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Abstract

Consider a generic quantum spin chain that can be mapped to free quadratic fermions via
Jordan-Wigner (JW) transformation. In the presence of arbitrary boundary magnetic fields,
this Hamiltonian is no longer a quadratic Hamiltonian after JW transformation. Using ancil-
lary sites and enlarging the Hamiltonian we first introduce a bigger quadratic Hamiltonian.
Then we diagonalize this enlarged Hamiltonian in its most generic form and show that all
the states are degenerate because of the presence of a zero mode. The eigenstates of the
original spin chain with boundary magnetic fields can be derived after appropriate projec-
tion. We study in depth the properties of the eigenstates of the enlarged Hamiltonian. In
particular we find: 1) the eigenstates in configuration bases, 2) calculate all the correlation
functions, 3) find the reduced density matrices, 4) calculate the entanglement entropy. We
show that the generic eigenstate of the enlarged Hamiltonian (including the eigenstates of
the original spin chain) breaks the parity number symmetry and consequently one needs
to take care of some technicalities regarding the calculation of the reduced density matrix
and entanglement entropy. Interestingly we show that the entanglement structure of these
eigenstates is quite universal and independent of the Hamiltonian. We support our results
by applying them to a couple of examples.
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1 Introduction

There exist many quantum spin chains which can be transformed into quadratic fermion models

using Jordan Wigner (JW) transformation, the spin-1/2 XY chain is just one example of such spin



SciPost Physics Submission

chains. These fermionic models have been studied thoroughly in the past, and it was shown that
they are exactly solvable [1]. In the context of the non-interacting fermions, the calculation of
some quantities such as reduced density matrix (RDM) [2, 3], entanglement [4-7] and formation
probabilities [8-10] can be written in terms of correlation functions, which reduces the adversity
of such calculations. The connection to the free fermion models also makes it possible to study

the Rényi entanglement entropy for excited eigenstates of free fermions and related spin chains
[11-19].

Most of the above mentioned studies were based on the bulk properties, however, there are
also studies regarding the entanglement entropy in systems with boundaries and impurities. In
the presence of boundaries analytical and numerical calculations of the entanglement entropy can
be more challenging due to the lack of the translational symmetry. The entanglement entropy
of a few quantum chains in the presence of the boundaries has been studied with analytical and
numerical techniques, see for instance [20-27]. An interesting consequence of presence of the
boundary is the breach of connection between spin chains and quadratic fermion models, specially
in subsystem entanglement [27,28]. An spin chain (containing L spins) with arbitrary boundary
magnetic fields can be modeled as: bulk Hamiltonian plus boundary terms,

SpinChain bulk boundary *

The Hbounda
boundary condition produced by external magnetic fields reads as H,_

o resembles the effect of boundary on far end sites or spins. For instance, a general
= El.gl +§L.§L, where
§1, S 1, are spin operators at the beginning and end of the chain, and B L» El denote the preferred

oundary

direction of alignment of boundary magnetic fields. While such a non uniform boundary condition
can be physically valid for a spin chain, the fermionization of such a spin chain would end up in a
non-physical fermion model. A fermion model which violates the parity symmetry will break the
locality. Locality forbids a Hamiltonian that does not commute with fermionic parity symmetry
[29-31]. However, as far as one is concerned with spin model this violation is not a problem.

Some spin models, such as the XXZ chain, with arbitrary direction of boundary magnetic fields
(ADBMF) have been already exactly solved by the thermodynamic Bethe ansatz method [32-44].
However, calculation of some quantities such as the entanglement entropy seems out of reach at
this moment. In this work we take advantage of a method proposed in [45,46], see also [47-49] to
transform a generic quantum spin chain; with H, that can be mapped to the Hamiltonian of free
fermions; with non uniform magnetic field at the boundaries into a quadratic fermion Hamiltonian.
It is done by adding auxiliary spins to the system with coupling to the boundary spins and enlarging
the Hilbert space of the original model. Afterward, we would be able to fermionize the spin system
via JW transformation and make use of postulation of quadratic fermion Hamiltonians to study
the quantities of interest. The quadratic (or bi-linear) form of Hamiltonian in fermionic operators
is crucial since the Hamiltonian can be diagonalized exactly and the correlation functions can be
reduced to the expectation values of pairs of fermionic operators (Wick theorem [50]). To retrieve
the eigenstates of original model, we can use particular projection of new model’s eigenstates.
In [45], the same method was used to study a fermionic model with linear operator terms, which
breaks the parity. In this case, the author couples the auxiliary fermions to every other in the
system, and gets a quadratic Hamiltonian.

Starting from the enlarged bi-linear fermionic representation of the Hamiltonian, similar
to [45,47,49], the degeneracy of (at least) two is expected. This degeneracy results in degen-
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erate ground states with opposing parities, which allows us to find a superposition for the ground

state with broken parity number. However, for such an eigenstate, we would not be able to use
conventional methods to find the RDM, entanglement and so forth. We study the aspects of this
state and how it is related to the ground states of the original boundary magnetic field (BMF)
Hamiltonian. Also, the comparison of the correlation of this state with those of the parity symme-
try states is investigated. Such an investigation enables us to make an ansatz for RDM based on
the correlation matrices. This ansatz was first proposed in [49] for a special type of parity broken
state and special type of subsystem. Here, we generalize the previous results and provide a proof
for consistency of this ansatz. In addition, the RDM has been calculated in different methods. We
also show that all of these results can be extended to arbitrary enigenstates of the Hamiltonian
(D).

Having the RDM in terms of correlation matrices facilitates the calculation of entanglement.
For the parity broken state the behavior of entanglement entropy with respect to parity number
is intriguing. In this paper, we mostly deal with a connected subsystem starting from one end of
the chain to some point in the middle of the system. An interesting observation is that based on
the way one breaks the parity of the ground state entanglement can be minimized or unaffected.
Besides, we show that with an adjustment to the Peschel method [2,3,5,51,52], it is possible to get
the entanglement of parity broken state in terms of entanglement of parity protected ground states.
With these results, we will be able to study the effect of boundary conditions on the entanglement
of subsystem, in particular, change in the direction of magnetic field at boundaries on the value of
entanglement entropy.

It is worth mentioning that one can treat the enlarged Hamiltonian as a model of interest and
study its different properties independent of the quantum spin chain with boundaries. This might
be an interesting approach to study a phenomena like spontaneous breaking of parity number
symmetry. Having this in mind most of our studies and results go beyond just the quantum spin
chains with ADBME We find the correlations, reduced density matrix and entanglement for generic
eigenstates of the enlarged Hamiltonian. Quite surprisingly, the general features of the results are
quite independent of the bulk Hamiltonian.

The remainder of this paper is structured as follows: In section 2 we first summarize the main
results of the paper. In section 3, we start by general quadratic Hamiltonian that one can derive
after the addition of extra sites. We, provide a general discussion on diagonalization of such a
system, and the connection to the eigenstates of our original model, the BMF Hamiltonian. In
section 4, we use the result of diagonalization of quadratic Hamiltonian to find the correlation
matrices for the generic eigenstates including the most interesting ones, i.e. states with 1 parity
and the one with no parity. Section 5 contains study of the reduced density matrix (RDM). We first
present a general formulation of RDM using Berezin integration of Grassmann variables, followed
by the RDM in terms of correlation matrices. We address the RDM not only for typical eigenstates
of Hamiltonian, but also eigenstates which break the parity. With the results of former sections, we
study the entanglement in section 6. Notably, we dig to the behavior of entanglement for a state
which defies the parity symmetry. In section 7 we give an interesting physical interpretation of
the parity-broken state based on three-part system. This gives a simple way to reproduce some of
our results in especial cases. Finally, in section 8, we look at some interesting examples of systems
with no parity symmetry. The first being free fermion model with no bulk term, and the second
being the XY -spin chain with arbitrary boundary magnetic fields.

4
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2 Summary of Main Results

Consider the spin chain Hamiltonian

SpinChain = Hbulk + B1 'S1 + BL 'SL 2 (2)
where S; and S;, are spin operators at the beginning and end of the chain, and B;, B, are arbitrary
boundary magnetic fields. We consider here bulk Hamiltonians, i.e. H,_ , that can be mapped to
quadratic free fermions via Jordan-Wigner (JW) transformation. The above Hamiltonian does not
have quadratic form after JW transformation and a priory is not clear that can be solved exactly.
However, using the ancillary spins, S, and S;_; one can transform the above Hamiltonian to

H=H_ +ByS;Sy+B{SyS] +BS; +B{S;S},, +B] S| S;,1 +B;S} 3)
The above Hamiltonian after JW transformation has a quadratic form and can be solved exactly.
The Hamiltonian (5) is considered with this goal in mind. The eigenstates and eigenvalues of the
original Hamiltonian can be found with proper projections. The section 3 of this paper shows how
this procedure can be done in its most general form. The idea of using ancillary sites to solve
boundary spin chains is already explored before in [45-49], however, in this work we solve the
problem in its most general form without restricting to a particular Hamiltonian. The eigenstates,
eigenvalues and correlation functions are found in the most general cases in sections 3 and 4.
Interestingly all the eigenstates of the Hamiltonian (3) have at least the degeneracy of two
due to the presence of a zero mode. In the fermionic language the vacuum, i.e. IO)n, and the state
with the zero mode excited, i.e. ng |O>n’ are degenerate. This means one can define

1 N
1) —\/?Wﬂo)n"‘ﬂ%w)n ); 4)

as the most generic ground state of this Hamiltonian'

. In particular, the ground state of the
boundary quantum spin chain can be derived out of the especial cases of = £1. Due to its
generality in sections 3 and 4 we study some basic properties of this state such as parity and
correlation functions. This state has also an interesting interpretation as three part system which
we will explore in section 7.

In section 5 we give two different forms for the reduced density matrix of the generic |3) state.
We first find the reduced density matrix in fermionic coherent basis. The presented form can be
used to calculate the Rényi entanglement entropy as it was shown in section 6. We also think that
this form is useful to calculate the formation probabilities in the configuration basis which are
although interesting for their own sake, we are not going to explore them in this paper. The second
method is a generalization of the results of [49] for generic eigenstates of the generic Hamiltonians
with arbitrary . It is an extension of a method which is based on making an ansatz for the
reduced density matrix and then fix the exact form by matching the correlation functions [53].
Our result for f = %1 gives also the reduced density matrix of the quantum spin chain with
arbitrary boundary magnetic fields. Using the results of this section in section 6 we write an exact
formula for the entanglement entropy of the |f) state which its complexity grows polynomially

INote that the same can be done with all the eigenstates. Our results can be extended for the |3) states made of
each eigenstates.
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with the size of the subsystem. As before, this also solves the problem of the calculation of the

entanglement entropy of the eigenstates of the Hamiltonian (2).

In section 7 we show that the |3) state has a very interesting property. It can be written like a
three-part system which helps to understand the entanglement of the ancillary sites with the rest
of the system using this simple interpretation. This property makes studying the Hamiltonian (3)
and its entanglement content interesting for its own sake independent of the original motivation
of solving the quantum spin chain with arbitrary boundary magnetic fields. This has been the
main motivation to start with the fermionic version of the enlarged Hamiltonian in section 3.

All of the discussions up to section 8 are independent of the Hamiltonian and also valid for
arbitrary eigenstates of the Hamiltonians (2) and (3). In section 8 we give two explicit examples.
The first one is a slight generalization of the Hamiltonian (3) without a bulk term. In the first
sight this seems oversimplification but interestingly a lot of entanglement properties of the generic
Hamiltonian have similar features which was the main motivation for its presentation. To give
a non-trivial example we also study the entanglement entropy in the XY chain. The boundary
entropy of this model is already studied in [49], however, here we fill a few holes such as the
presentation of the exact extra zero modes present in the Ising chain which their form is essential
to calculate the entanglement entropy exactly.

3 The Hamiltonian

In this section, we introduce a general bi-linear fermionic Hamiltonian which is related to spin
chain Hamiltonians with boundary magnetic field (1). We first study the general properties of this
model and point out the evident zero mode of the model. In subsection 3.3, we tend to present
the diagonalization procedure using the standard methods. Later, in subsection 3.5, we look into
the particular eigenstates of the Hamiltonian which does not respect the parity number symmetry.
Finally, subsection 3.6 presents a set of selection rules to retrieve the eigenvalues of the boundary
magnetic field (BMF) model. Interestingly the structure that unfold is very similar to the ones
in [49], see also [47] with a slightly different notation.

3.1 General properties

We are going to study the quadratic fermionic Hamiltonian of the form:

where
L 1 .
_ il 1% +
Hy= Z [CiAijCj + 5¢; BijCj + ECiB;ficj] — Etr(A*), (6)
i,j=1
and
L
Hy = Z [a?(cocf —cje)+ a]L+1(CjC11+1 +cjc4) +H. C.). 7)
=1

As we mentioned in the introduction, H;, part can be related to the boundary terms. Note that
the above Hamiltonian is a bit more general than just the extension of a quantum chain with
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boundaries because the added extra sites O and L + 1 are coupled to all the sites. Note also that
we are not bounded here to any particular dimension. That means all of the upcoming results, as
far as we do not talk about spin chains, are valid in arbitrary dimensions. Here, A matrix should
be Hermitian and B matrix should be anti-symmetric. The Hamiltonian can be written as:

1 N (¢
Hzg(c’ c)M( c"')’ (8)

where( ¢ c )stands for( €y "t €41 Co vt Cry1 ) The matrix M in (8) should look like
below.
0 0 0* 0*
+ +
1 aq a ay
a¥" al 1" | altt
_ L1 _ L+l L+1* L+1%
M= 0 a; a; 0 0 a _ a; 0 ©
B 0 0 0 07 :
00 al aL Lol 00 al aL ?l
_ + +
aq a a ay
_0 L+1 0 L+1
\ aL L+1 L+1 aL aL L+1%* L+1%* aL
J— + LIRS —_— + + CECIEY +
0 a; a; 0 0 o a; 0

For later use, we define the following spin operators at positions O and L + 1,

L
oy =co+cy and of,; =(1—2cc,) l_[(l —2¢/¢;)(cp 41+ €1 4q)- (10)
1=1

These operators commute with each other and the Hamiltonian (5); i.e.
[H,07,]=[H.05]=[05.07,.]=0. (an

The above relations are important in upcoming sections.

3.2 Zero mode eigenstates

The M matrix in (8) has at least two eigenvectors with zero eigenvalues. These eigenvectors
correspond to the modes with zero energy. Later on in this paper, we present a formulation (section
3.3) which simplifies the effort to find the correlations (section 4), reduced density matrix (section
6) and other properties of the system such as entanglement. To use such a formulation, one needs
to identify and write the zero eigenvectors in a correct form (see the following subsection).

Due to the form of the M matrix (9), we expect to have two zero modes. These zero modes do
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not depend on the parameters and interactions of the system. They can be written as:

[ ﬁeiel [ /%_anie2 \

0
0 0
W/ 1_ aei¢1 _ﬁei¢2
|u(1)> = f/aeiel , |ug> = \/gei% . (12)

0 0

0 0
\ —y/I—acs ) \ vaet:

The orthogonality condition of these states requires the following equality to hold for the param-
eters

01— 60y =¢1— ¢s. (13)

The above zero modes are independent of the parameters of the Hamiltonian. In the rest, for the
sake of simplicity, we take all the angles (6, 05, ¢, ¢,) to be zero and put a = %. Taking other
values does not change the upcoming results. Depending on the values of coupling parameters
there could arise more zero modes in spectrum of M matrix?.

3.3 Diagonalization

In this subsection, we want to briefly review the diagonalization and find the eigenstates of the
Hamiltonian. First, we introduce a new operator J which acts on the eigenstates of the matrix M

()-(2)

It is easy to show that the operator J anticommutes with the matrix M, i.e. {M,J} = 0. As
a consequence, if |V) is an eigenvector of matrix M with eigenvalue A then the vector J|V) is

as

also an eigenvector with eigenvalue —A. It means that finding the eigenstates corresponding to
positive eigenvalues is enough; we can get the eigenstates for negative eigenvalues by acting on
the eigenstates of the positive eigenvalues with operator J [54].

As a result of operator J, the Hamiltonian (8) can be diagonalized in the following form:

. oo (e Y1, A O n '\
(c c)U'UMU’U(cT)—Z(T)' n)(o —A)(n*)’ (15)

The matrix A is a diagonal matrix with non-negative entries and matrix U has the block from:

[ & h
U—(h* g*). (16)

H=

N |-

2See section 8.2.
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The Hamiltonian can also be written with respect to new fermionic operators (Bogoliubov

fermions) as
. 1
H= Axnin — =tr(A), 17
; e — S tr(A) 17)

( Z):u( c) (18)
M c

From (14) and special form of U matrix, we get the following constrains on the elements of g and

where

h matrices:
8ki+1 =hkr+1 and  go=—hio for k#0 (19)

To conclude the diagonalization part, we write the explicit expression of 1) operators:

L+1 L
N = ngjcj + hij}L = grolco—¢y) + Z(gkjcj + hijJT) + grp+1(cre1 +¢;41); k#0,(20)
i=0 i
1 bt
Mo = E(Co tCt ey — CL+1)- 1)

From above, we can also write the c-fermions in terms of n-operators as:

L+1
¢ = Z(g}ﬁkm +hign); k#0,L+1, (22)
=1
oL+ ,
Co = %770 + %7)6 + Z(g}k’onj - gj,oﬂ}), (23)
=1
L+ '
Cry1 = %770 - %772) + Z(g}k,prmj + gj,L+1n;)- (24)
=1

This final result means that the following commutation (anticommutation) relations hold (for

k # 0)

[O')L(H’nk] = [OJLCH"nU:O, (25)
{o5.n} = {og.n}=0. (26)

Anticommutations (26) will be useful in subsection 3.6 for sectorization of eigenstates of the
Hamiltonian (5).

3.4 Eigenstates in configuration basis

The vacuum state |0),, is the state which is annihilated by the action of all n; operators,
N 10), =0, Vk. 27)

One can write the |0),, as a superposition of configurations of the c-fermions [2]. It is called the
configurational basis of such a state. For even size, if the parity of |0),, is +1 then we have:

T | ior
10),, = (det[T+ R'R]) %2 2R |0), (28)

9
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where ¢;|0). = O for all j, and the R matrix is an antisymmetric matrix defined as g.R +h = 0.
The (28) works only for the case where parity of the |0),, is +1, and/or the matrix g is invertible.
Otherwise, to use the above equation, one needs to do a canonical transformation to change the
parity of the vacuum for n-fermions, and/or to make the g invertible [55].

Such a canonical transformation could be the following change in the creation and annihilation

operators:
~t
¢ = C.,
{ A (29)

We call this transformation Tilda transformation. If we do such a change for even number of the

indices, the parity would not change (in the case where g matrix is not invertible). For odd number
of sites, it will change the parity of the state |0),,. As an example, when the vacuum state has parity
—1, we do the tilda transformation

c; — & and > (30)

for only one specific index j. Regardless of selected j, the entanglement properties of the vacuum
would not change. If we choose j = 0 then this transformation can be written in operator form as
P = elg"g.

As a matter of fact, any eigenstate of Hamiltonian (5) (with parity +1) can be written in
configurational basis in an exponential form. Excited states are created by exciting different modes

on the vacuum (27) as:

N 1
|1:b) = |k1:k2: T ’kN> = l_[ n;cl |0>) E¢ = Z A’kj - Etr(A)a (31)

kjeIE kjeIE

where the set E can be any subset of indices from O to L+ 1. We denote the set of indices of excited
modes as E and the set of indices which are not excited as E (EUE = {0,1,---,L + 1}). Assume
that we can write the following excited state in the configurational form as:

1 LSS,
) = CVe2 2Rt o)., (32)
, 1
where C¥ = (det[I+RY'R¥])"4. For this excited state we have:

J

N (33)
n, 1¥)=0;  k,€E.
Therefore, from the above equation, we get:
gkle;pm +hym=0; k€L, (34)
W R +gi =0 k,€E. (35)
The generalized formula for the R¥ would be:
gRY +h =0, (36)

10
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where g and § are generalized versions of g and h given by

(37)

gnm

_{gnm ifnek b _{hnm ifnek
= . nm = .
hy, ifnek g, Ifn€EE

Note that same as the case of vacuum state, one should make sure that the g has an inverse, and
state |v) has the right parity. If not one should use the canonical (Tilda) transformation to be
able to write a typical eigenstate in configuration basis. The (32) gives an excited eigenstate in
the configuration basis which is advantageous in the study of entanglement in later sections.

3.5 Parity broken state

The quadratic Hamiltonian (5) commutes with the parity operator defined as P = (—1)1\7 where

N= ZIL;LOl cchl is the fermion number operator. This means that the eigenstates of the Hamiltonian

have fixed parity P = 1. One can have eigenstates that do not respect the parity and these types

of states are very interesting to study. For instance, these types of states are related to the ground

state of spin systems with boundary magnetic fields which one example is given in section 8.2.
We define a parity broken state (f3-defected parity state) as:

1B) = (10),, +Bng 10}, ); (38)

1
V1+IBP

where 3 can be a complex number. The expectation value of parity for such a state is given by

18121 _
peen Po=—1,

P(p)=(BIP|B) = (39)

1—1B2
T Po=+1,

where P, is the parity of vacuum state. The first excited state after the vacuum is created by ng |0)
which inevitably has the same energy as the vacuum, while this excited state has parity -P,. In
fact B can be considered as a parameter which can be tuned to break the parity.

We define the state |G) by taking f = £1 as:

L
V2

These states are especial cases of f3-broken parity states and have interesting properties which

|G.) = (|O>nin$|0>n ) (40)

cares for special attention. As an example, these states are related to the ground state of Hamil-
tonian with boundary magnetic field (see 1). Other useful properties of these two states are

0y 1G) =%|Gx) and o7, [Gs) =064]G). (41)

The &, = =+ can be calculated with respect to the expectation values of Majorana fermions [49].
For instance, one can write:
&, = ()''P[D], (42)

11
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where
0 (Tor1) (for1) -+ (Forr+1)
{r170) 0 (rar1) - rive+1)
D= {(*170) (f171) 0 o AT . (43)
(rr+17o) (rr+1v1) (rpeava) - 0

in above, Pf[ D] is the Pfaffian of the matrix D, and Majorana fermions are defined as y; = cJ' +¢;

and y; = i(c;' —c¢;). In (43), the (---) stands for the expectation value with respect to the vacuum
state of the n-operators (|0)).

3.6 Eigenstates of boundary magnetic field model

Since the eigenstates of boundary magnetic field model is related to those of Hamiltonian (5),
we are going to present selection rules to get the desired eigenstates. In fact, Hilbert space of
Hamiltonian (5) is 4 times bigger than BMF Hamiltonian.

The Hilbert space of Hamiltonian (5) can be divided into 4 sub-spaces. Each sub-space can
be identified using eigenvalues of operators oy and o7, acting on states |G.). We can make the
following argument: consider §, = 1, which means |G, ) belongs to the sector marked by the pair
(Gl oy 1GL) , (Gl O'fﬂ |G+)). Then due to commutation (anticommutation) relations (25) and
(26) all the states

n
l_[ nz |G,), n is even. (44)
=1
also belong to (+,+). Note that in the above expression 0 < k; < kj;; < L + 1 which means

that the dimension of (+,+) sub-space is 2L. Next, in this case (5§, = +1), the state |G_) and the
following states belong to (—,—) sector,

n
l_[ nTk. |G_), n is even. (45)
=1
For the two other sectors we have:
n
l_[n,i, 1G,), n is odd. (= +),
J
=1
" (46)
l_[ n! |G_),  nisodd. (+,-),
J
j=1

12
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In the case of 6 = —1, we have the following eigenstates for each sector,
n .
l_[ n}; |G+) > nis even, (+: _)’ (47)
j=0
n .
l_[ nlij |G_),  niseven, (—+), (48)
j=0
n
l_[ n;{j |G,), n is odd, (=), (49)
j=1
n
l_[ n; |G_), n is odd, (+,+). (50)
J
j=1

As an example in the (+, +) sector, we can write:

lpr) =1+), ®lwr) ® 1+),., (51)

where |¢;) is an eigenstate of Hamiltonian (5), |+) o4 Ar€ eigenstates of o* at the position 0 and
L+ 1. The |py) is an eigenstate of the BMF model. Knowing |¢;), we can obtain the |¢).

The above argument means that to know the sector (+,+) we need to figure out the value of
6,. The ground state of the Hamiltonian with boundary magnetic field is going to be one of the
following two states:

1G,) 04 =+1, (52)
n' 1G0) 5y =-1. (53)

It is interesting to mention that exist transformations which change the sign of boundary cou-

plings in the Hamiltonian (5). Such transformations could be T;,, = o7, ; and T}, = o where they

- -
change the sign of x and y component of boundary couplings ( b ;, b ; or equivalently a(l), af“),
without affecting the energy spectrum of the Hamiltonian:

Tle T:L H(bl,x: bl,y: bl,z: bL,x: bL,y: bL,z)TbL Tbl = H(_bl,xa_bl,y’ bl,z; _bL,)U_bL,_y: bL,z)- (54)

As a consequence, if the eigenstates of the BMF Hamiltonian (1) is found in one of the sectors of
the Hilbert space of the Hamiltonian (5), then other sectors are related to the eigenstates of BMF
Hamiltonians with different signs of boundary couplings. For example, if a typical eigenstate of
the BMF Hamiltonian like |¢py), is in the (+, +) sector, then from (51) we have |+) ®|@y) ®|+)
for the eigenstates of Hamiltonian (5). The action of T}, T}, on a state like |¢;) would be

L+1

Ty, Ty, |d1) =1-), @ o) ® ), > (55)

which is equal to changing the sign of boundary couplings. Therefore, |¢;) would be an eigen-
state of BMF Hamiltonian with boundary couplings: —b ,, —b, ,, —b; , and —b; ,. Equivalently,
spectrum of of BMFH with negative couplings at boundary can be found in the (—,—) sector of
Hamiltonian (5).

13
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4 Correlation functions

In this section, we would like to calculate the correlation matrix for different eigenstates of the
system. It is more convenient to calculate the correlation matrices for Majorana fermions. For
instance, one can use Majorana fermion correlations to calculate the entanglement in the system
(for particular eigenstates). We introduce Majorana fermions as y; = ¢; + cz and y; = i(cl'." — ;).
We symbolize the correlation matrices as:

(7;vK) = 1Gjg, (i) = Kjk, (7i7K) = K- (56)
It is useful to write the later two point correlation in a block matrix form denoted by I as:

ro [ KT —iG” 57)
~\ iG K-1)

One can easily find all the different elements of the I matrix. It is possible to write G, K and K in
terms of correlation matrices of c-fermions

K=F +F+C—CT +1,

K=—F —F+Cc—-cCT +1, (58)

G=-F +F+C+C" -1,
where C;; = (c/c;) and F;; = (cl'c]') The Cis a Hermitian matrix and F is antisymmetric. Therefore,
K and K are Hermitian, and we can conclude that G is real. Knowing these properties, we can
prove that the T correlation matrix is Hermitian too. All the analysis so far are valid for arbitrary
eigenstates of the Hamiltonian (5). In the rest, the correlations for vacuum and zero mode excited

eigenstate (ZME state or ng |0>n) will be presented in details. The calculation of correlations of
excited quasi-particle eigenstates is presented in appendix A.

4.1 Correlations for vacuum state

Using the notation introduced in (15), we calculate the correlations for the vacuum of n’s. In this
case, we can write ¢’ =h'hand F = h'.g, where superscript zero stands for the expectation
values calculated in the vacuum state. Putting these relations in (58), we get

K =(h'+g").(h+g),

K =(h'—g").(h—g), (59)

G =(h'—g".(h+g).

Therefore, for the vacuum of n-operators, we can find the correlations in terms of the elements of
U matrix, which means correlation matrix calculations are straightforward. The above-mentioned

14
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correlation matrices have the form (i, j # 0, L + 1):
k=L+1 _ k=L+1
( % Z gz,ohk,j Tl_ k=1 gz,ogk,L-H
o _ k=L+1 k=L+1
¢ = — 2ot hE ko (h'h);; AR i (60)
1 k=L+1 k=L+1 1
K T ~ k=1 8krr18k0 | 2uk=1  8krr1l 3 j
k=L+1 k=L+1
( 0 Z i Zo 8k,j 411_ k=1+ g:,ogk,L+1 \
F = k=L+1 " ht k=L+1 * (61)
k=1 gk,jgk’() ( -g)i,j Z gk,jgk’L_H
k=L+1 k=L+1
\ it i1 8k 1418%0 | 2uk=1  8k.1+18kj 0 }
Using the relation (58), for the correlation of Majorana fermions, we can write:
1 0 0 \
0
= ot k=L 1
K o  ('+gh+g); (2257 (0 +8k grn |’ 62)
k=L+1
\ 02201 8k (e + 8k) 1 ]
[ k=L+1 \
1 =201 g o(he s — 8k) | O
K = k=L b
= | 22y —er deke | (BT—gN.(h—g); |0 | (63)
\ 0 0 1 j
( - - )
0 | =23, " 8 olhej + &k.j) —4 ’ 81 08k L+1
0
= ot k= L+1
G 0| (h'—g)(h+g); |22 =8 )8k 64)

| -1

J

To calculate the higher point correlation functions, one can use the Wick theorem, which is com-

putationally favorable.

4.2 Correlations for ZME state

From now on (for the sake of simplicity), we are going to indicate the ZME state by |@)

=1} 10).

This state is degenerate with the vacuum, which is crucial for later studies. For this eigenstate, we

15
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get (i,j #0,L+1):

( 1 _Zk L+1 * 1 k=L+1

*
47 Luk=1 gk,ogk,L+1

= k=L+1 T k=L+1
¢ ~2h By 8ko (h".h); AR H (65)

k=L+1 k=L+1
\ Z gkL+1gk0 Z kL+1hk,J'

N =
N—

k=L+1 —1 k=L+1
0 — 21 81 08kj 7 —2uk=1 810o8k.L+l
[
— k=L+1 B k=L+1
F k=1 gk,jgz’o (hr-g)i,j Z gk,ng,L+1 ) (66)
k=L+1 k=L+1
\ 32 Sira8ko ot Skrva8k 0 )

As a result, the correlation matrices C and F are only different in only two elements from state |0)
to the state |@). It can be observed that the correlation matrices K, K does not change from state
|0) to |@). Form of the Majorana correlation matrices are presented below as:

) 0 —_0 -0

K = K, K =K, (67)

k=L+1 k=L+1 \

=231 Giolhii+8))  —4Adt & o8k
— + : k=L 1

G 0 (h"—g").(h+g); ; 221 ’ (hy;— & )8ki+1 | (68)

\ 1 0 0 )

Similar to the result of previous subsection, for higher point functions, one make use of the Wick
theorem to calculate the quantity of interest.

4.3 Correlations for the general parity broken state

In this subsection we study the correlation function of general states that break the parity, such
as |B) defined in (38). Calculating correlations (or any expectation value) with respect to the
state | ), is not as trivial as the calculations for eigenstates, since we are not able to use the Wick
theorem. However, there could be many subtleties when we come across quantities which are
evaluated with respect to |f3).

For instance, such a subtlety could be calculation of one point function with respect to the |3):

(BI<i18) = o010+ 1301

The above means that one point correlation functions are not necessarily zero for the state |f3).
In general, we can say that (8| |B) is not necessarily zero, if operator O has odd number of
fermionic operators. Nonetheless, if © does not depend on c, cg, cr41 and CZ +1 then we can

(69)
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write (8] @ |B) = (0] ©|0). With this condition, we can assume that the state |3) obeys the Wick
theorem. In the following, we denote the correlation matrices by superscript 3 for the state |f3).

These correlations have the form:

[ 1 k=L+1 L 1-|BP2 k=L+1
k — — *
3 - Skolti | 7 HpE — > 8k,08kL+1
k=1 k=1
B k=L+1 . k=L+1
¢ = - hz,jgk,o (h".h); ; > hi,jgk,ul
k=1 k=1
k=L+1 k=L+1
—_1 1—|[5|2 _ * * l
\ Z THBP 2 8k,1+18Kk,0 2 Sk1+1k,j 2
k=1 k=1
( k=L+1 k=L+1
* 1182 *
0 - Z gk’ogk,j TP Z gk’ogk,u-l
k=1 k=1
B k=L+1 ) k=L+1
— * T *
F 2. 8kj8ko (h'.g); — 2 8ki8kin
k=1 k=1
L 1-|BP2 k=L+1 k=L+1
— * k
et kzl 8k,1+18k,0 1;1 8k,1+18k,j 0

\_Z

)

, (70)

(71)

Based on the above calculations, the correlations for |3) can be written in terms of correlations of
vacuum and ZME state. For rest of the correlation matrices, we have:

Kﬁ

_B -0
K =K,
k=L+1

=2 > 8ol +8k,)
k=1

k=L+1
*
—4 >, o8kt
k=1

)

k=L+1
0 (h"—g".(h+g); |22 (hy ;= 8k )8k L+1
k=1
1-|B
\ TP 0 0

J

(72)

(73)

For a higher point correlation like O, when operator @ contains fermionic creation and annihila-
tion operators at position 0 or L+ 1, then the relation between (®), and (O) p would not be trivial.
For example, in some cases, one can have Wick theorem for the |) too. Some of the interesting
cases are listed in table 1.

Results of this part can be extended to the zero parity state. Form of the correlation matrices
for the state |G.) (40), can simply be obtained by putting  — +1.
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Table 1: Terms “even" and “odd" mean that the operator O contains even or odd products of c-

operators. Also, k,I # 0,L + 1 and the Einstein summation rule is assumed. The notation (- - -

for the expectation value calculated in the vacuum state.

)o stands

O has no c(()ﬂ and c(ﬂ

L+1
even odd
(BlcoO1B) T (0), g5 (01 nO10)
(BlcyO1B) T (0), —g;, (010 0)
(Ble,1018) b 0), g5 141 (010 O10)
(Blc} ,018) R (0), g 141 (0l m,O10)
(BleicoO 1B) 10), AL (g5 om — 81,01))0),
(Blet 1c141018) 1(0100) SR e, m+g,,.,1)0),
(BlesernO1B) | 2B (O)—g" g, (O | Tk (g7 mO), + =B (g* 0O,
(Blcsel ,O1B) | 3L (O)o—g" g, (nnfO)o | T (g" mO), — =Bl (g* 0 O),
O has no Yo and Y41
(BlroO1B) L (01010) 0
(B170018) 0 —2ig  (0lm;O |0)
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5 Reduced Density matrix

In this section, we calculate the density matrix and reduced density matrix (RDM) of the partic-
ular states introduced previously. We are going to use the configurational basis result of 3.4 and
coherent basis formulation to calculate the density matrix and RDM. The RDM will be presented
in both coherent basis and operator form. The operator form of RDM is useful to calculate the
entanglement content of the states, while the coherent basis form of the RDM can be used to study
the formation probabilities. In subsection 5.1, we start with the -broken parity state (38). We
calculate the total density matrix and then the RDM in coherent basis and operator format. In
subsections 5.2, 5.3 and 5.4 we present the same calculations for the states |O>n’ |#) and |G,),
respectively.

5.1 f parity broken state

We start by calculating the reduced density matrix for the state |8) defined in (38). The total
density matrix of a particular state |v) is defined as p = |y) (y)|. We prefer to calculate the
density matrix for the state |f) explicitly in an exponential form using the definition (28). With
the +1 parity for the state |0),,, the density matrix has the form

1.
—2Rje

1 4y
2Ri~cic. o
PP =1B)(Bl=1CP2e” " (1 + BMyrc) [0), (O (1 + B ¢ e , (74)

~1
where |CP|? = ((1 +1B1%)+/ det[I+ R'i'R]) and 9t = h*.R+g*. To proceed, we use the Fermionic
coherent state defined as

. ‘
|€>: 18185 Ey) = e 2k Gk [0, (75)
where &; are Grassmann variables. Therefore, we can write (following similar procedure as [2])

1
7§Rr1m§;1 E;n

IR 3 4
(& p? |&') = pP(5, 8" = ICP P> (1 + pMei EI(B™ M| + e

To obtain the reduced density matrix (RDM), we divide the system into two parts (subsystem)

(76)

1 and 2. Here, we denote parts of any matrix that correspond to the subsystem 1 (2) with the
subscript 1 (2)® . We trace out the subsystem 2 to find the RDM for subsystem 1, p,=tr,p. In
order to do so, we use the trace formula for operators in the coherent basis. Therefore, we have:

, . Sk ) )
pf(ég):f]_[dazdéle w2 (E L E == PP €L B B 6L

le2

(77)
where &4, -, & belong to the subsystem 1 and &, -, & belong to the subsystem 2. For the

details of calculation, see appendix A. The final result after partial tracing the (76) is:

1 = g

z(g '3 ’)n

B / B 1 z / 1 z / g/

pPeehr=c [(E +L.E+ Lo )(E + L3+ L4.E)—PAIW] e , (78

3For instance, the A,, stands for the sub-matrix of A that rows and columns belong to subsystem 1 and 2 respectively
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where the CP and the introduced matrices are given by:

Cﬁ _ |/3|2\/det [I+ RZZTRZZJ

; (79a)
(1+1B]2)4/det[I+RIR]
Q= + Al , (79b)
0 —Rj 0 Ry, 0 Ry,
L, L, m; 0 M, 0 R, O
= + AL , (79¢)
Ly L4 0o o 0o - 0 R,
M, O m: 0
W= AT , (79d)
0 -9 0 -,
Ry, —I
A= . (79e)
I -R;,

It is useful also to have the RDM in the operator format (for example to calculate the Rényi en-
tanglement entropy). To derive the operator form for p, from equation (78), we rewrite the
exponential term as

3 - .
EXP[%(E 5/)9 ]:EXP[%‘Xijgiéj]Exp[yijgigg] EXP[%ZU;/-@;] (80)
g/

with properly defined matrices X, J and Z. Using the relations cc; |§ > = &;&; ]g > and
<§| czc}' = (g{ éig‘j, one can replace g'ig’j with ci.Tc;.r and ggg; with ¢;c; in the left and right ex-
ponentials. The cross term can be rewritten };;& ig; — In()); jc;rcj. The final operator form of
RDM (78) is given as:

C
1 o
2(C' C)M
Tl o1 1
¢ Etrln(zﬂlz—iﬂ;)[ (81)
e

pf(c, cN=cPe PAW]—L3T 52L,

+ 1 + 1
+ (L1 Ta2€" + (L1721 + Lo)e + E)(ﬁstzc' +(Ly+L3T o)+ E)]

where
%le — %Qle +205, (0, —21) Ty 204,(2], —0y) "

M=InT;, T= » (823)
205, —0,1)770y, 20, — )7
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R; O R, O R;,T 0 Ry, I
Q= + AT ;A= (82b)
0 —R;;* 0 Ryp,* 0 Ry I -R;,
M, O mr 0
W= AT (82¢)
0o -0 0 -
L, L, m;, 0 M, O R, O
= + A7t . (82d)
Ly L4 0 o 0 - 0 R,

Also, T 11, T12, T2 and T 5, stand for the sub-matrices (blocks) of matrix 7. In the above ex-
pression, to move the exponential with fermionic operators, we have used the following relation,
coming from Baker-Hausdorff formula,

c
%(c’*‘ c)/\/l

c c c c el
F! F=T = F=FT ; F=e . (83)

In the expression of RDM, having all the creation and annihilation operators in the argument of
exponential is preferred (some of calculations would be simplified). For this reason, we present
another calculation of pf in the appendix B, where using a trick, we managed to get the RDM with
two exponentials. The above equations are valid for the RDM of |3)-state, which also means, for
any given bi partition, one can use (81). However, it should be noted that the spin and fermion
representations for solvable quantum chains lead to different RDMs. For more details see section
5.5.

We can propose an ansatz to write the RDM for |) in term of correlation matrix. Although
computationally favorable, the down side of such an ansatz is that we could only use it for a
particular type of bipartition. while we can not apply Wick theorem to |f3), one can use the r’
matrix to calculate the RDM of a subsystem which starts from one boundary. One has to make an
adjustment to the Peschel method. Such a procedure for = 1 has been shown in [49]; here we
are extending that result.

Since the I matrix is a skew symmetric matrix it can be written in a block form using an
orthogonal matrix V as:

P 0 iv
vr'v! = , 84
—iy O
where v is a diagonal matrix. Then, we can define the following fermionic operators:
d’ 1 T 1 (T il T
2
d V2 T I —iI ¥
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Similar to the results in [49], one can make an ansatz for the RDM of the subsystem 1. To be

precise, we are assuming that the subsystem 1 is a connected bipartite of the system starting from
site 0 to £. The ansatz should have a form like below with respect to the operators that diagonalize
the T# matrix.

1+Vk

p1(d,d") = g(d,, d}, djdo) x ]_[(

did + =Yg, q! ).
2
k=1

where g is an arbitrary function to be determined. From correlation matrices (section 4), we can
realize that
Re[ ]

1+[BJ?

This ansatz satisfies the expectations of the state |) including one point functions (69). It is
easy to show that ¢’ +¢ = 1/§(W'{1d"r + W{ld), where W is the unitary transformation which
diagonalizes the matrix I'?. Then, in terms of d and d' operators we have:

+oa - 1
g(co> o CoC0) = (co+co)+ EI' (86)

p Re[B] (2 /2 1+ » — Vi
ph(d,d" = 1+|/5|2( do + L2d} + 11) x ]_[( 5 ddk+ 5 —*4.d)), (87)

The ansatz (87) respects the generalized Wick’s theorem, which means that this RDM produces
all the correlation functions correctly. As an example, one point function is not necessarily zero
for the |B):

(d)p = 1/1_1R—i[|g?2 ko> (88)
<dk>[3 == %%5&0. (89)

Based on (72), (73) and (57), the first row and column of matrix r? is zero which evidently
means it has a zero eigenvalue, v, = 0. From the earlier statement it can be inferred that the
matrix which diagonalizes the I'? -called W- has the following form:

1 O
Wi Wy
Wit Wy, :

0

I
transpose transformation. From (84), The W and V matrices are related by W o< V,

which means we can write:

d' 1 [Wur+Wuor
= ) o1
d WTl’r + W’{z‘)_’

S
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We know that (7;)5 = 0 and (y;)g = 0, ¢, then we can write (dIDﬁ = (W11)k,0- Making use of the

relation (90), we have (d; )p ©< Oy - For the (dy)p case, we use the fact that d and d" are related
by a conjugation, which means that (dy)s o< 6y o and the proof is complete.

Note that, the above calculation is also valid for states |G, ), |G_) and any state created from
the action of n’s on these states. Consequently, with a proper I' matrix, a similar ansatz to (87)
can be used to study the entanglement for all the states belonging to the four sectors created with
|G.) as introduced in subsection 3.6.

5.2 Vacuum state
As it was mentioned before the limit 8 — 0 in the [B), gives the [0),. Equivalently,
éin% pP =p° = IO)n (0] . Simply, we are going to apply this limit on the results of subsection
— n

5.1 to find the required quantities in this subsection. For instance, in the limit f — 0, the only
nonzero term in (78) is |Cﬁ |2|/5%. Therefore for the RDM of vacuum state in the coherent basis we

have:
N £
g R
P&, &) = ——e¢ , (92)
det[I+R'R]
where:
A= , (93a)
I —R;Z
Ry, 0 R, O Ryl 0
0= + Al ) (93b)
0 —Ry* 0 Ry* 0 Ry,
The operator form of RDM reads as
c
ilef c)/\/l 04)
= T
0 + \/det |:I + R22 ! R22:| ¢ %trln(%nu—%ﬂgl)
pilc,c')= : e e s
det[I+R'R]
where
%le — %921T +20,(0], —051) Ty 204,(0], —0y) 7T
M=InT; T= » (95a)
2(07, — 051) 2y, 200, — Q)"
R;; O R, O R, O Ry, -1
Q= + A7! ;0 A= . (95b)
0 —RTl 0 R>‘1‘2 0 Riz 1 —R;Z
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Since one can use Wick theorem for the state |0),,, the RDM can be written in terms of Majorana
fermions and their correlations (introduced in section 4) in subsystem 1. The reduced density

matrix can be written as [53]:

w0 | T
. %(T T)I“%
-0, 7
1ze , (96)

p3(r,7) = [det

where the (T 77) contains all the Majorana fermions of subsystem 1. The I‘{) stands for the

correlation matrix defined in section 4 calculated for the vacuum state and subsystem 1. The
constant in (96) can be simplified as:

110 RO—GO.KY .G
det] 21]=det[K‘;]det[ ! 141 !

1. 97)

5.3 ZME state

The ZME state can be obtained by the limit |@) = ﬁlim |B). Therefore, the RDM p? = |0) (@] in the
—00

operator form will be the large 8 limit of the results of the subsection 5.1.

c
i(c' C)M
i
c')1 1 1. (98)
trin( )
pf(c,c')zcﬂe 222 [Pf[W]—Estzﬁz
+ (£1T22CT + (£1T21 + £2)C)(£3T22CT + (,64 + £3T21 )C):I
where
M, O Mm: 0 Ry, —I
W = A_T ; A= , (993)
0 - 0 -, I -R},
%912 — %QZ1T +200, (0], —2,) 770y, 20 (0], —0,) 7T
M=InT; T= , (99b)
202, — 1) 0y, 22, — )"
Q= + A , (99¢)
0 —R;* 0 Ry, 0 Ry,
L, L, m; 0 M, 0 R, O
= + Al . (99d)
Ly L4 0 o 0 - 0 R,
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The above equation is lengthy and calculation of entanglement seem difficult with the above

RDM. However, since the ZME state has an opposite parity with respect to |0),. One can use the
Tilda transformation introduced in the subsection 3.4 to write the ZME state as:

Lo pogtet =
10) = CPe2 ZiREE|G), (100)

with properly defined R? matrix and constant C?. The above Gaussian form for the ZME state will
simplify some of the calculations exceedingly. For instance, using the (100), it is possible to write
a shorter notation for RDM as:

. c
i(c"r c)M”

. c'
pl(c,ch=ce , (101)

where CW is the normalization factor and M? = In 7% which we have:

100 10 T [ g T 0 \-TO¥ ] g T 0 \—
5012_5921 +2911(ﬂ12 _921) Tﬂzz ZQ11(912 _921) !

T = . . s (102a)
0 § \—T 0 ) § \-T
2(912 _921) n22 2(912 _921)
R/ 0 R, o [rRT 0o R I
Q=" +| P AT s A= . (102b)
g+ g * g T g *
0 —R11 0 R12 0 R12 I —R22

The Wick theorem can also be applied to ZME state. Likewise, it is possible to write the RDM
in terms of correlation matrices and Majorana fermions of subsystem 1. We can write the RDM
as:

I+1"1ﬂ T
i\r 7o (103)
ﬂ I-T
I—I‘1

J2e

P2y, 7) =[det

In the above expression, the matrix I‘? is defined in subsection 4.2, and the subscript stands for
the correlation matrix for the subsystem.

5.4 Zero parity eigenstates

The zero parity eigenstates |Gy ) are the cases where § = +1. Using the results of (78) and (81),
the RDM matrix in coherent basis and operator form for |G.) are given by setting f§ = %1.

5.5 Spin versus fermion representation

Although the previous considerations are advantageous numerically to study RDM’s, we have
to point out that the RDM for the spin representation and the fermionic representation (of the
Hamiltonian) are not identical, necessarily. Correspondingly, the entanglement entropies could
end up to be different. Based on the way of selecting the subsystem, RDM’s (of spin and fermion
representations) could be different or equal. This difference can be expected due to the non-local
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structure of the Jordan-Wigner transformation [28]. In general, we are interested in two scenarios
for subsystem bipartition as demonstrated in the figure 1.

For start, if our desired state (like |0) and |@)) is an eigenstate of parity operator, then RDM
has equal form in spin and fermion representations for types (a) and (b) of subsystems in figure
1. Since the effect of the Jordan-Wigner strings disappears in these cases. This statement is true
for any boundary as long as boundary terms do not break the parity symmetry. If subsystem is not
connected, then starting from fermionic representation, to obtain a spin correlation function (like
(ol’.‘o}( )), one needs information about the string of sites between two blocks of subsystem in the
fermionic picture, while, this is not necessary if one asks only for fermionic correlations.

{
R

() @ @ o o o ¢ o o o o o o o o o o o o o o

{
-
(b) o o o o o ¢ o o o ¢ ¢ o o o o o o o o o

(c) o o o & & ¢ o o ¢ ¢ ¢ o o o o o o o o o

Figure 1: The three subsystem block configurations we consider here. (a) a block of length £ starting
from the boundary. (b) is a block of length £ at a distance from the boundary. The case (c) shows a
disconnected subsystem which does not start from any of boundary points.

In the related case to our study, which we are dealing with an open boundary case and a state
which does not respects the parity (like |8)), then the relation between spin and fermion version
of RDM is more peculiar. Essentially, the string of o*’s from Jordan-Wigner transformation would
break off the correspondence between spins and fermions for a subsystem separated from the
boundary, similar to (b) in figure 1. It is an anomaly of parity broken state that the RDM of
any interval starting from the boundary is the same for spins and fermions. While not starting
from one of the boundaries of the chain, other techniques should be used to find the RDM of spin
representation [27]. The arguments that are presented in this part can be summarized in the table
2.

Table 2: A handy representation of the statements in the section 5.5. In the below, p__ stands
for the RDM in the spin representation and p, . is the RDM in the fermionic representation of the
Hamiltonian. The subsystem types are demonstrated in figure 1. In addition, we have assumed the
restriction on f3 # 0, 0o.

Subsystem
type (a) type (b) type ()
State
|0)’ |@> pspin = pfermion pspin = pfermion pspin # pfermion
|ﬂ> pspin = pfermion pspin # pfermion pspin # pfermion
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6 Entanglement Entropy

Given the reduced density matrix p, describing knowledge of the state of a subsystem A, the Rényi
entanglement entropy is given by:

1

1 —

The Rényi entanglement entropy can be seen as the generalized version of von Neumann entan-
glement measure. In the limit @ — 1, Rényi EE produces the Von Neumann EE (S, ),

Syn(A) =—tr[p,logp, ]. (105)

The difficulty of calculation of the entanglement grows exponentially with size of the subsystem.

S,(A) = " log(trApA”). (104)

One can find a basis which RDM is diagonal, however, it would still be computationally disadvan-
tageous.

It is possible to have special structure for the RDM to simplify the entanglement calculation.
For instance having a Gaussian form for RDM simplifies the calculation, or being able to write
the RDM in terms of correlation matrices. In the rest of this section, we first present the result
of entanglement for the vacuum state and the ZME state which are basically the results in [4-7].
We are going to give the entanglement in terms of the eigenvalues of the correlation matrices and
Gaussian form of the RDM. Next, we will discuss the entanglement calculation for a general parity
broken state such as |f) and the limiting cases of |G.) which are new.

6.1 Vacuum and ZME state

Since the Wick theorem can be applied to the vacuum state we were able to write the RDM as (94).
Using the equations (94) and (104), we can trace the RDM and write the Rényi entanglement for
this state as

1
S9(4) = —— log(Cdet[T+¢™M]2), (106)

1—n
where the constant C is given by
— det[I+R22TR22:|e%trln(%ﬂlz—%ﬂgl). (107)
det[l+R‘rR:|
The matrices M and  are already defined in (95). This relation is computationally favorable,
since all we need to calculate is a determinant.

As it was written in section 5.2, we could have also express the RDM in terms of correlation
matrices of Majorana fermions (96). Therefore, it is possible to find the entanglement in terms
of the correlation matrix I'° (of the vacuum state) for the subsystem A. Therefore, using the RDM
(96) and the trace formula for Gaussian function of fermions, the Rényi EE is given by

1+T1° 1-1° 1 1410 1—9°
log det A4 A= lo )+ —)*| (108
gdet ()" + ("] = g 2les[ () + (] a08)

J

1
0 —
Sa(A) = 2(1—n)

where the set of {*v,} are the eigenvalues of I‘g for the subsystem A. The above relation is

favorable because it is straightforward to find the correlation matrix for states that obeys Wick
theorem.
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The entanglement for the ZME state can have a similar form. For instance, in subsection (5.3),

it was mentioned that through some canonical transformations it is possible to write the RDM in
Gaussian form (101). Similar to previous state, using the Gaussian form of RDM and tracing that,
we can get the Rényi entanglement for subsystem A same as (106) but we have to use R’ instead
of R®. On the other hand, the Wick theorem can be applied to the ZME state. Hence, it is possible
to relate the EE to the correlation matrices, similar to (108). We only need to use the I‘g given in
section 4.2.

Based on the form of I‘g and I‘g, one can deduce that for any subsystem A which does not
include the last lattice point L + 1, they have equal set of eigenvalues ({+°} = {+"}). It also means
that the entanglement Sg and Sg are equal. It means that the states |0) and |@) have the same
entanglement properties for any given model (A and B matrices which depend on the model).

6.2 General 3-parity broken state

Unlike the vacuum and ZME states, there are not many computationally easy methods to study
the entanglement entropy for a state such as |3). Namely, we can not use the correlation matrix
blindly for this state. In this subsection, we first focus on a computationally favorable method to
study the EE for such state. Then, we offer a relation for special type of bipartition which relies
on correlation matrix. For start, when n € N we can use Berezin integrations to find the p/3 The
steps of calculation are written in appendix C. The Rényi entanglement entropy for n = 2 is given
by:

tr(p?”) =cP*PB { —— +PW])* +PAW](CB CT| , +CBTCT,))

1812
cB8 c’|,, cB C| 1
4 13 T T T T T (109)
B TR |ﬂ|2(CB c'|,+CB C'|,,—cB C'|,,
T ~T T ~T
—cB'c’| ) +Pfic.B ]},
Where,
(nn 0 -0 1\ [—.cl 0 L, 0\
o o I —L; 0 L, O
B= . C= ) (110)
- -1 Q0 0 £, 0 L,
\ I @, 0 \ 0 L3 0 L,

The 2 and £ are given by (79). Also, the notation X|, ; stand for the element of the matrix X
at the position (r,s). The above expression can be used for any bipartition of the system. How-
ever, we are restricted to the n = 2. From section 4.3, we expect to see no f3-dependence in the
entanglement entropy when the subsystem does not contain boundary points [28]. Despite that,
the entanglement content would not be the same from spin perspective to the fermion one. For
the case of general parity broken state, if subsystem is not a connected bipartition starting from
boundary, then spin entanglement and fermion entanglement do not agree.
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In section 5.1, we proved that it is possible to have an ansatz to write the RDM in the diagonal
form of (87). Using this form of RDM one can write the Rényi EE as:

1+Vj)n (1
+
2

2

l
1 vj n 1 n n
Sﬁ(A):—l_n?:l:log(( ")+ 1_nlog[(§+fﬁ) +(5—1)"], (111)

%{gjl]z’ and it is the eigenvalue of the zeroth part of RDM (87). In the above v;’s are
the eigenvalues of correlation matrix I'?. The formula above simplifies the entanglement studies,
however, it is valid for a certain type of the subsystems. The set A should be connected subsystem of
the system containing the site 0 (first site). Otherwise, we would not be able to get entanglement
from correlations of the system.

It is crucial to mention that form of correlation I'?, in (72) and (73), indicates that the eigen-
values of I‘ﬁ for any subsystem O € A and L + 1 ¢ A are the same as I‘g. This statement means that

there is a relation between entanglements SS(A), SQ(A) and S,ﬂl (A) (only when n # 1);

where fﬁ =

21—11
G+ Gty

S0(A) = $%(a) = sP(A) + 11n log[ ]. (112)

6.3 Zero parity eigenstates

The Rényi entanglement for states |G,.) can be computed in different ways. One can use the (109)
in the limit f — 1. However, similar to section 5.4, it is possible to have an ansatz to write the
RDM in the diagonal form of (87). Using this form of RDM one can write the Rényi EE as [49]:

l
1 1+, 1—v;
sf(@:m} log (( 5 Iy 4 ( 1)) —log 2. (113)
j=0

2

In the above v* are the eigenvalues of correlation matrix I'*. The above formula simplifies the
entanglement studies, however, it is valid for a certain type of the subsystems. The set A should
be connected subsystem of the system containing the site O (first site). Otherwise, we would not
be able to get entanglement from correlations of the system.

It is crucial to mention that form of correlation I't, in (72) and (73), indicates that the eigen-
values of I‘j for any subsystem 0 € A and L + 1 ¢ A are the same as I‘g. This statement means that
there is a relation between entanglements SS(A), SE(A) and Sf(A);

S%(4) = sP(A) = s*(A) + log 2. (114)

And it is correct for any valid choices of A and B matrices. In fact, one can extend this argument
to any excited state created from |0), |@) and |G, ) with excitation of same modes, as in

Wy=[]nl10), 1e)=]Tal 10, 1z =]]nl16.).

k;€E k;€E k;€E

where set E does not contain mode zero. The general form of correlations for states above can be
found in appendix A. Based on the results of that appendix, we conclude that

SY(A) =S (A) = Si*(A) +log2. (115)
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7 Physical interpretation of the parity-broken state

In this section, we give a simple interpretation of the |f) state which helps to understand some
simple cases of the results that we presented so far. This sate can be written as follows:

1
B) = —————((1+8)IG,) + (1= P)IG) ). (116)
2(1+1817)
In the spin representation the above state can be written in an interesting form. Consider 6, =1
then we can write

1B) = \/Z(%Vﬂz)((l +B)+)ol@r) )i + (1 =B =)old—) =) ), 117)
where |¢__) and |¢ ) are normalized states. The above form suggests that the whole system can
be considered as two qubit with one qubit at site 0 (L + 1) and the other the rest of the system.
Interestingly, the entanglement structure of these three parts is independent of the size of the
system and one can easily calculate for example the entanglement of the site O (L + 1) with the
rest, i.e. $,(0) (S,(L +1));

1
Sp(0)=Su(L+1)= _nlog[(%+fﬁ)n+(%—fﬁ)”], (118)

1
which is consistent with the equation (111). We note that one can generalize the above argu-
ment for all the |3) states that can be made out of the eigenstates. The extension to §, = —1 is
straightforward. Finally, there is one extra piece that one can add to this story by considering the
following mixed state:

o = sz (11 BRIG) (Gl + 1= BRIG) (1), 119)
One can easily show that the reduced density matrix of the above state is exactly equal to the
reduced density matrix of the |3) state which is guarantied because of the especial form of the
state. This makes the preparation of states with the desired reduced density matrix very easy.
However, it is clear that in the mixed state scenario the von Neumann entropy does not have
entanglement interpretation anymore.

8 Examples

In this section, we provide a couple of examples to show how the general results that we derived
can be applied in specific cases. The first example which we are able to do the entire calculation
analytically is the Hamiltonian (5) with A = B = 0. There are a few good reasons to study this
Hamiltonian. First of all, for this Hamiltonian one can follow all the calculations analytically and
show the validity of all the presented results. Second, it is a Hamiltonian that can be used to di-
agonalize a Hermitian Hamiltonian with linear creation and annihilation operators which makes
it worth studying. Finally interestingly the entanglement structure that emerges from this Hamil-
tonian is entirely universal. In other words the general Hamiltonians with generic parameters
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Figure 2: In this figure the type of interaction among fermions at different sites, for A= B = 0 is
demonstrated. As one can see, there is no particle hoping among sites 1 to L and the only allowed
hoping is from sites 0 or L + 1 with the rest of sites.

end up to have similar entanglement structure. This is shown in the example of XY chain with
arbitrary boundary magnetic fields which is the second example of this section. The boundary
conformal entanglement entropy at the critical point in this case has been studied already in [49],
however, here we are more concentrated on general aspects of entanglement with respect to the
p parameter and boundary magnetic fields.

81 A=B=0

We are going to focus on the entanglement properties here of the case where the A and B matrices
are zero. The coupling of fermions in the system has been demonstrated in figure 2. A detailed
study is presented in Appendix D for diagonalization and correlations of this special case.

For the vacuum state and ZME state, which Wick theorem is applicable as it was stated in
section 6.1, we can relate the Rényi entanglement to the eigenvalues of correlation matrix I' in-
troduced in (57). In a special type of system bipartition, we could also use the I'* to find entan-
glement for the |G.) case. For any connected subsystem which contains the site O (or site L + 1),
the (positive valued) eigenvalues of correlation matrices I'°, T? and I'* are given by the set:

(O HDOIEND
0,\[1- & ] 1,01} (<L,
{ Q (Z§=l|aj|2)2 } (120)
(1, 1) (=L+1.

{v}=

The fact that we get the same eigenvalues for each of the states above was explained in section
6. Based on the form of correlation matrices similar (up to a zero eigenvalue) eigenvalues was
expected. Using the eigenvalues above the entanglement will be given by (£ < L)

1 11 (e 194 1)
SOK ZSQEI 1 24 Iq|1— =Y j=0+119%j n
n(0) O= 15 og((z z\j S )
11 (e [ o)
G- E\l I e ') +log2, (121)
SX(0) = S2(¢)—log2. (122)
In case where all the a;’s are constant, we would get
1 2_ 2 2 2

Sg(ﬁ): 1_nlog((%+% LAt EIZ“H] )n+(%—% LAt fé“ )”)+log2, (123)
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In the thermodynamic limit (I — o0), we simply get S,?(é) = Sg(l) =1log2 and S:(K )=0.
For any connected bipartition of system with length £ which does not contain the 0™ and L+1%
sites, eigenvalues of I'® and ¥ are given by

{—(Ziﬂ“""k'2 1,1,---,1}; £<L
(v}=1 ez’ > 270 7= (124)
{011:11”'51}; £=L+1‘

With this type of bipartition for the system, then the correlation matrix can be used to calculate
the entanglement for states |0) and |@). While for the state |G,) we can not, despite the fact that
the I'* has the same eigenvalues.

In the case of general 3-state, and when a; € R, the von Neumann entanglement will be:

1 DI 1+ 2fg
SPA) =—1Llog| (= —f —fglo
WA =2 g[(4 p) 452 ]-f g(1—2f,5)
(125)
NS log [ X+ \/Z% — XX+ 212]
= £ — /T -5z, + 52
Where in the above ¥; = Z;=1 a}z. and fg = 1Rfl[//55 |]2. It is particularly interesting to see the behavior

of entanglement with respect to the 8. As it was mentioned previously, parameter 3 can be thought
as a parameter which breaks the parity continuously. In figure 3, we have demonstrated a typical
behavior of EE for different values of 8 in complex plain when all a;’s are real constants. As
you can see, for real values of f3, the entanglement is maximum for 8 = 0, 0 and minimum for
P = £1, which the first one corresponds to vacuum and ZME state and second one is the |G.). On
the other hand, for the purely imaginary 8, entanglement is constant and equal to SS(Z) for any
value of B which is not a trivial observation.

Figure 3: Plot of von Neumann entanglement entropy with respect to 5. We already expected that the
entanglement to be minimum for the case of = £1 which is apparent in the figure. In the case where
f is purely imaginary, we notice that the EE is again maximum and would not change. This figure is
valid for a connected subsystem starting from site 0, for a general set of couplings in the Hamiltonian
and size of the full system and subsystem.

32



SciPost Physics Submission

8.2 Modified XY chain with boundary magnetic field

In this section, we consider the modified transverse field XY chain with arbitrary direction of
the boundary magnetic field. We are interested in the following XY Hamiltonian [49] with open
boundary conditions

XY L= 1+)/ 1— Y
H ZJZ[ 4 O-)'C f+1+TO- l+1 0

1 i=1 (126)

[\JI?‘
M“

1
2(b1 x0p07] + blyaoal +by,0]+by 0707, + bLyaLaL+1 + bLzoL)

— -

where b, = (bysin 6; cos pq, by sin 8, sin ¢4, b; cos6;) and b; = (b; sin 6, cos ¢, b; sin B, sin ¢4, b; cos ;)
XY . . . .

are constant vectors. Form of H  suggests that we can diagonalize and find the eigenstates

analytically. Using the Jordan-Wigner transformation

o =] 0%, (127)

Xtioy . . . . . .
where af =2 210" , we can map the Hamiltonian (126) to the free fermion Hamiltonian (8), with

properly chosen matrices M (see appendix E for a demonstration of this matrix). The diagonal-

ization process has been explained in details in section 3.3. The above Hamiltonian is related to
an XY chain with boundary magnetic fields as:

-1 L
S 1+Y ) l+1+%oyo'f/+l gZaf+%(E.E’1+E.E’L). (128)
i=1 i=1

In the above expression, we can think of 3}1 and ?L as magnetic fields at boundaries of our spin
chain. If we add two auxiliary spins at positions 0 and L + 1, if they can only interact with the
x component of spins at position 1 and L, then we get (126). It is apparent that 7" commutes
with o and o7 . Due to this fact it is possible to divide the Hilbert space of 7" in four distinct
sectors, labeled by the eigenvalues of oy and o_,. Therefore, the eigenstates of Hamiltonian
(128) would be found in one of these sectors. This procedure has been explained in section 3.6.

8.2.1 Determination of BMF Hamiltonian eigenstates

The eigenstates of Hamiltonian (128) can be found with a correct projection in the Hilbert space of
(126), which was mentioned in the section (3.6). Here, we focus on the XY-chain case and present
(apparent) patterns to find the ground state of (128). Based on results of (52) and (53), one can
identify the ground state of BMF spin chain in |G, ) or ' »..1G_) by finding the &,. Numerical
investigations suggests that the value of 6, does not depend on the parameters such as y, h (fixing
J = —1) and strength of the magnetic field at boundaries. The size of the full system however

changes the value of 6 ; For equal directions of boundary fields (?1 and ?L) we get:

(129)

6,=—1 L even,
6,=+1 L odd.
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Nonetheless, the change in the directions of BMF’s at ends of the chain can affect the value of &, .
Figure 4 shows the 6, with respect to the change in the azimuthal and polar angle of direction
of the magnetic field at boundaries. If one eliminates the BMF at one end of the system (either
by putting 6; = 0,  or b; = 0), then changing the direction or strength of BMF at the other end
would not affect the 6, outcome.

To be able to use the relation (81), one need to have the unitary transformation U, which
diagonalizes the Hamiltonian, in the form given by (16). Necessary condition is to make sure

that eigenstates of M corresponding to zero modes are written correctly, they are orthogonal and
satisfy the (14). We have already introduced the zero mode of the system in section 3.2, which
explains the 2-fold degeneracy of the ground state. However, based on some values of coupling
parameters (such as uniform external magnetic field or direction of boundary fields) there could
arise more zero modes in the spectrum of M matrix. For instance, when y =1 and ¢,¢; = 5

(and general bulk and boundary magnetic fields h, ?1, 7L), we would have extra zero mode and
more degeneracy. For this values, the extra zero modes eigenvectors of M would be (besides (12))

[—i¢, (—i¢,

0 0
0 0
-1 1
) = =5 o ut) = == e, (130)

VR | iy, VR | g,
1 1

0 0

1 —1
\ iZ, ) \~i¢, )
h—b, . cos 61

where { = ——%——%. This is an exact zero mode which comes from the fact that BMF’s does
’ 1,L

1,L
not have any component in the x-direction. In general, there could be more zero modes for large

sizes. It does not seem easy to identify analytically all the points where we face degeneracy more
than the two mentioned. To study entanglement, one should be careful with the zero modes. As
an example, numerical investigations suggests that for L >> 1, we would expect one more zero
mode for h > 1 and independent from BMF values.

8.2.2 Entanglement studies

Regarding the entanglement, we have looked into the entanglement properties of parity broken
state |3). For instance, the behavior of von Neumann entanglement entropy is plotted with respect
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to the parameter f in the figure 5 for fixed and equal angles of boundary fields. Looking to the

discussion of section 6.2, the entanglement entropy obeys the relation

0a) =5 =sP L) 2 ¢ RelBl
SW=SW=SWr el s T a ey P T BV

Since the relation above is general and does not depend on parameters of the model, it is expected
to see the same behavior of entanglement entropy with the change in the § as in figure 3.

For most parts of this article, we are interested in case where the boundary magnetic fields
are the same in both edges, i. e., _51 =b 1. Another compelling observation would be the effect of
the boundary field direction (same in both ends) on the entanglement of a particular state such
as |G,.). Results have been demonstrated in figure 6. For specific angles of BMF in the xy-plane,
we observe a huge change in the value of entanglement entropy.

For the small magnetic field (h < J as in figure 6a), there are two degenerate ground states for
BMF Ising model: one can write %(|—>—> s++ >) 4 [¢—«--- <)) as the ground state. When ¢ =~ 0,

the first spin prefers |—) over the other possibility, |«), which lowers the boundary entanglement

n 37
2725
boundary magnetic field aligns the first spin in the (positive or negative) y direction. This would

.Asp — both possible state of x-spin for the first spin would be equally probable, since the
result in increase in entanglement. As the angle 6 increases, the intensity of BMF interaction 3131
opposes the uniform magnetic field h in the system. So, we would expect smaller jumps in the
entanglement for bigger 9.

In the large magnetic fields (h > J as in figure 6¢ or the paramagnetic state) the ground state
is not degenerate, being all spins almost aligned in the direction of h. When BMF in the xy-plan
is small (8 ~ 0, ), entanglement would not change much by change in ¢. Although almost
constant, entanglement is a bit higher for small 6 ~ 0 rather than 6 ~ 7. As the intensity of BMF
in xy-plan increases (for example 6 = 7), first few spins at the beginning of the chain would get
out of all parallel positioning and the entanglement changes with the angle of .

9 Conclusions

In this paper we investigated a generic quantum spin chain Hamiltonian with arbitrary boundary
magnetic fields. As far as the bulk Hamiltonian can be mapped to free fermions even though
the boundary terms are not quadratic with respect to free fermions we were able to diagonalize
the Hamiltonian exactly. This was done using two ancillary extra sites and later projection of
the eigenstates. The extended Hamiltonian was studied in depth and many properties of the
Hamiltonian was studied including eigenstates in configuration bases, the correlation function of
eigenstates and the reduced density matrix. The extended Hamiltonian always has at least one
zero mode which guaranties the presence of degeneracy. To get the eigenstates of the original
spin chain one needs to go to the sector in which the parity number symmetry is broken. We
studied comprehensively these eigenstates and found the correlation functions, reduced density
matrix and the entanglement entropy. Interestingly the general features are independent of the
parameters of the Hamiltonian and one can get universal results for the reduced density matrix

4Size of the subsystem has considered to be small so effect of boundary entanglement be more apparent
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Figure 4: Different values of &, for difference in the directions of boundary fields
b, = (sin 6, cos ¢,,sin 0, sin p,, cos 6;) and b, = (sin 6, cos ¢, sin 6, sin p,,cos 6, ). We have defined
Ap = ¢;—¢; and AB = 6, —0,. The direction of boundary field at the first site is fixed by 8, = ¢, = 555
and we change the angles at end point of the chain. On the right, we have L = 9 and left hand side
corresponds to L = 10. Rest of the parameters are: J =—1, y =1/2 and h = 0.518.

Figure 5: In above, the typical behavior of von Neumann entropy with respect to parameter f3 is
plotted for a subsystem of length ¢ starting from boundary of the chain. Size of the full system is
L =30 and subsystem is [ = 14. Rest of the parameters are: J =y =1, h = %, b , =L blxy =1and
by;,=0.

L,x,.

and entanglement for generic eigenstates. The procedure used here can be extended for the other
similar situations such as local breaking of the parity number symmetry in quantum spin chains

due to local magnetic field impurity. It can be also useful to study local quantum quenches in
quantum spin chains.
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Figure 6: In this figure, the von Neumann entropy is plotted with respect to the angles of BME, for
three values of magnetic field, h = %, 1, % respectively. We have put b,, = b, , = sin(6)cos(¢),
by, = b,, = sin(8)sin(¢) and b;, = b, = cos(0). Rest of parameters are: L = 30,1 =2, = +1,
J =—1 and y = 1. To better manifest the change in the entanglement entropy, size of the subsystem is
selected to be close to the beginning of the chain. We observe that there is a change in the entanglement
at ¢ = 7, 37“ As mentioned before, there is (one) more zero mode in the eigenvalues of M matrix in
(9) for h > 1. However, this is not an exact zero mode and for size L = 30, it is small but not zero.

Therefore, observation above is intact.
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Appendix A Correlations for excited quasiparticle eigenstates

In section 4, we introduced the correlation functions and the method to produce these matrices for

the ground state. In this part, we are going to present the method to calculate the correlations for

excited quasiparticles (31) using the unitary transformation U which diagonalize the Hamiltonian.
The quasiparticle excited state such as |v) is defined by

k) = lky ko k) = [ [ o, 10), (A1)

k;€E

where set E could be any subset of modes. For this state, we start by calculating the (Y| c:cj [)

and (| cfc] 1)

(clesyy = | [ D (rimi + gkm;);(g:;jnm +hyn}) [ [l 10), (a2)

k;€E k,l k;€E
(elc)y = O] T 2 i+ gemd Dy + gimD | [ i, 10). (A3)
k;€E k,l n,m k;€E

Using the Wick theorem we can simplify these expressions to get:
»i« _ o+
(clehy = (M h); ; + kZ (8k,i87,; — i i, s
=

(CJ‘C;M = (h'.g);; + Z (&, ihy, ;= M, i8ks,5)-
k;€E

(A4)

Therefore, using the definitions (58), we can write the K, K and G for the state |¢) in a short
version as

Yt T - * *
Kij = (h' + g' )(h + g)l] — 21,5[ é(hkﬂi + gkj,i)(gkj,j + hkj,j)]J (A.5)
j
oY _ (T -~ * *
K/ = (h'—g").(h—g); —zz.s[;a]E(hkj,i — g M= 8] (A.6)
J
Y _(ht _of . * . )
G =(h' —g".(h+8); +2%[I§E(gkj,i B s+ gk, ) ) ~
j

The prior expressions are useful for the study of entanglement in excited quasiparticle states.
One can use the T to calculate the RDM for a given subsystem A using the relation

I+r¢ T

L e e
I-I" 1 Y

]2 e , (AS)

P! (1,7) = [det

where y and y are the Majorana fermions defined in section 4. Equivalently it is possible to use
4 k

the preceding correlations to find the R” matrix (as in (32)), R' =F (1— c’ )~!, which could

lead to finding the RDM.
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For excited states created from ZME state, we can do the same calculations. These quasiparticle
excited state are created as:

|6) = Ins,na, - ,ny) = [ ]l 190, (A.9)

n;€k

where n; # 0. Having the correlation matrices for the above states allows us to study the excited
state entanglement for these states likewise. To write such matrices, we can use the result of
section 4.2. Correlations for the family of ZME excited states are demonstrated in 40. The matrices
K? and K% have the same form as (A.5) and (A.6), therefore, we have not included their forms.

As it was explained in subsection 3.6, one could divide the Hilbert space of Hamiltonian (5)
into four different towers which one of the these towers or sectors corresponds to the eigenstates
of boundary magnetic field Hamiltonian (1). We devote this part to find the correlation functions
for states in a given tower, given the ground state for the tower (sector), can be found with |G..).
The base of calculation is similar to the above cases, therefore here we only hand out the final
result. For start, an excited state in one of the sectors has the form

x.)= 110}, lc.). (A.10)

m; €l

In the preceding expression, set E contains excited modes acting on |Gi> and 0 ¢ E. For a general
case of E we can write the correlations as in page 41. Similar to the ZME and the |G.) case, the
matrices K** and K** have the same form as K¥ and K¥ in (A.5) and (A.6).
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Appendix B Reduced density matrix calculations

In this appendix, we are presenting the calculations of (81) in details. Starting from (77), we can
write

, s o
Pf(g’g ) :f l_[dgldgl e ne2 (gl)“' agki_€k+1)“' 5_§L|p/5 |€1:"' )gk,£k+1>“' )§L>

le2
1 FE_Lepey grgr - 5 _ _
—|CP Pe2Ru)ii&iti— 2RI} J l_[dgldgl eEnén F({E, ), (ENAE L EnD
le2
1 cz 1 sz 1 N 1oy e 1.0, ,
> [e—ﬁ(Rlz)ingign—E(Rzl)nignfieQ(Rzz)mngmgne_E(Rzz)nmgngm*'E(Rlz)jmgjgm"'E(Rm)mj‘fmgj]’
(B.1)
where in the above Einstein summation convention is used. To clarify the notation above, the

indices i, j belong to subsystem 1 and indices n, m to subsystem 2. Eventually, the function F is
given by

FUEAED A& A& = 14 B(D)o;E; — BOM)omEm + B*(DT))0i &
+B* () onn + |/5|2(m1)01(m>‘{)0i5j5; + |ﬂ|2(9ﬁ1)01(m§)0n5j5n
—IB |2(9372)0m(9ﬁ>;)0i5m§§ - |ﬂ|2(m2)0m(9ﬁ§)0ngm§n- (B.2)
In (B.1) we have divided R into four submatrices Ry7, Rq2, Roy; = —Rj5” and R,,, according to

the part we are tracing out (or not). Although these submatrices do not need to have same size,
R;; and Ry, should be square matrices. We write the (B.1) in the compact form:

_ )| R O 3
€ ¢)

/ 0 _RT1 gl / F 1 T An+aT
p1(§,8)=|CP e JD’nf(Ei,gj,'n)eZ" A, (B.3)

=

where D1 = d€d& and
n = (g 5)’ A= (_gRIZ —glRiz)’ (B.4)

A = . (B.5)
I -R,
It is much easier to solve the integration in (B.3) with this new variables. In the expression of F,

the first, second, forth and sixth terms do not depend on the variables of integration. Therefore,
for those terms we can write:

ph (15,204, 4t 6th & £7) = |CP |(det[,4])%(1 + B E)(1 + BrtiE e , (B.6)
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Ry, 0 R, O R;,T 0
= + A1 ) (B.7)

-

0 —Ry* 0 Ryp* 0 Ry,

For the terms with linear Grassmann variables in the integration we first substitute n — n+.47'4
in (B.3). Using the Berezin integration techniques in presented in [56], we are left with

1( = g
z(§ g’)n
1 1 _ /
ph (3,50, 7th 8 £ &) = |cP|(det[ A])2(det W])ZF(E,, &’ )e : , (B8
with
) —pom, 0 o o
F(§,8) = IBPPW]+ A2+ BP9, € x AT B9
0 BT 0 o
-, 0
+BI? AT Rxig 4 18P (<, o)A Ax (0 o)A
0 0
M, O Mm; 0
W = AT ) (B.10)
0 - 0 -]

Putting (B.6) and (B.8) together, after some algebraic manipulations, we get to (78).

We could have used another trick to solve the Berezin integrations to get RDM. This method
ends up in having two exponentials in the final result. The trick is to write the linear Grassmann
variable in the integration as exponentials, like:

(ME)y, -+ (ME), (M), -+ (ME), = f [ Tadiages @8 gy

In the above relation, 6 and 6 are Grassmann variables too.

If we start again from density matrix expression in coherent basis (76), and rewrite it as:

B / B2 %Rijgigj F xqmk £/ 2 % F g/ _%Rﬁmgai/m

PP(E €Y =ICP 2™ (14 Moy &y + B3| + |B120ei 0, 8] De 3.12)
=pP(1,€,&)+0(2,€,8)+0"(3,£,8)+0"(4,£,8",

where the pﬁ(l,g, ') and P4, £,&’) are the density matrices corresponding to the vacuum-
vacuum state and excited-excited state, and the 9/3(2, £,&') and Qﬁ(B, £,&’) are density cross terms
corresponding to the vacuum-excited (and exited-vacuum) state terms. We are going to partial
trace each term separately and then put the results together afterwards. For the first term in
(B.12), we have:

. CP g
pP,e8h= T , (B.13)
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where again

|B]%4/det[ I+ Ry, "R Ry, I

L ydet[1+ Rz 22], A= ) (B.14a)
(1+1B12)4/det[T+RTR] 1 -R;
Ry 0 R, O Ri,T 0

0= + A7t ) (B.14b)
0 —R;* 0 Ry* 0 Ry,

For the last term in (B.12), we can write:
- = A x g/ 1 = l * !l
pP(4,€,8)=CcPp? J d0de e TIHOMEN o3 RjEE; 2RSS (B.15)

For the reduced density matrix we get
— 1 - 1 * 1l 7 A / L+l - z
Pi(4,8,8) =ICPpP? f dfdgezFunuesma (R 0 )+0 (1, 8) f [ | d&idg; e 5
I=k+1 (B.16)
x e_G(WZg)"'é(m;g)[e_(Rlz)ingign"_%(R22)mngmgne_%(REZ)Hm£H€m+(RiZ)ij;§m:|

We denote the terms on the left of second integral as F' (5 ,€,0, 0). If we introduce new Grassmann

variables nT = (g’ g) and AT = (_gRlz —6(9m), _§/R>‘1<2 + é(gﬁ*)o), then we can write the
integral as

_ - - 17 T
pf(4,§,§’)=fd0d9]—"(§, g’,Q,Q)JDneZ" An+an (B.17)

where A has been defined previously. Solving the first integral we get:
1 - g
§(§ 3 ’)n
g/ l T /T
pP(4,8,8)=CPe f D@e2® ©Otn"Je (B.18)

where @7 = (é 9), DO = dfdo, '’ = (g g’), and Q and CP are given by (79b) and (79a)

respectively. Finally, if we take the last integral in the equation (B.18), we get

pP(4,8,8) = CPPlw]e (B.19)
where
VN =0+TJtJT (B.20a)
0 (Mo |, 0 —(M2)]
0= A , (B.20b)
—(M2)o 0 (M1y), 0
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—R;, O 0o o 0 o
J = AL — i (B.20¢)
0 —Rp* —-M, O M, 0

To do the same calculation for cross term gﬁ (2,&,&’) in equation (B.12), we have

1 S 1
- SR E-REEE,
of(2,&,&)=IcPPpom Ee” " 2 (B.21)

If we wuse the e_quation (B.11D) ) and write the & Dbehind the exponential as
(Sﬁg)o = fdGee(img)O = fd@eeimmgf, where 6 is a new Grassmann variables. We can
write the density matrix as

7 1 = = 1 *x plyl
0P (2,£, &) =ICP 2B J 407 (eS¢ 25, (8.22)

Equivalently, If we introduce new Grassmann variables 7 = (5 3 ) then we can write the inte-

gral as
_ 1 7 T,
0P (2,8, = f dOF(E, &, 0) f Dy e A+ (B.23)

where we have denoted the terms on the left of second integral by F(&,&,6) and

AT = (_*‘:Rlz —6(M2)or —glRiz) (B.24)

Taking the integration on 7, we have:

e g
5(5 3 ’)n
/5 /
of(2,€,8") = ;—*e 3 J doe?s (B.25)
where Q is the same as (79b) and CP is given by (79a). Then, we can take the integral over the 6
above and write the final result as

Cﬁ l /T on’
oP(2,8,8) = E(TA*RT +Y)n’e?" (B.26)
where /T = (g g’), and Also we have
/ R, O
T= [9)12 0] T = [9311 0} R = (B.27)
1x2L’ 1x2l 0 R>f{2
20x2L/
For the other cross density (third term in equation (B.12)) we have:
Cﬂ _ l 'ToB
0f(3,£,8") = f( —TART 41 )" (B.28)
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which

R, O
T = [0 9)11*] R= (B.29)
1x2L’ 0 RTZ

21x2L7
Putting equations (B.13), (B.19), (B.26) and (B.28) together and moving and reordering some
parts we can write the RDM for the state |f) as

ofo o]

e el
/3 5/ B 3 %(911)1-]-51-51 Vi€ %(ﬂzz)iﬁgi;
B(E,8") = Cy o + PR, Je +K le e’ e ,
|ﬁ| g/
(B.30)
where 2 = Q;, — 25,7 and
_ Rp,” 0
KP = (lygml %gml*) + (ﬁ*ﬂﬁz —5 )A ' (B.31)
0 Ry
To write the RDM in operator format, we have to reorder it. Then, the final result is
1 T N T .
5(@11)5¢] ] 1  anf2=%21 yjele; . (n 127021 Njele;
pf(c,c')zcﬁe ][We : ! )+(IC/f)kc]Ie : r
2190 7 1
(In )ii clc (Q22)ijcicj .
te 2 j J(’Cﬁ)lcl]ez 22)i6iCj (B.32)

o,—a, T 1
3@l ; o 122 )ij‘—‘i“jei(“/zz)iicicf

+CPPIQ, e

The ICﬁ stands for the ﬁrst block part of vector KP (and the same argument for ICg). To find a
shorter notation for the pj (c c") we use the relation [57]

e e e =e (B.33)

M = My oMz

where e Ms  Therefore, we can write (B.32) as

c c
z(c’ c)./\/l %(c’ C>M’
il 1 i 1
1 (¢ 5trin) C 5 trin(Y+92)
pl(c c )_Cﬂ[lﬁlz e? + Pf[Qs ]e e? :
(B.34)
c c
%(CT c)./\/l z(cT c)/\/l

C"r trlny C Y

+(lCﬁ)kc e? +e e? ( ﬁ)lcl]
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To move the exponentials to one side (left or right) of the (B.34), we use the relation (83). There-
fore, we can write the (B.34) as

c
%(CT c)/\/l )
] 1 1 17 c'
B N C 5uln(5015-507,) L B B
py(c,c’)=Cge € [|/3|2+ Ly L, ]
¢ (B.35)

C
1
E(C' C)M/
4 1 1 1
c eitrln(iniz_ﬁﬂélT)

where we have:
%le — %Qle +20,, (0], —01) 710, 204,(Q], —2y) 7!

M=In , (B.36a)
2(0L, —925) 710y, 2L, -y

1 1 T T —1 T -1
59/12_59/21 +29/11(Q/12 _921/) ﬂ/22 29/11(9/12 _9/21)

M =In (B.36b)
T — T —
2(9/12 _9/21) 19/22 2(9/12 _9/21) !
Ry, 0 R, O R;,T 0 Ry, —I
Q= + AL : A= (B.360)
0 —Ry* 0 Rp* 0 Ry I -R,

P+ (A L), —rr (A, T
Q=0+J0 77, = 2 2 2 A (B.36d)
—9ty (AT, (AT, ]

Ry, O 0o o 0o o
J = A7t - , (B.36e)
0 Ry —9m, 0 M 0
B Ri,T 0
KPP = (%ml %gﬁl*) + (%gﬁz —%mz*)A ._ (B.36f)
=kl —a,), £l =2kl(Ql, - 0,) 70y, + KD (B.362)

IC? stands for the first block part of vector CP. Since, we can think of KP as a vector made from

two block vectors (and the same argument for ICg).
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Appendix C Entanglement calculations of general 3 parity broken
state

To calculate the n = 2 Rényi EE, we start by:

2
t(p? ") = w(ph1ph). (C1

We can use the Identity resolution and tracing formula of Grassmann variables to write:

I= f l_[dézdfle_g"g [3I8
l

s (C.2a)

a0 = f [ [dddges5(=¢l0). (C.2b)

Therefore, it is possible to calculate the trace of p? in terms of Berezin integrals of Grassmann
variables:

w(pl) = J [ Ta€iag: [ Jamane44e ™ (=&| o In)(nlpf |£). (C.3)
i 1

We can use the result of (78) to write the integrand in the expression above as:

2 B s, - _ _
(o) =cﬁzf [ Tegas [ Tandne 3525 — £+ Loy — La& + Lom) —PW]]
i l
1. 1 7 (C4)
§(€ n)ﬂ’ 1 1 S\1 &)e
e " [(E+£1.f)+£2.§)(E+53.f)+£4.§)—Pf[W]]e J,
By defining a new Grassmann variable such as:
(&)
Ui
0= , (C.5)
n
\&/
the integral (C.3) can be written in a simpler form as:
1
tr(pffz) = cﬁzf DOf(§)e2? 5°, (C.6)

where in the above DO = ]_[idéidei, and also

£0) = [(2 +C.01)(= +C.00) + PAWI][(= +C.005)(—

5 B 5 5 +C.01,) +PAIW]].
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The new B and C matrices are defined below

( Q 0 -a I ) [—Ll 0 L, ©
0o o I Q —L3; 0 L, O
B = 5 (C = . (C.7)
-, -1 a9, 0 0 L; 0 L,
-1 2 0 Q \ 0 L3 0 L, }

The rest of matrices are given by (79). Before proceeding to solve the integral above, we have to
clarify couple of points here. First, the notation C.8|, stand for the r™ row of the matrix product
C.0. Second, the f(0) produce terms with product of odd number of Grassmann variables such as
C.0|. orC.0[.,C.0.C.0/, , the integration on these terms will be zero automatically. Therefore,
The above integral is straightforward to solve, and the final result of tracing is given by (109).

In some cases 55 does not have an inverse for odd n. Howevey, it is still possible to take the
Grassmann integrations.

Appendix D Exact diagonalization of A=B=0

In the case where A and B are zero then the Hamiltonian (5) becomes

L
_ 0 . Lile i 0, ittt L4l o
H —Z [aj (cocj —coci) + OL].+ (cic)q +Cicrp1) + aj (c} cp— c}f o)+ ocj+ (cLHc} + ciHC})].
j=1
(D.1)
This model can be related to a linear fermionic model such as the model discussed in [45]
H= Za cj+ajc (D.2)

In fact, with a specific projection, one can find the eigenstates of (D.2) in the Hilbert space of
(D.1). We can write the new form of the M matrix (9)

—a0 —a0 FR—.) a0 —_g%* 0% _ 0 * _ 0%

0 ay ay ay 4 a; 0 0 ay a; a;_ ay 0
—a?" 0 0 0 0 -k | Qd” 0 0 0 0 —altt
—ag* 0 0 —aé“* ag* 0 0 —aé*l*

_ 0 al+1* 0 * S
A1 0 0 a1 a1 0 0 a1
—a?%" 0 0 0 0 AR 0 0 0 0 —altt
0 —a%“ _a§+l _afﬂ _a£+l 0 0 L+l* aé+1* fﬂy aIL_H* 0
M= (D.3)
0 0 0 0 0% 0% 0 * 0%

0 ay ay ay_y ay 0 0 ay [ ay ay 0
_ o0 L+1 0 L+1

ay 0 0 0 0 ay ay 0 0 0 0 aj
_ 0 L+1 0 L+1

ay 0 0 ay ay 0 0 a;
_0 al+l 0 b+l
1 0 0 %1 A1 0 0 A1
—a? 0 0 0 0 aktl a? 0 0 0 0 abtl

gLl L+l L+l L+l L+1% L+1% ol 1% L+1%

0 ay ay ay’y ay 0 0 ay a, ay’y ay 0

49



SciPost Physics Submission

It can be shown that A has only two nonzero diagonal elements, A; and A, and the rest of eigen-

values are zero. For nonzero eigenvalues, we have

L L
2
hnda = V2| YR +a D) £ | D@+ D@ a4
j=1 j=1

Then, M would have only four nonzero eigenvalues and the rest are zero independent of size. The
next step is to find the eigenvectors to construct the U matrix. In (12), we have already introduced
two eigenvectors of zero mode. Using the orthogonality condition, and the condition that if |u) is
an eigenvector with eigenvalue A then J [u) is also an eigenvector with eigenvalue —A, therefore,

we can find and present only half of the eigenvectors. For simplicity, we assume a? = aJ;+1 =aj,
then eigenvectros of positive modes. we have:
Upyp =Ug=—Vo=V[41 =1
u .
20
ul) = ; U = ————— (D.5)
1 ’ L ZL ;|2
v j=11%j
else=0
— — — — %
Ur+1 = U0 = Vo = Vi4+1 = [g ]
+> u 2a; a
u) = . v, = ——— L (D.6)
| 2 ’ 217:1 |aj|2 o]
v ]
else=0
For eigenvectros of zero modes, we have:
0 u Uppp =Up=Vo =~V =1
|u1> = ; (D.7)
v else=0
ey
U=—ger o L<k#0
i layl?
u j=1 1"
0\ _ .
uf) = ; =1 (D.8)
v
else =0,
where k = 2,3,---, L. With this expressions for eigenvectors, we can construct the unitary ma-

trices U. Having the exact U, we can calculate correlation matrices (see section 4). putting these
eigenvectors together, one can construct the U.
Having the U matrix, we can directly calculate the 6, introduced in (42). The calculation of
6, shows that
+1 if L even

5, = (D.9)
—1 if L odd
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Another method to calculate the entanglement of subsystem in a particular state is to use a more

direct way. We could use the equation (28) to calculate the entanglement. Using the results of

subsection 3.4 for A,B = 0 we can find the form of R matrix as:.

%4 1

V1o 2+ tay 2
0

0

—
o Pr—+aP
-

-1 N B
Va4 +lag |2

%
o Pr—+ag P
0

R= (D.10)

where,
1

Vdet[I+ R'R]

Numerical investigations suggest that for even sizes we get exactly the same expression, and for
odd sizes we get the minus of the vacuum (a; € R).

1 T
. ez 2uRiele |o)

0)

c*

D.2 Correlations

For the special case of A,B = 0, the correlation matrices look pretty much simple in terms of the
parameters @;’s. We are going to demonstrate the matrix form of correlations for general a; € C.
For start, in the vacuum state, correlations looks like below. (In the following expressions indexes
n and m are the number of rows and columns respectively.)

1 _ %m _1 0 % 1
2 4y 2l ? 4 4/ 20 o2 4
0_ o Ay o P 0 7
4/ lal? | 2k 1al?) | 44/5 oy 2 4¢3 lagl? 4¢3 lagl?
_l e |1 _l = |
4 44/ Zk|ak|2 2 4 44/ Zk|ak|2
1 0 0 1 —Blenl_
vV zklaklz
K=|ols _ mmn ilayaml | —i5la,] RO = —i3[a,] 5 _ mon i3[at o]
e menf 3 oyl V2 o ? Va2 | M Im=nl 3 lal?
0 i3[an] 1
\/zklaklz 0 0
Rla,,]
0 e 0
Vzk|ak|2
G0 = _ Maran] | 9la,]
O 5nm + Zklaklz \/Zk |ak|2
—1 0 0
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For the case where the state is ZME state (|@)) then the correlation matrices look like below.

1w | 1 0o |—= | _1
2 44/ D ol 4 44/ oy ? 4
0 = afl afzam a;i @ = _arl O a;Fl
44/ Sl | 20wl | 44/ oy 2 4¢/37 lag? 437 lag?
1 @ | 1 1= | 9
4 4 /Zk|ak|2 2 4 4 /zk|ak|2
Rla,,]
0 = 0
V2l
G@ — -5 m[ajlam] Rla,] Kﬁ — KO, K@ — I_(O.
nmen S lagl? VO a2
1 0 0

Finally, for this case when the state is |G.) then the correlations look like below.

1 __%m 0 0 O 0
2 435 oy [? 4/ g2
+ _ ay ayam ay F:I: — —a; 0 a
4/ lal? | 2k 1okl?) | 44/>7 T 2 4¢3 lag]? 437 lag?
0 _ %m 1 0 _aTn 0
49/ 2 o ? 2 4/ 2l 2
Rla,,]
0 = 0
Y Zk | |2
G:l: — _ Koy an] Rla,] K:l: — KO, R:l: — RO.
0 5nm + Zk |ak|2 \/Zk |ak|2
0 0 0
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Appendix E M matrix for modified XY chain

In this appendix, the exact forms of the matrices A and B for modified XY spin chain is demon-
strated. For |b;| =1 and |b; | = 1, they can be written as:

(

g

0

sin ;e %1

2

0

0

0

sin 0, e %1
2

0

sin 6, e'91

2

J
2

0

sin B e"1#1

—h+4cosf, —L 0

-h -4 0
J J
—h +cos 6,
0 _sineéei‘i’L
0
Jy
o =¥ o
Jy vJ
o - o
Jy
5 0

0 sin 0, e 9L

2

With the help of (8) and (9), one can construct the actual M matrix.
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