density matrix in terms of co-
variance matrices [61]. This observation is then regarded
as a technical difficulty for fermions [54], compared to
bosonic systems where the partial transpose of a Gaus-
sian density matrix is itself Gaussian [23, 62].

Here, we present a different definition of fermionic
partial transpose, in contrast to the prior definition of
fermionic partial transpose [54], based on the partial
time-reversal transformation. Throughout this paper, we
use the term “partial time-reversal (TR)” to refer to our
definition and reserve the term “partial transpose” for
the original definition in Ref. [54]. This is motivated
by our earlier observation that the partial time-reversal
can be used as a means to detect time-reversal symme-
try protected topological (SPT) phases of fermions or
bosons [63, 64]. More specifically, it can be used to con-
struct topological invariants of SPT phases protected by
time-reversal. These topological invariants are intimately



connected to the partition functions (path integrals) of
spin topological quantum field theories. (Here, spin topo-
logical quantum field theories are effective field theories
that can describe gapped phases of fermionic systems in
the limit of zero correlation length, as opposed to ordi-
nary topological quantum field theories, for which we do
not consider fundamental fermonic degrees of freedom.)
For example, in (141)-dimensional SPT phases protected
by time-reversal, their topological invariants are given by
the partition functions on unorientied spacetime mani-
folds such as the real-projective plane RP? or the Klein
bottle [65-70]. Using the insights from spin topological
quantum field theories, our definition of the partial TR
is such that it can be used to reproduce the results from
spin topological quantum field theories (at least in the
limit of zero correlation length).

Compared with the partial transpose, our definition
has two useful properties: First of all, the partial TR
can capture the Majorana bonds between the two sub-
systems, while the partial transpose cannot. We demon-
strate this for the symmetry-protected topological phase
realized in the Kitaev chain. (See Sec. IV and Fig. 5.)
Second, the partial TR of a fermionic Gaussian state re-
mains Gaussian. As we have shown in Appendix A, the
partial TR is equal to one of the Gaussian operators al-
ready obtained in the partial transpose.

We should also note that unlike the bosonic systems,
the partial transpose for fermions may be accompanied
by a sign structure (or more generally a complex phase)
as fermion operators obey anti-commuting algebra. In
this respect, the stark difference between the partial TR
and the partial transpose is that the partial TR, p%, in
general is not Hermitian and its eigenvalues might be
complex. However, one can still define an entanglement
measure by considering the eigenvalues of \/pfpff.

Our paper is organized as follows: In Sec. 11, we briefly
review the definition of the bosonic partial transpose and
its relation to the time-reversal transformation, then we
define the fermionic partial time-reversal and write the
corresponding transformation rules for the fermionic den-
sity matrix in the occupation number basis and in the
operator formalism in terms of Majorana operators. In
Sec. III, we provide a general procedure to obtain the
spectrum of the partial TR for noninteracting fermions
and present a path integral picture for the partial TR
using the replica trick. In Sec. IV, we study two ex-
amples of the Kitaev chain and the Su-Schriffer-Heeger
chain and compare the resulting entanglement computed
by our definition and the previous definition of the par-
tial transpose. Using the replica approach introduced in
Sec. I11, we write Fisher-Hartwig type expressions for the
entanglement measure associated with the partial TR at
the criticality and derive analytical formulas in Sec. V.
We also show that analytical results agree with the nu-
merical calculations. Towards the end of Sec. V, we nu-
merically study the random singlet phase of the disor-
dered XX chain and compare our results with the lit-
erature. Finally, we finish our discussion with closing

remarks in Sec. VI. We explain some details of our cal-
culations in four appendices.

II. PARTIAL TRANSPOSE AND PARTIAL
TIME-REVERSAL TRANSFORMATION

In this section, we first review the definition of the
partial transpose for a bosonic density matrix and its re-
lation to the partial time-reversal transformation. Next,
we introduce a definition of partial TR for fermions.

Our focus in this paper is on the tripartite geometry.
Consider a subsystem A = A; U Ay which is in turn
partitioned into two smaller subsystems A; and A and
its reduced density matrix p4 = trg(p) after tracing out
the rest of the system B. The logarithmic negativity is
defined by

£ = 1nT1"|p£1\7 (1)

where pgl denotes the partial transpose of the density

matrix and Tr|O| := Trv'O'O represents the trace norm
of the operator O, which is the sum of the square roots of
the eigenvalues of the product operator OTO. When O is
Hermitian, the trace norm is simplified into the absolute
value of the eigenvalues of O. Now, let us discuss the
partial transpose.

A. Bosons

A generic bosonic density matrix can be written in the
following form

PA = Z(e},eﬂp,ﬂe}we%) |e%7e?> <eivel2|7 (2)
Wikl

where |e]) and |ef) denote orthonormal bases in the
Hilbert spaces H; and Hs corresponding to the A; and
Ay regions. The partial transpose of a density matrix for
the subsystem A; is defined by exchanging the matrix
elements in the subsystem A; as in

p£1 = Z(e}c,eﬂp,ﬂe%,e?) |€Zl,e?> <ellc’el2|7 3)
ikl

which is equivalent to the following transformation in the
operator basis

T
(|€},6?> <el£ael2|) ti= |e,1€,e?> <ez‘176l2" (4)

As was shown by Simon [14], the partial transpose has
a geometric interpretation as partial TR or mirror re-
flection in phase space. This idea can be readily illus-
trated in a single bosonic mode defined in terms of the
operators a = (q + ip)/v/2 and af = (¢ — ip)/v/2 where
q and p are position and momentum operators, respec-
tively, which obey the canonical commutation relation



[¢,p] = i or equivalently [a,a’] = 1. The TR transfor-
mation for a basis vector |a) (@*| in the coherent state
representation [71] is given by

) (| = [a®) {a] == (o) (@])" ()

in which |a) = eoa! |0) and (a*| = (0] e* @ are coherent
states and a and a* are complex numbers and we use
the fact that the TR operator is simply equal to complex
conjugation, 7 = K. This definition for the partial trans-
pose leads to the transformation rule |m) (n| — |n) (m|
in the occupation number basis, which follows from iden-
tifying the same monomials of @ and a* on both sides
of the second equality in the above definition. It is easy
to see that the associated Wigner distribution function
W (q,p) goes to W(q, —p) [14]. Hence, this means that for
bosonic systems partial transpose is the same as partial
time-reversal or mirror reflection in (g, p)-space. This
fact was also used in harmonic chains to calculate the
negativity in terms of the covariance matrix [23].

B. Fermions
1. Definition in coherent state basis

It is worth noting that for a bosonic system either
Egs. (4) or (5) can be used as a fundamental defining
equation for the partial transpose. However, this is not
the case for fermions. Due to anti-commuting property
of fermions, Eq. (4) may acquire an additional minus sign
depending on the states being transposed. Therefore, we
propose to use the fermionic version of the TR trans-
formation as a guiding principle to determine the rules
associated with the partial transpose. To begin with, let
us consider a single-site system described by fermionic
operators f and fT which obey the anti-commutation re-
lation {f, f} = 1. We define the analogue of Eq. (5) for
fermions,

€) (€] — 1i€) (ie| == U (j¢) €))" U (6)

where &, € are Grassmann variables, |£) = e=¢f |0) and

(€] = (0]e=f¢ are fermionic coherent states, and U is
the unitary part of TR operator, T = UK. We use
the superscript R to distinguish our definition of par-
tial TR from the previous definition of partial transpose
for fermions [54]. It is important to note that the TR
transformation is not just exchanging Grassmann vari-
ables between bra and ket states but also multiplying
them by a factor of ¢ [72]. The factor of ¢ appears due to
anticommuting property of Grassmann variables and is
required for keeping the trace (i.e., sum of the diagonal
elements of density matrix, 1 and ff) unchanged after
taking the transpose. Similar transformation rules of the
Grassmann variables can be derived for the time-reversal
transformation in the path integral formalism [63].

It is worth noting that fermionic coherent states are
Grassmann even and commute with each other. There-
fore, Eq. (6) can be readily generalized for a many-
particle system and the partial TR with respect to the
interval A; reads

_ _ Ry
Ua, (& jear A& ieas) (X5 e, X5 Heas|) UL,
= [{ix;}iea, {&}iean) {i&tjea, {Xi Hieaal (7)
where Uy, acts only on the Hilbert space of A; and
{&;}) = e~ 25570 10) and ({x;}] = (0] e~ %5 5% are the
many-particle fermionic coherent states. Consider the
occupation number basis,

b dngbieas) = ()™ (5, )" 10) (9)

where nj,n; € {0,1} for the subsystem A = A; U As.
Throughout this paper, the intervals A; and A, have
lengths ¢ and ¢2 and we use the indices {mq,...,mg, } U
{m1,...,mj,} to denote the sites in the subsystem (ad-
jacent or disjoint intervals). The definition (7) in the oc-
cupation number basis can be viewed as a “partial trans-
position” similar to (4),

_ _ R
Ua, ({ng}iear {ny}ieas) {7 }jean, {fjtjean )™ UL,
= {nj}jea {nj}iea,) ({njtiea, {nj}jeal
> (_1)<f>({n]‘},{ﬁj})7 (9)
up to the phase factor (—1)**{"}147}) given by

o{ns{ns}) =Tl(712+ 2) ﬁ(%12+ 2)

+ T+ 7T+ (71 + T2) (11 +12) (10)

in which 7, = ZjeAs n; z.md Ty = .EjeAs fi;, are the
number of occupied states in the A interval.

+ ?27'2

2. Defintion in terms of Majorana operators

Let us now explain the partial TR in the operator for-
malism and in particular the unitary operator Us,. We
introduce the Majorana operators by

Coj—1 = fj"‘f;, Coj = Z(fy—f;) (11)

Our goal here is to determine how Majorana operators
transform under the transformation rule defined by (7).
This gives us an idea about what this transformation does
compared to the previous definition for the partial trans-
pose [54]. Recall that the density matrix in the Majorana
representation can be written as

pA = Z

K7T7
|k|+]|T|=even

Kamg, T 1 Tom?

1., CQmel cﬂ;? Lo . (12)

Km
W, 7Cmy T oy,
2

We use the notation ¢? = I and ¢! = ¢,, so that r;,7; €
{0,1} and also introduce the vectors (bit strings) x =



(Kmys - B2my )y T = (Tigs e 772m22), and their norms
k| =2, k. |T] = >, ;. We note that in the fermionic
systems with global fermion-number parity symmetry the
reduced density matrix of subsystem is always parity-
even [18, 19, 73], which implies that the sum is over all
possible bit strings, provided that |x|+|7| = even. Using
the above expression for the density matrix, the partial
TR with respect to the subsystem A; is defined by

pR= Y

’{/!Tﬂ
|k|+|T|=even

Kamg \ Tm! "'2m2

Hml
wH’T%(CmI e sz£1 )lel e 62777,’

In order to determine the transformation rules, we should
note that the transformation in (7) consists of two steps:
1

Taking the partial transpose pﬁ and applying the uni-
tary transformation Uy, pljl Uih' In what follows, we will
show what each step does to Majorana operators.

First, we need to introduce the unitary part Uy, of the
TR operator which acts only on the subsystem A;. We
demand that the TR opertaor 7 must satisfy

THT ' =1,  TiT ' =—i, (13)
for spinless fermions. The definition of Majorana opera-
tors in (11) then implies that 7 = ([]; c2;—1)K where K
is the complex conjugation. Therefore, we define Uy, as
a unitary part acting on the subsystem A,

UA1 = H ngfl. (14)

JjEAL

Second, the action of # on Majorana operators is
uniquely determined by identifying the same monomi-
als in terms of Grassmann variables on both sides of (7).
These identifications fix the partial transpose Z(c) = ic
and enforces the condition Z(M1Ms) = % (M1)%(M>)
for two arbitrary operators acting on the Hilbert space of
A; (Details of this derivation can be found in [63]). This
means that there is no reversed ordering in our transfor-
mation rule which contrasts with Ref. [54].
To sum up, we find that the partial TR is given by

T ’
Ry __ k| JFmy R2m21 T"l/l 2m12
Pa = E W, 71" Cmy '.'C2m21 Cm/l .”CQm} .
R7T7 2
|k|+]|T|=even
(15)

It is straightforward to check that the above definition
fulfills three natural expectations for a partial transpose:
(i) subsequent partial transpositions for two intervals are
identified with full transposition

(P = pf, (16)

(ii) applying full transposition twice returns the original
density matrix

(P = pa, (17)

and (iii) when considering n flavors of fermions

(P1,A® - ®pna)™ = (p1,4)" @ @ (pn,a)™. (18)

As we show in Appendix A, the partial transpose origi-
nally proposed in Ref. [54] does not satisfy the conditions
(i) and (iii). Condition (iii) is particularly important and
is necessary, since the logarithmic negativity (as a mea-
sure of entanglement) is required to be additive, i.e.,

E(pr,a®@ - @pna)=E(pra) +---+E(pna)  (19)

However, we observe that the partial transpose does not
commute with taking the tensor products and hence, it
does not fulfill the condition of additivity (19). In Ap-
pendix A, we show that the violation of additivity let
the partial transpose capture the singlet bonds while it
cannot capture the Majorana bonds.

We should note that the matrix resulting from the par-
tial TR of the density matrix is not Hermitian and may
have complex eigenvalues. Nevertheless, we can still use
Eq. (1) to define the logarithmic negativity where the
cigenvalues of the combined operator [p5*p/'1] are real-
valued. In the rest of the paper, we shall use the term
“logarithmic negativity” to refer to the quantity

E:=In Tr|p§1| = 1nTr\/m (20)

although the original intuition behind the naming of the
negativity, as a measure of how negative the eigenvalues
are, bears no meaning here.

III. GENERAL PROCEDURE FOR
COMPUTING THE ENTANGLEMENT
NEGATIVITY

In this section, we present two methods to compute
the moments of the partially transformed density matrix
pﬁ’l and ultimately the logarithmic negativity. In the first
part, we develop a method to calculate the entanglement
negativity for noninteracting fermions using the coher-
ent state representation. In the second part, we derive
a general way to construct the moments of transposed
density matrix using the replica approach [40, 41, 60] and
provide an equivalent spacetime picture of this quantity.
The result of this construction can be recast in the form
of ground state expectation values of partial U(1) phase
twist operators explif; > 4, f;f f;] which act on the sub-
systems A; and A, with different twist angles 6;. This
treatment is quite general and can be applied to many-
particle wave functions as well. Later in Sec. V, we will
use this method to analytically derive the negativity at
the critical points.

It is important to note that the partial TR in ei-
ther forms p}Zl or UAlpf}l Ujh are related via the
unitary operator Ua, and as far as the negativity

Tr\pf;‘l| or the moments of transposed density matrix

Tr(pﬁlplj”p}jlpﬁﬁ~-~) is concerned, the result is the

same. So, from now on, we use them interchangeably.



A. Noninteracting fermions

Here, we discuss how to compute the entanglement
negativity for noninteracting fermions. In particular, we
show that the transformed operator pil can be written
in the Gaussian form (exponentiated bilinear) similar to
the original density matrix. Therefore, one can simply
compute the eigenvalues of the partially TR transformed
density matrix and obtain the logarithmic negativity.

We consider a general form of quadratic Hamiltonians,

H=3 tiflfi+ Dy flff +He  (21)
1.7

The reduced density matrix of such Hamiltonians can
also be recast in a quadratic form

e_";"
pa=—% (22)
where the entanglement Hamiltonian is H =

i hiljf:fj + hfjf;f; + H.c. and Z is the normaliza-

tion factor. The eigenvalues of #; can be found in terms
of generalized Green function which includes the pairing
correlators [61, 74],

Gij = < 1 *I[JCT]M (15 > 7 (23)

ij Cij
where
Cy={lr,  Fi=Ul, (24)

are the ground state two-body correlators and the
particle-hole correlators, respectively. By definition, they
satisfy CT = C and FT = —F. The eigenvalues of the G
matrix can be recast in the form of pairs (a;, 1 — ;). It
is well-known that G and H; can be simultaneously di-
agonalized and the eigenvalues of GG are related to those

of H; (denoted by ¢;) through ¢; = In (%) Given

the eigenvalues of 7:11, one can easily compute various
entanglement measures.

Let us now discuss how to construct the partial TR in
the coherent state representation. The reduced density
matrix (22) can be represented in the coherent state basis
by

P ‘;p /d[g]d[f] e% Ziaea 80558 |{g}jea) ({5 }jeal
(25)

where the S;; matrix is given by
Sij =Ty +ios 6ij, (26)

the matrix T is related to the Green function matrix (23)
through

T~y = < [2]?]’ _[%,T,]ij ) ; (27)

5

the Grassmannian vector is SJT = (&, Ej) in the particle-
hole basis as introduced above and Z, = Pf[S — ios] =
Pf[[']. Here, o9 is the Pauli matrix in the particle-hole
basis and appears as the normalization factor e~¢¢ in
e~¢¢|¢) (€|. This representation of density matrix man-
ifestly yields the identities in (24) and the fact that all
higher-order correlators can be computed using the Wick
expansion.

Using (7), we can write the partial TR transformation
as

1 o, re
=z / dg]dg] e Zusea & S
x [{i&}jear {& iea,) (i€ jea, {6 jeasl  (28)

This transformation can be absorbed into a redefinition
of the S;; matrix after introducing the new variables £ =
USX7

1 1 TgR1,, _
i ~z /d[x]db_(] e? EiseaXi 55X | i ie a) ({X}jeal
p
(29)

where ST = ULI'SUg and Us = UY is a permutation
matrix

0 0 —ily 0
[ 0 1 o o
Us=|_1, 0 0o o | (30)

0 0 0 I

in the ({{}jea, {&}jeas {&}jear, {§tjea,) basis.
Here, I1; and I, are identity matrices acting on A; and
A, subsystems, respectively. As a result of this transfor-
mation, we get the new matrix I'f1,

G I A FCEY

which yields the transformed correlators F®1, F'F1 and
CHr. Generically, Re[F#1] = —Re[F'®1], while their
imaginary parts are not in general related and only share
the same eigenvalue spectrum.

In order to obtain the negativity (20) of pi', we
need to find the eigenvalues of the composite operator
= = pfpfT which is also Gaussian, since product of
two Gaussian states remain Gaussian. In Appendix B,
we provide details of how to construct this operator. The
result is

1
z

—
—

/d[X]d[X] e Zisea XS |y Vi a) ({X5}jeal
(32)

Therefore, we determine the reconstructed Green func-
tion G associated with S as in

o= (3)



where we read off ' and C' from analogue of Eq. (31)
for S. The 2M = 2(¢y + £3) eigenvalues of G are in the
form of pairs (A;, 1 — ;) where 0 < \; < 1. Hence, the
logarithmic negativity can be easily computed by

R
Te[y/ oy ']

£=In Tl
Tr[py'ps"']
M & .
B 1 Pf[S — ios]
_ ;m (\/AT+ V1o /\Z> L et

(34)

where we use the identity Tr= = Pf[S — ioy]/Z} by per-
forming the Gaussian integral in (32). We can also de-
termine the moments of partial TR,

PE[S —ioo] \
Pf [S - i0—2]2
(35)

At this stage, let us make some remarks about the
relation between partial TR and partial transpose in-
troduced in [54]. Let P; be the fermion number par-
ity operator for subsystem A;, which can be written
as P = HjeAl icoj_1c9; in the Majorana basis (11),

M

Tr 2" = lH (A 4 (1= A)™)

i=1

and define the operators p; = 1(pa + PipaP1) and
p_ = %(pA — PipaPy). In Ref. [54], the partial trans-
pose is defined such that

1 iz i
P = ﬁ(e 104 +¢€'70-), (36)

where O4 and O_ are two Gaussian operators. As we
show in Appendix A, we have the realtions
Ry

pfltl =04, Pa = 0-, (37)
and therefore, the negativity associated with partial TR
is £ = InTr\/O,+O_. For pure states, it was shown by
Ref. [54] that [O1,0_] = 0 and hence, our definition
of the negativity is simplified into £ = InTr|O4| which
coincides with that of Ref. [54]. This is in turn identical
to the 1/2-Rényi entropy S;/2 = 21In Tr(pz/Q).

B. Replica approach

Here, we present a spacetime view of moments of
partial TR, Tr(pf{’1 pljﬁpﬁlpiﬁ -++), and write them in
terms of partition functions. We also show how this view
can be adapted to an expectation value of the ground
state wave function.

Before we proceed, let us briefly review the replica ap-
proach to find the regular entanglement entropy. Next,
we make connections to our construction of partial TR.

@ . (b)

T e Cu Cy

FIG. 1. Path integral representation of Rényi entropy for
(a) multi-sheet and (b) single-sheet spacetime manifold.

The Rényi entanglement entropy (REE) of a reduced
density matrix p4 is defined by

Sp 1= In Tr[p’4]. (38)

1—n
The above expression can be viewed as making cuts in
the spacetime manifolds of n flavors (replicas) ; and
glue them in order along the cuts, as shown in Fig. 1(a).
Alternatively, one can consider multi-value field ¥,

U= (7/113"' 7wn)Ta (39)

on a single-sheet spacetime as in Fig. 1(b). This way
when we traverse a circuit around wu; or vy (denoted as
C\ and C, in Fig. 1(b)) the fermion operator transforms
as

i = Tij); (40)

where the twist matrix 7" is given by

0 -1 0

0 0 -1 0 (41)
T = . . 41

Lo =1

1 0 --- 0

The idea of using the twist matrix for the REE
of the Dirac fermions was originally initiated by
Casini et. al. [75] where they proposed the twist matrix
is unitarily equivalent to (41). The fermionic twist ma-
trix approach was further applied to the entanglement
negativity of disjoint intervals [60]. Here, we present an
explicit derivation of the twist matrix using the coherent
state representation. A generic density matrix can be
represented in the fermionic coherent-state as

pa = | dod 4345 pata,B) o) Bl (a2

where a, &, § and f are independent Grassmann vari-
ables and we did not show the real-space (and possibly
other) indices for simplicity. We also absorb the nor-
malization factor into the integral measure. The trace



g=(n=2)/2

FIG. 2. (a) Path integral representation of moments of the
partial time-reversal &, (49). (b) and (c) Equivalent space-
time manifold of &,, for two adjacent intervals which is a torus
34 of genus g when n is odd and ¥4 with an additional pinched
torus when n is even.

formula then reads
tulpy) = [ T] dasdadsids,

X H [pA(divﬁi)e_
X <5_1|0¢2> S <Bn—1|an> <Bn| —a1)

:/Hdaiddi H[PA(@MO‘Q] eE

Do (qey +Biﬂi)j|

i @iTz‘jaa"
(43)

and the resulting twist matrix 7" becomes (41).

We can also derive analogous relation for the TR oper-
ation. Let us recall the TR transformed density matrix

ph= / dadar dBdB pa(a, B) i) (ia| e=*=P7,  (44)
and

()1 = [ dada 435 pa(a. ) |-i) (~ial e~
(45)

Therefore, we can write for a product of n density ma-

1

trices (composed of pﬁ and pﬁ” alternating)

Tr(phpl ik )
:/Hdaid@z‘dﬁidﬁ_i
<11 [PA(di,ﬁi)e_
x (icy| —if32) . .. —iBn) (i |(=1)"iB)
- / [] dwdas [] oa(Gi,a0)] eSes 6T (a6

z:;;l@aﬁﬁim)}

<7;Oén,1‘

which means the TR operation is equivalent to the twist
matrix

TR=-| 1 oo . (47)
0 10 0
0 1 0

Putting these together, we can write the general expres-
sion for moments of the partial TR as

Te(pi pf T pl ity

:/Hdade_Zz H[pA(divai)]

%

% Xy @ Thalt 3, a2 e (48)
where a?i refers to the sites in the A; interval. Fig-

ure 2(a) shows the spacetime picture of this quantity.
We now make a few remarks as to why the choice
(o5 pﬁﬁpfl -++] is also a well-defined quantity from the
quantum field theory point of view. First and foremost,
the above choice can be written as a partition function on
the same spacetime manifold (Fig. 2(a)) as the one origi-
nally proposed for the entanglement negativity in bosonic
systems [41]. Moreover, only this quantity has a smooth
behavior as we bring two disjoint intervals closer to each
other to obtain two adjacent intervals. To illustrate this,
let us consider the case of two replicas and the follow-
ing quantities: Eo = Tr(p), E1 = Tr(p'pl'T), and
Ey = Tr([p"]?). For two disjoint intervals, these quan-
tities correspond to the toroidal spacetime (Fig. 3(a)),
and for two adjacent intervals, Ey defines the partition
function on a sphere, while E; and FEs define the par-
tition function on a pinched torus (which is homeomor-
phic to a sphere with two points being identified, see
Fig. 3(b)). Before we continue our discussion, it is worth
mentioning that one can also consider another quantity
FE3 = Tr(pAUAlpﬁlUIh). Although this quantity is a
very useful measure in other contexts such as detect-
ing the many-body topological invariants in time-reversal
symmetric SPT phases [63, 64], it is not qualified for
our interest here, mainly for two reasons: First, it corre-
sponds to the partition function on unorientable space-
time manifolds, while we want to consider orientable



(a) Disjoint intervals

FIG. 3. (Color online) Spacetime manifold of Tr[p/f* pf{*1]

or Tr[(pfi1)?] for two disjoint intervals (a) and two adjacent
intervals (b). In each panel, equivalent loops appear in the
same color. (c) Spacetime manifold of p%* pf1T or (pfi1)? for
two adjacent intervals as a genrator of £, shown in Figs. 2(b)
and (c).

manifolds (Fig. 2(a)) in analogy to what is considered
for bosonic systems [41]. Second, we are interested in
an entanglement measure which can be defined for a
generic system (possibly with no symmetry), while E3
is only well-defined for time-reversal symmetric systems
and vanishes otherwise.Returning to our earlier argu-
ment, we should note that the difference between E; and
Fs is in the boundary condition for the black loop in
Fig. 3(b) (that is the loop between two successive replicas
as shown in Fig. 2(a)). E; and E3 correspond to anti-
periodic and periodic boundary conditions along such a
loop, respectively. As a result, Es requires inserting a 7-
flux through the black loop around the pinched torus (to
get a periodic boundary condition) whereas E; does not.
However, this loop is contractible to a point as shown
in Fig. 3(b), and this means that Es contains a singu-
larity at the identification point. Hence, it is natural to
choose F; (over Es) that has no singularity in the limit of
adjacent intervals. Given this observation, let us define
moments of partial TR for any integer powers as follows

n even,

_ [T e pl i)
€, (49)
n odd.

InTe(pff p - oY)
The consecutive presence of pﬁ” and pﬁl implies a factor
of —1 along the cycle between two replicas ¢ and i + 1,
as shown in Fig. 2(a). The overall boundary condition
along the twist operators is 7" = (TH)" = (—1)"~1. We
find that the spacetime manifold for &, is a higher genus
torus shown in Figs. 2(b) and (c) for even and odd values
of n, where the boundary condition is anti-periodic for all
the cycles. One way to see how these manifolds emerge is
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by noticing that the composite operator pf}l pf}”, for two
adjacent intervals, forms a cylinder as shown in Fig. 3(c)
and by combining these cylinders we construct the corre-
sponding manifold for &, which is sketched in Figs. 2(b)
and (c).

In the case of n = 2, from the twist matrices T" and
T introduced above, it is easy to see that the identity

Tr(p%) = Te(p plitT) (50)

holds in general.

For generic noninteracting systems with conserved par-
ticle number, we can transform the trace formulas into
a product of n partition functions. Let us first illustrate
this idea for the REE [75]. We can diagonalize the twist
matrix 7' in Eq. (41) and rewrite the REE in terms of
n-decoupled copies,

Tr[p"] :/Hdakddk [T [o(a, an)] eXereonen - (51)
k 7

where Ay = €™ for k = (n — 1)/2,---,(n — 1)/2
are eigenvalues of the twist matrix. In this new basis,
the transformation rule (Eq. (40)) for the field passing
through the interval becomes a pure phase, ¥ — A\p¥k
(Fig. 4(a)). Therefore, the REE can be decomposed into
sum of separate terms as

(n—1)/2

1
Sn:lfn Z

k=—(n—1)/2

In Zk (52)

where Zj, is the partition function containing an interval
with the twist phase 27k/n (Fig. 4(a)). In addition, Zj
can be computed as a ground state expectation value,

Zy = (V[T | W) (53)
where
A 27k
Ty=exp |i==> f1f; ], (54)
JEA

is a phase twist operator which only acts on the A inter-
val. This quantity can also be implemented in the MPS
representation as shown in Fig. 4(b).

As shown in Eq. (48), for the n-th moment of par-
tially TR transformed density matrix &,, we are dealing
with two intervals where the twist matrices are 7' and
T, Fortunately, these matrices are simultaneously di-
agonalizable and we can reduce the n coupled sheets to
decoupled copies where the phase factors are different for
the two intervals. Therefore, we can write

(n—1)/2

e %

k=—(n—1)/2

In ZR,k (55)

where Zp j, is the partition function containing two in-
tervals with the twisting phases e?27%/ and ed—#27k/n
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FIG. 4. Path integral representation of Rényi entropy, (a)
and (b), partial TR (49), (¢) and (d), in terms of n decoupled
partition functions with twist defects. (a) and (c) Spacetime
picture, (b) and (d) MPS representation, A, = e>™*/™ and

; -1
Ax = €\ where § = 7 or % for n even or odd.

(Fig. 4(c)). This can also be implemented in the MPS
representation as shown in Fig. 4(d), or equivalently,

Zry = (U|Th . |T) (56)

where

A 27k . o2rk
Try=exp |i== > flf; +i6-==) Y 1|
JEA2 JEAL
(57)

where 6 = m or m(n—1)/n for n even or odd, respectively.
So far, we have presented three ways of computing the
quantity &,: Eq. (9) in terms of the many-body density
matrix in the occupation number basis, Eq. (35) in terms
of coherent state basis, and the spacetime formula (56)
above. We numerically check that all these formulas are
identical.

IV. EXAMPLES

In this section, we discuss the logarithmic negativity
of two adjacent intervals in two canonical microscopic
models: the Kitaev and Su-Schriffer-Heeger chains. Our
choice of models is motivated by the fact that these
models offer three distinct regimes: Trivial phase where
there is no entanglement between sites, Topological phase
where nearby sites form singlet or Majorana bonds, and
critical point which is described by CFT. We would like
to compare the resulting entanglement negativities due to
the partial TR and the partial transpose in each regime.
In Appendix C, we study a toy example of two-fermion
density matrix which can also be used to represent the
fixed-point density matrix in the topological and trivial
limits of the above two models.

(a) 06 — ——— ‘
| Topological Trivial ©-C Eq.(4) ||
% Ref. [54]
0'47nnnnﬂﬂﬂiﬂﬂﬂnngn 44 Eq.(9) ]
W L 2538 v-v Eq.(34) {

g oos |

p/t

FIG. 5. (Color online) Logarithmic negativity of the Kitaev
chain as a function of u for two adjacent intervals with equal
length £. (a) Comparison of different definitions of the partial
transpose. From the legend, first curve (blue circles) is com-
puted for the bosonic many-particle density matrix according
to Eq. (4) in the Ising chain with periodic boundary condition.
Second (red crosses) and third (green upward triangles) curves
are computed for the fermionic many-particle density matrix
according to the rules introduced in Ref. [54] and our paper
Eq. (9), respectively. Fourth curve (orange downward trian-
gles) is computed using the free fermion formula, Eq. (34).
For all curves in this panel, we put L = 4¢ = 8. (b) Logarith-
mic negativity of the partial TR as computed in Eq. (34) for
large systems, ¢ = L/4. All the data for fermionic chains are
shown for anti-periodic boundary condition.

A. the Kitaev chain

As the first example, we apply our construction of the
partial TR to the ground state of the Kitaev Majorana
chain Hamiltonian [76]

B= =3 [ty + Al f] + Be] —n 311,

J

(58)

which describes a superconducting state of spinless
fermions on a one-dimensional chain. For simplicity, here
we set t = A. It should be noted that the topological
phase with Majorana zero-energy edge modes is realized
when |u|/t < 2.

Figure 5 shows the entanglement negativity of two ad-
jacent intervals for various values of u. As shown in
Fig. 5(a), deep inside the trivial phase both definitions
of partial transformation consistently give zero. On the
other hand, in the topological phase realized for u/t < 2,
and in particular near u/t = 0, the partial transpose
and partial time-reversal give very different results. For
the fixed point wave function in the topological phase at
p = 0, the partial time-reversal yields £ = In(v/2). This
is expected since A; and A share a Majorana bond,



which connects two Majoranas at the interface between
the two intervals. On the other hand,the other definition
of the partial transpose in Ref. [54] does not capture this
and simply yields & = 0. In fact, we checked numeri-
cally that their result is equal to partial transpose of the
bosonic density matrix (3) in the equivalent Ising spin
chain given by

H=— Z[JS;”HS;” + hS3], (59)

J

where SF = (S;+SJ7)/2 and S7 = S;rS; —1/2 are spin-
1/2 operators related to fermions through the Jordan-
Wigner transformation S; = exp(im ZKj flel)fl and

Sj' = exp(—im)_; flel)flT. The Hamitlonians in
Egs. (58) and (59) have identical ground state wave func-
tion, for values t = A = J/4 and p = h, provided that
we relate their bases so that spin-up state |1) = a;' |4y is

identified with occupied state of fermion f; |0) and spin-
down ||) with an empty state |0). Clearly, we should
not expect any entanglement in the Ising chain in the
limit A — 0 as it describes a ferromagnetic ordered
phase where there is no entanglement between neighbor-
ing sites. However, in the fermionic phase we have Ma-
jorana modes and the correct entanglement can only be
captured in an intrinsic fermionic formalism as derived in
this paper. It is worth noting that in the Ising model lan-
guage, the ground state for infinitesimally small h looks
like an equal superposition of two ferromagnetically or-
dered states, which gives rise to a contribution In(2) to
the (von Neumann) entanglement entropy for a finite in-
terval embedded in the whole system. This correlation
seen by the entanglement entropy is however classical
one, and hence does not contribute to the entanglement
negativity defined by using partial tranpose.

B. the Su-Schriffer-Heeger model

As the second example, we consider the Su-Schrieffer-
Heeger (SSH) model,

H=->[tof L+t +He]  (60)

J

where there are two fermion species living on each site
fJL and fJR. This model realizes two topologically dis-
tinct phases: Topologically non-trivial phase for to > 1,
where the open chain has localized fermion modes at the
boundaries, and trivial phase for to < t; which is just
an insulator with no boundary mode. Figure 6 compares
the logarithmic negativity of two adjacent intervals us-
ing different methods. In the topological phase, both
partial TR and fermionic partial transpose [54] as well as
bosonic partial transpose give In(2) associated with the
fermion bond at the sharing boundary between two inter-
vals. The fact that the partial transpose can capture the
entanglement in the SSH chain, but not the Kitaev chain,
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@ v-v Eq. (34)
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FIG. 6. (Color online) Logarithmic negativity of SSH model

as a function of t2 (60) for two adjacent intervals with equal
length £. (a) Comparison of different definitions of the partial
transpose. See the caption of Fig. 5 for details of what each
curve represents. For all curves in this panel, we put L =
4¢ = 8 (16 fermion sites). (b) Logarithmic negativity of the
partial TR as computed in Eq. (34) for large systems, £ = L/4.
All the data for fermionic chains are shown for anti-periodic
boundary condition.

can be understood as a result of the violation of additiv-
ity (19), see Appendix A for explicit derivation. It is
expected that any measure of entanglement S which sat-
isfies (19), obeys the identity Sssg = 2SKitaev, Since two
copies of the Kitaev chain is equivalent to a single copy
of the SSH chain. One way to see this is by fusing pairs
of Majorana fermions across the two copies of the Kitaev
chain to form complex fermions in the SSH chain. Evi-
dently, the negativity associated with the partial TR is
consistent with this requirement. Again, we observe that
the fermionic partial transpose of Ref. [54] is identical to
the bosonic partial transpose. Here, the mapped bosonic
Hamiltonian after the Jordan-Wigner transformation is
the XY chain with alternating exchange coefficients,

2 L,x oR,x L, R,
H == 238558 + S S
J
tq L,x oR,x L, R,
— S ISPTS EspUs, (1)

J
and In(2) in the bosonic partial transpose comes from

breaking the spin bond [1])4|{1) at the interface between
the two intervals.

V. CRITICAL POINTS

Calculation of the negativity at the critical point where
the theory is conformally invariant has been a subject
of great interest. Here, we show that the entanglement



negativity associated with the partial TR of two adjacent
intervals obeys the familiar form

E(0) =InTrlpff!| = T+ (62)

where c is the central charge of the conformal field theory
(CFT) [41]. In the first part of this section, we analyti-
cally derive this result for massless Dirac fermions, which
is the continuum theory for the critical point of the SSH
model. To this end, we relate the negativity to the deter-
minants of Toeplitz matrices and use the Fisher-Hartwig
conjecture to evaluate those determinants. In the sec-
ond part, we present numerical results which completely
match the above expression.

A. Toeplitz matrix and Fisher-Hartwig conjecture

As we have shown in Sec. 11 B, either ones of Trp’ or
&, (defined in (49)) can be written as a product of parti-
tion functions with partial twisted boundary conditions
in time direction, which in turn can be recast in the form
of ground state expectation value of phase twist opera-
tors (Egs. (54) and (57)). For massless Dirac fermions,
the expectation values can be written in terms of Toeplitz
matrices (see Appendix D for definition) and hence, their
determinant can be computed using the Fisher-Hartwig
conjecture [77]. In what follows, we first illustrate these
steps to calculate REE as a warm-up example and next,
we discuss the negativity.

Let us consider the lattice realization of massless Dirac
fermions (also known as the XX (or XY) chain),

L—2
H=—t> fl fi+tf{fo-1+He (63)
=0

at half filling with anti-periodic condition. Note that the
ground state wave function is a Slater determinant,

({7 }W) = det(u;(r;)) (64)

where u;(r;) = (rjlu;) refers to a set of single-particle
eigenstates. Hence, each term in Eq. (53) can be written
as

Zy = det MF ., = det ({t|Ti|tt')) (65)

in which T} is a single-particle matrix representation of
T}, operator (54),
1. ei2m%

Tk‘:diag[1717"'7 ) 7"'7ei2ﬂ§a17""1 (66)

where unity entries correspond to the sites outside the in-
terval and €27 entries correspond to the sites within the
interval. The single-particle eigenstates of the Hamilto-

nian (63) are just plane waves w,,(r;) = \%ei%j where
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m==,1+£3,--- 7:I:(% — 1) and therefore, we get

Mk m’ <um|Tk|um’>

m
= ,
— i (m—m' .
=3 Z e i ( )T, (5)
=0

2T
=L [T gy emiotm-m)/2 Tk(L—H) (67)
2m Jo 2m

where we drop second index of T, matrix and identify
T(j) = Tk ;j, since only diagonal elements are non-zero.
Notice that (m —m’)/2 =0,1,2,---, (% — 1) which im-
plies that the size of the matrix is % X % We assume both
L/2 and ¢ are even. We should note that the identity be-
tween the summation and integration is understood when
L — o0, £ — oo while r = ¢/L is kept finite. This shows
that MJ’?j, is a Toeplitz matrix (compare with Eqgs. (D1)
and (D2) of Appendix D), where the generating function
is given by

2rk/n  __
$(0) = { e r < 0 < 7r, (68)

1 ar <0< 2w — 7.

The generating function ¢(#) has two discontinuities at
f = £+xr and it has the following canonical factorization

(0) = (0t s, ), —rr (085 k), xr (0) (69)
with

ez27rrk/n,

v(6) =
B =ik = ~fak) =~ ()

where the function tg, g, (0) is defined in Eq. (D4).

For |k/n| < 1/2, we know that |Re(f1(k))| < % and

[Re(B2(k))| < 3 and the Fisher-Hartwig conjecture is a
theorem [78]. Therefore, Z), = det M/ can be asymptot-
ically represented as

Zy = (2 -2 cos(27r€/L)) e

X {G(l +ﬂ(k)>G(1 — 5(k)>}2ei7rk€/n <§> —2k2 /n?
(71)

where G is the Barnes G-function (Eq. (D9) of Appendix
D). Hence, the only subsystem size-dependent terms are

(n—1)/2 2

InTr[p%] =—2 Z 2 In Lsin(n¢/L)
k=—(n—1)/2
_ (-t In Lsin(r¢/L) + (72)
= o n Lsin(m

which leads to the well-known results

n+1

Sy =
! 6n

Inl+-- (73)



for the REE. This result was also obtained by bosonizing
the Dirac theory and also applied to the massive Dirac
fermions [75]. In the bosonized theory, the intervals are
realized by singularities (vorticies) with winding num-
ber (vorticity) 8 = 2wk/n at their end points. However,
we find that in the case of computing the entanglement
negativity these vorticities do not give correct results
when |3;| > 1/2 and must be modified, while there is
no systematic way of modifying them in this construc-
tion. As we discuss below, the Fisher-Hartwig method
gives a unique way of modifying {f;} in these cases. It
is interesting to note that if we put the modified {3;}
(obtained from the Fisher-Hartwig method) in Casini’s
construction [75] we will then get the same (correct) re-
sults as the Fisher-Hartwig method.

For the negativity as in &, we use Eq. (56) and write

Zp = det M[P* = det (wi|Tryeluy)) — (74)
in which T matrix (57) contains the two adjacent in-

tervals,

. iS—io2mk i§—io2mk 2wk
TR’k:dlag 17 ,1,616 127rn7.“ 7€z5 127rn76127rn7_“7

e2mE L ,1] (75)
Following what we did for the REE, here the generating
function is found to be

ei&—i%rk/n —r < <0
ei2mk/n 0<0<mry (76)
1 mry < 0 < 27 — 7y

¢(0) =

where r; = 2¢;/L. There are three discontinuities in the
generating function ¢(0) in this case. Hence, it has the
following canonical factorization

(;5(9) = w(e)tﬁl(k)» —7ry (e)tﬁz(k)-, T2 (a)tﬁs(k% 0(9) (77)
with

w(e) _ eiﬂ’!‘1/2—i7‘(‘k(’l‘1—7‘2)/n7

B =% = 51k) + o = Balh),
Ba(k) = ~28(K) + o

We should note that |%| < 2=l and the condition

[Re(B3(k))| < 3 is not fulfilled when £ < 0. This means
that for % < 0 the Fisher-Hartwig in its original form is
not accurate. Fortunately, there is a trick [79-81] to re-
solve this issue. The idea is to replace {3;} by a new set
of parameters {BZ = B;+n;} where the integers n; (under
the condition ), n; = 0) are determined such that the
function

Fo =3 (8 + i) (78)

i
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is minimum. A simple inspection yields the following
solutions for the minimum of Fg,

{ (0,0,0)

(1,0,-1)

>0

<0 (79)

33 |=

where each tuple represents the values of (n1,n2,n3) in
the corresponding range.
Thus, the Toeplitz determinant is given asymptotically
by:
—(Ik/n|=0/2m)(2|k/n|—6/2m)
ZRJ€ = (2 -2 COS(27T€1/L))

~k/n(2]k/n]~6/2m)
X (2 — 2cos(2mls /L))

[k/n|(|k/n|—6/2m)
x (2= 2cos2n(ty + 1)/1)) B

% .J (k) (é’)A , (30)

where J (k) = [[°_, G(1 + Bi(k))G(1 — Bi(k)), in which
B; must be replaced by 3; when k < 0, and

6k% 30 |k 52 3k 90

DRI A 22—
n? 27 |n 2772+2(n 7T+ )0(=k)

and 6(x) is the step function. Therefore, the ¢-dependent
terms are found to be in the form

En = VIn Lsin(nly /L) 4+ ¢ In Lsin(nly /L)

+ ¥ In Lsin(n(€y + €3)/L) + - - (81)
where
1 1
1) — 2 = B) = _ = _
Cnl = Cy.) = Cp B <no no> ; (82)
for odd n = n,, and
1/n 2
1 — @ = _— (2 _ =2 83
W= =z (F-2), (53)
1 /n 1
(3) — _ Ze = 4
Cne 6 < 2 n@) ’ (8 )

for even n = n,.. As a result, we can write

2_
_ qgnj Inly0s(0y + £),
En = 24 w242 (85)
1§ne ln€1€2 — ( 1§nc ) 1n(£1 + 62)

in the continuum limit. To find the coefficient of the

negativity, we analytically continue n, to 1, which gives

& 6182
4ln<€1+€2)—|—-" (86)

and for the lattice model, we obtain

E=lim &, =
Ne—1 Te

£ = zlntan(ﬂﬁ/L) T (87)

for /1 = {5 = £, where we restore the central charge ¢ in
front of the logarithms. As we can see, we recover all the
same expressions as in Ref. [41] which were derived for
the bosonic CFT.
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FIG. 7. (Color online) Logarithmic negativity of two ad-
jacent intervals evaluated by Eq. (34) at the criticality, (a)
Kitaev chain (58) at p = —2t where ¢ = 1/2, and (b) SSH
model (60) at t2 = t1 where ¢ = 1. The solid curves are the
analytical results (87). The data are shown for a closed chain
with anti-periodic boundary condition.
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FIG. 8. The random singlet phase of disordered spin chains.

B. Numerical results

In this part, we present numerical calculations for the
critical systems in the clean limit and in the presence
of random disorder. The numerical result for the clean
limit conforms with the analytical result derived in the
previous section. The result for the dirty limit also agrees
with the previous studies of the negativity in random spin
chains [33].

1. Clean systems

We check our analytical derivations in the previous
part against numerical calculations in two cases: the Ki-
taev chain and SSH model at the criticality. The results
are shown in Figs. 7(a) and (b), where the remarkable
agreement is evident.

2. Random singlet phase

Now that we establish our construction of the negativ-
ity for fermions and provide a simple way of computing
it for noninteracting systems, we would like to investi-
gate the critical random spin chain. We should note that
strictly speaking, we do not study the random spin chain,
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FIG. 9. (Color online) (a) Logarithmic negativity of the
random XX chain versus subsystem length, £ = ¢1(6) In¢ + k
for clean limit § = 0 and strong disorder § = 2. (b) The slope
c1 as a function of disorder strength ¢ for various system sizes
(see legend of (a)). The average is over 2 x 10* realizations
and error bars are smaller than symbol sizes.

but the equivalent disordered fermionic chain with ran-
dom hopping terms. Our goal is to give a quantitative
evidence for the random singlet phase by using the entan-
glement negativity. In other words, we are interested in
statistical distributions of singlet bonds by looking at the
distribution of logarithmic negativity of two adjacent in-
tervals. As we argue below, we expect that our fermionic
calculation of the negativity yields similar results to the
negativity of the random spin chain, which is found by
the strong disorder renormalization group (SDRG) [33].
First, we should note that the decimation scheme used
in the SDRG to eliminate the high energy singlet bonds
on a random spin chain can be similarly carried out in
the fermionic chain (here to remove the nearest neighbor
hopping) and the resulting RG flow equations for the
spin exchange coefficients and the hopping amplitudes
are identical [82]. This means that on the fermionic side,
SDRG gives rise to a random hopping model where the
hopping amplitudes have identical distribution function
to that of the spin exchange coefficients. Second, the
bosonic logarithmic negativity (in terms of partial trans-
pose) returns In(2) per each spin singlet 1]} — |/ 1); anal-
ogously, the fermionic logarithmic negativity (in terms
of partial TR) also gives In(2) per each equivalent state
(f;r — 1) |0) (see Sec. IV B and Appendix C). Hence, as
far as the statistical distribution of logarithmic negativ-
ity is concerned, we do not anticipate any difference. In
the following, we first briefly review the literature of the
entanglement entropy in the critical random spin chains
and then present our numerical results.



We consider the random XX chain

H =Y J;[S7157 + 544, 5Y], (88)
J

and its fermionic version

1

H=33 Jilflafi+ £ fin). (39)

The exchange coefficients (hopping amplitudes) J; are in-
dependent random variables taken from the distribution
function

Py(J) = 577 (90)
defined over the range J € [0,1]. The parameter 0 <
0 < oo is a measure of “disorder strength” and is intro-
duced to tune between the clean limit where 6 = 0, and
the infinite-randomness fixed point (which will be defined
shortly) where § — oo. Using the SDRG approach, it was
shown that the low energy physics of this model (or gen-
erally, the XXZ chain) is described by the random-singlet
phase (RSP) irrespective of the initial distribution func-
tion [83-85]. The fixed point limit of the RG flow leads
to the distribution similar to 6 — oo of Ps(J) defined
above and hence, it is named infinite-randomness fixed
point (IRFP). The RSP is characterized by random sin-
glet bonds between any two spins along the chain (see
Fig. 8). The signature of such random bonds can be cap-
tured by the von Neumann entanglement entropy [86]
and Rényi entropies [87]. Interestingly, it was found that
the disorder averaged von Neumann entropy of subsys-
tem A with length / is proportional to the averaged num-
ber of singlet bonds between the subsystem and the rest
of the system, n.p,

Sen(pa) = —Tr(palnpa) = masSw(ps) (91)

where bar refers to the average over disorder realizations,
TAB ~ % In¢ and Synx(ps) = In2 is the amount of entan-
glement per each singlet bond (denoted by the density
matrix pg). Consequently, the entropy behaves as

Son(pa) = (1“32> e+ (92)

This result was then numerically confirmed for the XX
chain (89) [88].

The entanglement negativity of the RSP was recently
studied [33] and remarkably, a similar formula was de-
rived

E=InTr|p}| = a4, In2 (93)

where this time the negativity is proportional to the av-
erage number of bonds between the subsystems A; and
As. This expression further supports the intuition that
the negativity is a measure of mutual entanglement. In
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FIG. 10.  (Color online) Probability distribution P(E) of

the entanglement negativity for the random XX chain with
L = 8¢ = 400. We use 10° samples to make these histograms.

particular, it was shown that the averaged negativity of
two adjacent intervals obeys the following form

- In2 £1€2
= — )1 4
= (5 )m () + (94)

Compared to the clean limit (86), this is a striking result
since the change in the coefficient is not merely a factor
of In2 as it was originally found for the von Neumann
entropy (92).

We now present our numerical results for the negativ-
ity of two adjacent intervals and show that our numer-
ics suggests this change of the coefficient from 1/4 to
(In2)/6. It is worth remembering that Eq. (94) is only
valid in the limit ¢; < L — oo. In addition, the RSP
fixed-point is a result of coarse-graining over a long chain
and implies that ¢; and /5 must also be sufficiently large.
Numerically, we compute the negativity using Eq. (34)
and read off the slope of £ versus In ¢ where we consider
equal lengths ¢; = 5 = ¢ for the subsystems. Instead of
running computations over extremely large systems, our
strategy is to simulate the transition by gradually tun-
ing the disorder strength ¢ in the probability distribution
(90). In essence, tuning to larger values of ¢ is equivalent
to moving deeper in the RG flow towards the RSP. In
Fig. 9(a), we show the averaged negativity for § = 2 in
comparison with the clean limit. To gain more insight,
we plot the slope of € versus In ¢ as a function of disorder
strength for various system sizes in Fig. 9(b). There are
two important observations here: The slope does change
from 1/4 to (In2)/6 eventually at sufficiently large dis-
order and this transition gets sharper as we go to larger
systems.

A more direct signature of the RSP, compared to the
slope of € versus In/, can be illustrated by the distribu-
tion function of the entanglement negativity. In Fig. 10,
we make histograms of the negativity calculated for 10°
disorder realizations. The horizontal axis is normalized




to na,.4, = £/1In2 to emphasize the functional form of
the negativity as suggested by Eq. (93), which basically
shows the distribution of the number of singlet bonds be-
tween A1 and Ay. As it is evident in this figure, for small
0 the distribution is rather broad and smooth; next, it
starts to develop peaks at integers as we go to larger §.
Finally, at extremely large ¢, the majority of the samples
give integers, which is a strong evidence for the formation
of only singlet bonds between the two subsystems.

VI. DISCUSSION

In conclusion, we propose a definition for the partial
transpose in fermionic systems based on time-reversal
transformation. We find that the partial time-reversal
transformation implies a certain spacetime picture for the
negativity of fermions. We explain how to construct par-
tial time-reversal for noninteracting fermions and how to
evaluate the corresponding entanglement negativity. We
also show that our formalism can capture the entangle-
ment in the topological phase of the Kitaev Majorana
chain which was inaccessible to the previous definition
of the fermionic partial transpose. We derive analyti-
cal expressions for the negativity of fermionic systems at
the criticality and verify them numerically. Remarkably,
we recover the same results as the original CFT calcu-
lations [41]. We apply our framework to the random
XX chain and present some numerical evidence for the
random-singlet phase from the perspective of the entan-
glement negativity.

In principle, the notion of fermionic partial trans-
pose as a partial time-reversal transformation and the
fact that the associated entanglement negativity can be
straightforwardly computed in noninteracting fermions
open many new avenues for research. In particular, some
exciting future directions could be the study of finite-

J
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temperature systems, quench dynamics and entangle-
ment growth, and the negativity in higher dimensional
systems. In the case of two dimensional systems, it would
be interesting to look at the result of partial time-reversal
on various topologically ordered phases of matter such as
the fractional quantum Hall effect.

Despite the fact that our treatment is quite general,
throughout this paper we mostly focus on the adjacent
intervals. One interesting direction is to consider disjoint
intervals and compare the result of different definitions
of the partial transpose.

Note Added.— While this manuscript was being pre-
pared, we became aware of a recent independent
work [89], which provides tight upper and lower bounds
to the entanglement negativity in fermionic systems. In
their paper, they adopted the conventional definition of
partial transpose for fermions [54] and the partial time-
reversal defined in our manuscript was considered as an
upper bound in the case of noninteracting fermions.
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Appendix A: Prior definition of the fermionic partial transpose

In this appendix, we review the results of Ref. [54] and make connections between our findings and theirs. Using
the density matrix introduced in Eq. (12), the partial transpose for the subsystem A; is defined by [54]

52m21

R(m
(Cm1 :

.. 027”41

)= (=)@l 2

Cm,; *° 2me,

, Where f(ﬁ) = { 1 if |ﬁ| mod 4 € {273}'

0 if |5| mod 4 € {0,1}, (A1)

Let P; be the parity operator on subsystem A;, and define the operators p; = 3(pa + PipaPy) and p_ = (pa —
PipaPy). This clearly implies ps = p4+ + p—. Using the Majorana basis, p4 and p_ can be written as

— fomy
P+ = Wg,z Cmy -
K, T

|&] even

— Fomy
pP— = Wg,r Cm,y
K, T

|| odd

Kamy T/ v
.. 1 1 DY 2
c2mz1 cm’l ch%Q ’ (A2)
K2mg.  Tm! T2m2
.. "1 1 ... "2
02m£1 Cm/l 02m22 (A3)
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By linearity of the partial transpose, we have p£1 = pf + pzl , and pil can be obtained using the definition (A1):

Tom/
no oy wl2, Fma | Reme Twp o Tami,
p+ - (_1) Wg,r Cmy~ " CQ’mzl cm,’1 T ch} ’
T 2
|k| even
T. /7
T _ (|e]—1)/2 Fomy Ramg,  Tmj 2y
P = § (1) We,r Cma " Comy,” Gt " Copr ~ (A4)
KT t2
|5| odd

In the case of Gaussian states, the generalized Gaussian operators O; and O_ are introduced, such that pf =
1044+ 0-) and plt = 1(O- — O4). Thus, the partial transpose is decomposed into two terms

T 1+

P =50+ ——0-. (A5)

Let us now write the partial time-reversal in this notation. From Eq. (15), we have

T. ’
Ry __ -| K| Fmy Ramg,  Tmj 2my,
P+ = E : U Wh,r Gy Coy - Gt 70" Copr =
AT 2
|k| even
T. ’
Ry _ -(|r|—1) Kmy R2mp, Tmf 2my,
pt =1 E i Wr,r Cmi' =" Comy ! Cot’ *+* Copy * - (A6)
T 2
|5| odd
Ry

which are the same as (A4), up to the factor of ¢ appearing in front of p='. Therefore, the partial time-reversal is

given by

1 1
ple :§(O++Of)—|—li(0,—0+)20+ (A7)

which means the partial time-reversal can be put into a single Gaussian state. As we have seen in Eq. (45) of the

main text, pi” is obtained by replacing ¢ with —i in pﬁl,
1 1
pa't=5(04 +0-) —ig(0- - 0.)=0_. (A8)

Therefore, the corresponding entanglement negativity is given by

E=InTr\/p% (pf)t =InTr\/O,O_. (A9)

In the rest of this appendix, we check whether the original definition (A1) fulfills three natural expectations for the
partial transpose at the operator level and show that it does not satisfy two of them. In contrast, partial time-reversal
manifestly fulfills all of them. The three natural conditions are as follows:

(i) Subsequent partial transpositions for two complementary intervals are identified with the full transposition
(p7)T = o7 (A10)

Check: This conditions is not satisfied. Consider for example,

p =1+ cicseser (A11)
where ¢; and ¢p are in A; and c¢3 to cg are in As. Hence, we have

p™t =14 R(c1)eseser = 1+ creseser = p,
and
(p™) 2 = pT2 = 1 + 1 R(eses¢7) = 1 — creseser.
However,
pl =14+ R(cieseser) = 1+ ereseser,

which means (p?1)72 # pT.



(i)

(iii)
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Applying the full transposition twice returns the original density matrix,

(W) = . (A12)
Check: This condition is always satisfied.
When considering n flavors of fermions,
(1@ @pa)t = (p)" @@ (pa)™. (A13)

Check: This condition is not fulfilled. For instance, consider two fermion flavors A and B and suppose the
density matrices are

1

1 , .
pa= (1 —icarcas),  pp= (1 —icpicpa). (A1)

Physically, this could be the reduced density matrix of two Kitaev Majorana chains (A and B). Further, assume
that site 1 is in A; subsystem and site 2 is in Ay subsystem. Their partial transpose are given by

1 . 1 )
P = 1[1 —iR(car)cad) = pa,  pp = 1[1 —iR(cp1)epa) = pi-

The full density matrix is

1 . .
pP=pa®pp = E(l —1CA1CA4 — ICB1CB4 — CA1CA4CBICB4),

and its partial transpose is

1 . .
ol = TGD —iR(ca1)cas — iR (cp1)cpa + R(caicpi)cascpa)

= Tﬁ(l — iCA1CA4 — 1CB1CBA + CA1CA4CBICBY).

Clearly, p™t # p?;l ® pgl. We now compute the negativity using the partial transpose and show that it violates
(19): For each chain, we have

E(pa) =W Trp)| =0,  E(pp) =InTrlpg|=0, (A15)
while for the combined chain we get
E(pa ® ps) = In'Trl(p4 © pg)™"| = In(2). (A16)
Let us first show the single chain result by constructing the Hilbert space in terms of two complex fermions:

ca1 +ica2 caA3 +icay

fha=—"5" fha == (A17)
The density matrix is then given by
1 )
pa = 1[1 —i?(far + qu)(fAQ - fixz)]

1001

10110
“alo110) (A18)

1001

where the density matrix is represented in the basis {|0), £, 10, f1,10), fi,/%,10)}. In this basis, the partial
transpose reads

1001

I1o110
Tl—f

1001
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and thus, Tr|p£1\ = 1. In order to compute the full tensor product density matrix ps ® pg, we can either
define the full 16 x 16 Hilbert space or fuse two Majorana fermions in each interval (1 or 2) to construct the
complex fermions. The first approach is a little bit cumbersome to present here, and we show the second method.
Nonetheless, we checked the 16 x 16 and the result is identical. Let us introduce the complex fermion operators

i = i = ot (A20)
The full density matrix then reads
p= 2=+ Do D) 20— I+ D) 20 + DU~ S~ FD(a + 1)
1001
oo s
1001

It is worth noting that the above density matrix is identical to the reduced density matrix of the SSH fixed point
which describes a singlet bond between two fermion sites. Hence, we obtain the partial transpose,

: (A22)

S

I

I
coor
o~ oo
coro
— o oo

which gives Tr|p”*| = 2. Therefore, it should be clear now why the partial transpose works for singlet bonds but
not Majorana bonds, since it violates the condition of additivity (19).

Appendix B: Calculation of the spectrum of pf}lpf}” for Gaussian states

In this appendix, we explain how to find the eigenvalues of the composite operator = = pﬁl prlT and Z¢ for o € R.

We start from multiplying the two density matrix operators,

/ d[xJd[X]d[E]d[E] €3 Tioea XS5 %53 Tasea €S58 [{x;}iea) ({5 seal {6 Fiea) (G }senl

—
—

I
z;
1

= ? /d[x]d[é] e% Zi,jeA(Xi,éi)gij(Xjagj)T ‘{Xj}j€A> <{gj}j6A| (Bl)
p

where ST = Ul*SU as defined in (30) and

o3 Tijea(xi€i)Si(x;.€)T — /db—dd[ﬂe% S jea(xi€)Mij(x;€;)" (B2)

is obtained after performing the Gaussian integral, with the Kernel

1 St K
M:2<_KT SRl> (B3)

in the basis (xi, Xi, &, &), where the submatrix K, due to the inner product ({¥;}jeal{&;}jea), is given by

K:(gg) (B4)

Therefore, from Eq. (B1) we can read off the correlators using the relation

[ =6-o = (5 ). (B5)
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and find the corresponding Green function matrix G,
- 1-CT Ft
G:( . é). (B6)
As a result, we can write = in the diagonal basis
= e—ng;gj

Tr(E) - 1;[ (14 e%) = H(l - ) e‘(m}gj’ (BT)

J

where g; = Y. Ujifi are fermion operators in this basis and eigenvalues (; are related to the eigenvalues of G by

¢i=1In (1;)"' ) Hence, for the a-th moment of = we get

m(ii

<

(1]

;3) =In [JT( =" <1+ <1 ii)\j)a) = Zln XS+ (1 - x)°]. (BS)

J

(1]

Appendix C: Toy example of fermionic density matrix

Here, we study the smallest nontrivial density matrix for two fermions. This density matrix can realize the trivial
phase and topological phases of the Kitaev and SSH chains in the fixed-point (zero-correlation length limit).

Let us take a two-site system flT and f;r, where the density matrix is 4 X 4 and can be represented in the basis
{10y, #7110y, £3 10y, 1 £310)}. A generic fermionic density matrix obeys the form

(C1)

S
I

X © o X

oX X o

o X X o

X © O X

where non-zero entries are shown as x. This form of density matrix is dictated by the fact that only even fermion
parity entries are allowed for the reduced density matrix of fermion-parity symmetric systems [18, 19, 73]. As an
exmaple, let us consider the density matrix

p=pl) (Yl + (1= p) [P2) (¥2] (C2)

where [¢1) = f1£310) + a|0) and |¢h2) = (aff + f)]0). This density matrix can be recast in the form

pa’ 0 0 pa
_ 1[0 (1-pa® (1-pa 0
P=z| o0 (-pa (1-p o] (©3)
pa 0 0 p
where Z = 1 4 a? is the normalization constant. The partial transpose is then given by
pa? 0 0 (1-pa
1 0 (1-p)a?  pa 0
T 4
p Z 0 pa (1-p) 0 ’ (C4)
(I1-p)a 0 0 D
and the partial time-reversal is found by
pa? 0 0 i(1-pa
1 0 (1—p)a® ipa 0
R1 __ 7
r=7z 0 ipa. (1—-p) 0 (€5)
i(l—p)a 0 0 D

Let us now consider various limits of this density matrix. When a = 0, we have a product state and p?* = pfit = p.
This corresponds to a trivial phase. It immediately implies that Tr|p?*| = Tr|p®1| = 1 and the negativity vanishes
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in both definitions. In the second case, consider a = 1 which corresponds to maximally entangled states of [¢)1) and
|th2) defined above. The negativity can be found easily in each definition

Tr|p™| =1+ |1 - 2p|, (C6)
Tr|pf| = 2¢/2p2 —2p+ 1 (C7)

Here, we have two important situations:

e SSH fixed point: When p = 0, both definitions yield 2, consistent with a singlet bond between two sites.

e Majorana fixed point: When p = 1/2 (see Appendix F of [63] for a proof). In this case, p7* = p and Tr|p?| =1
and the partial transpose does not capture the Majorana bonds. Remarkably, the partial TR gives /2 as it should
be.

Appendix D: Toeplitz matrix and Fisher-Hartwig conjecture

Here is a summary of the definition of Toeplitz matrix and useful expressions [77]. The Toeplitz matrix T}, [¢] obeys
the form,

Tp[o] = (di-j), i,j=0,---,L—1 (D1)
where
1 27 )
dp=o— [ &) *do (D2)
2m Jo

is the k-th Fourier coefficient of the generating function ¢(6). The asymptotic behavior of the determinant of Toeplitz
matrices with singular generating function is also known as the Fisher-Hartwig (FH) conjecture. Suppose we have
the following decomposition of the singular generating function

R
¢(0) = v (0) [ ] t5..0.(0)ua,.0,(6) (D3)
where
ts, 0,(0) = exp[—iB.(r —0+0,)], 6.<60<21+0, (D4)
a0, 8) = (220056~ 6)) ", Rela] > (D5)

and () is a smooth non-vanishing function with zero winding number. In the limit L — oo, the determinant of
Tr|#] is given by

R

det Ty [¢] = (F[¢])" (H Laf-ﬁf> [, {ai}, {B:}, {6:}). (D6)

i=1
Here, F[¢] = exp (i fo% In z/J(G)dQ) and

R

El, {ai}, {B:}, {0:}) = E[Y] _HG(l +ai + B)G(1 + a; — Bi) /G(1 + 2;)
R

<[ (w (exp(i@i))) o (¢+ (exp(—iﬁi))>

i=1

X H (1 - exp(i(&i — Gj))

1<i#j<R

—ai+Bi

—(ai+8i)(a;—P5)
) 7 (07)

assuming that there exists a Weiner-Hopf factorization for (8), i.e.

$(0) = FI] v (exp(i0) ) - (exp(=it)). (D8)
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In addition, E[¢)] = exp(d po; ksks_k), in which sy is the k-th Fourier coefficient of Int) (), and G is the Barnes
G-function defined by

o
G(1+2) = (2m)*/2e= A2 2 TT (1 4 2/m)"em= 27/ MY, (D9)

n=1

where vg is Euler constant. The FH conjecture has not been proven for a general case. However, there are various
special cases for which the conjecture was proven. The simplest case which applies to the Rényi entropy is when
R = 2, and we have oy = a3 = 0 and 8y = —f3 = 3. The FH conjecture (Eq. (D6)) was proven for the case
|6 < 1/2 [78].

In the case of negativity of two adjacent intervals, we are dealing with R = 3, o; = 0, 8 = 81 + 1/2 = 33 and
B3 = =20 + 1/2. Here, we have |f3| > 1/2 when § < 0 and the FH conjecture in its original form breaks down. The
resolution for a generic set of {f;}, satisfying >, 8; = 0, was initially conjectured [79] and later proven [80, 81]. The

idea is to replace {f;} by a new set of parameters {,@}, (so-called the orbit of 8) which are defined by

R
Op ={B:B; =B +n;,y_n; =0} (D10)
j=1
We look for a set of integers {n;} which minimize the function
R
Fs = min 5. (D11)
BEOg j=1

for a given {8;} and denote the corresponding set by Mg = {E € Og : Zf’:l BJQ = Fg}. Refs. [80, 81] have shown

that the Toeplitz determinant can be evaluated by sum of these solutions

det Tp[g] = )

BeMg

s ; N i 2_ 72 s . ~
(f[(H e’""o")w]> (H L 51‘) E(TT e )0, i}, (B} {63},

(D12)

where we substitute 8 and (0) with B and (Hil emrer) ¥(0) in Eq. (D6), respectively.
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