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We obtain multiple exact results on the entanglement of the exact excited states of nonintegrable models we
introduced in Phys. Rev. B 98, 235155 (2018). We first discuss a general formalism to analytically compute
the entanglement spectra of exact excited states using matrix product states and matrix product operators and
illustrate the method by reproducing a general result on single-mode excitations. We then apply this technique to
analytically obtain the entanglement spectra of the infinite tower of states of the spin-S AKLT models in the zero
and finite energy density limits. We show that in the zero energy density limit, the entanglement spectra of the
tower of states are multiple shifted copies of the ground-state entanglement spectrum in the thermodynamic limit.
We show that such a resemblance is destroyed at any nonzero energy density. Furthermore, the entanglement
entropy S of the states of the tower that are in the bulk of the spectrum is subthermal S o log L, as opposed to a
volume law S o L, thus indicating a violation of the strong eigenstate thermalization hypothesis (ETH). These
states are examples of what are now called many-body scars. Finally, we analytically study the finite-size effects
and symmetry-protected degeneracies in the entanglement spectra of the excited states, extending the existing

theory.
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I. INTRODUCTION

Nonintegrable translation invariant models have been of
great interest recently. Such models have very few conserved
quantities and show various interesting dynamical phenom-
ena, including thermalization [1] and, upon the introduc-
tion of disorder or quasiperiodicity, many-body localization
[2-4]. Since dynamics depends on the properties of all the
eigenstates, highly excited states of nonintegrable models
have been extensively studied in various models in one and
two dimensions [1,5-14]. Particularly, the eigenstates in the
bulk of the spectrum of several nonintegrable models are
expected to satisfy the eigenstate thermalization hypothesis
(ETH) [1,15,16], with the notable exception of many-body
localized (MBL) systems [5,11,17]. While several analytical
results on the entanglement structure of highly excited states
in generic models have been obtained [18-21], exactly solv-
able examples are desired.

The entanglement structure of low-energy excitations in
integrable and nonintegrable models has been studied analyti-
cally and numerically in detail [22-29], particularly using the
language of matrix product states (MPS) [30,31]. Similar to
the ground states of gapped Hamiltonians [32], low-energy
excited states of gapped Hamiltonians are, in principle, also
captured by this MPS framework [22]. However, even within
single-mode excitations, the lack of explicit examples has
hindered a study of their entanglement in more detail; for
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example, the general nature of finite-size corrections to the
entanglement spectra is unknown. Beyond low-energy exci-
tations, the structure of excited states has been studied in
the MBL regime, where all the eigenstates exhibit area-law
entanglement [17], and consequently have an efficient MPS
representation [33-35]. In the thermal regime, however, very
little is analytically known about the kind of excited states that
can exist in the bulk of the spectrum of generic nonintegrable
models [36—41]. For example, can certain highly excited states
of thermal nonintegrable models have an exact or approximate
matrix product structure with a finite or low bond dimension
in the thermodynamic limit?

Recently, a tower of exact excited states were analytically
obtained by us in a family of nonintegrable models, the spin-S
AKLT models [42]. The entanglement of the ground states of
the spin-S AKLT models and their generalizations has been
extensively studied in the literature [43-53]. Being the first
few known examples of exact eigenstates of nonintegrable
models, we propose to use the excited states of these models
to test conjectures on eigenstates that exist in the literature.
We recover the general entanglement spectra of single-mode
excitations, earlier obtained on general grounds [22,23]. We
also derive the entanglement spectrum of an entire tower
of exact states, thus generalizing the single-mode results to
these set of states. The tower of states have an interesting
entanglement structure in that the zero energy density states
entanglement spectra is composed of shifted copies of the
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ground-state entanglement spectrum. This structure general-
izes the earlier result obtained on the entanglement spectra of
SMA excitations. We find that the finite energy density states
in the tower have a subthermal entanglement entropy scaling
in spite of the fact that they appear to be in the bulk of the
spectrum [42]. More precisely, the entanglement entropy S
for these states scales as S o In L, where L is the subsystem
size. This indicates a violation of the strong ETH [54,55],
which states that all the eigenstates in the bulk of the spectrum
of a nonintegrable model in a given quantum number sector
are thermal, i.e., their entanglement entropy scales with the
volume of the subsystem (S o< L).

This paper is organized as follows. We begin by reviewing
the tools we use to compute the entanglement spectrum, i.e.,
matrix product states (MPS) and their properties in Sec. II and
matrix product operators (MPO) in Sec. IV. In these sections,
we provide some examples for the AKLT models. Readers
familiar with these approaches can directly proceed to Sec. V,
where we discuss the structure and properties of states that are
created by the action of an operator (MPO) on the ground state
(MPS). From Sec. VI, we move on to the main results and
derive the entanglement spectra of single-mode excitations,
focusing on the AKLT Arovas states and spin-2.S magnons. In
Secs. VII and VIII, we consider states beyond single-mode
excitations. We compute the entanglement spectrum of the
tower of states in spin-S AKLT models, where we work in
the zero energy density and finite energy density regimes
separately. Further, in Sec. IX, we discuss the violation of the
eigenstate thermalization hypothesis and then show numerical
results away from the AKLT point. In Secs. X and XI, we re-
view symmetries and their effects on the entanglement spectra
of the ground states, and discuss symmetry-protected exact
degeneracies and finite-size splittings in the entanglement
spectra of the excited states. We close with conclusions and
outlook in Sec. XII.

II. MATRIX PRODUCT STATES

In this section, we provide a basic introduction to the
matrix product states (MPS) and their properties. We invite
readers not familiar with MPS to read numerous reviews and
lecture notes in the literature [30,31,56,57].

A. Definition and properties

We consider a spin-S chain with L sites. A simple many-
body basis for the system is made of the product states
|mym,...mp), wherem; = —S,—S+1,...,5—1, Sisthe
projection along the z axis of the spin at site i. Any wave
function of the many-body Hilbert space can be decomposed
as

)= >

{mi,my,....mp}

lem2~~~mL mlmz...mL). (1)

In all generality, the coefficients ¢y, m,..n, can always be
written as an MPS [32], i.e.,

T \[m m mplyr
oy, =[Oy ATAY AT, )

The state |y) then reads

T m m r
=Y [By AT AT imy ). (3)
{mymy..mp}
In Egs. (2) and (3), A[lm‘], . A[mel’l] and A[LmL] are x X x

matrices over an auxiliary space. x is the bond dimension
of the MPS and the corresponding indices are the ancilla. blA
and b’ are x-dimensional left and right boundary vectors that
determine the boundary conditions for the wave function. The
{[m;]} are called the physical indices and can take d = 25 + 1
values (d is the physical dimension, i.e., the dimension of the
local physical Hilbert space on site i). In a compact notation,
we can think of the A;’s as d X x X x tensors.

An MPS representation is particularly powerful if the ma-
trices A" are site-independent, i.e., A" = Al Typically,
translation invariant systems admit such a site independent
MPS. Many computations involving an MPS can then be
simplified once we introduce the transfer matrix

E=) A" @AM, 4)

where * denotes complex conjugation and the ® is over the
ancilla. The transfer matrix is thus a y x x X x X x tensor
that can also be viewed as x2? x x> matrix by grouping
the left and right ancilla of the two MPS copies together.
The simplification provided by the MPS description can be
illustrated by computing the norm (v |) of the state |y/),

(Yly) = bl LELDS, )

where b% and b'; are the left and right boundary vectors of the
transfer matrix defined as

by = (b ®@by). b= (0, ®b}). ©)
An MPS representation is said to be in a left (right) canonical
form if the largest left (right) eigenvalue of the transfer matrix
E is unique, is equal to 1 (this can always be obtained by
rescaling the B’s) and most importantly the corresponding left

(right) eigenvector is the identity x x x matrix [57]. Thus, for
a right canonical MPS,

Z Eaﬂ,yeay,e = 801/3, (7)

Y€

where § denotes the Kronecker delta function. However, in
general, an MPS cannot be in both a left and right canonical
form simultaneously.

Another useful construction with an MPS is the general-
ized transfer matrix E 5,

Eg=3_ A" ® 0 A" ®)

Here, O is any single-site operator with matrix elements
(m|O|n) = Opy. Ep is useful when computing the expecta-
tion value of an operator O acting on a site i, where

A T, i_ —ir
(W10i|y) = by ET'EQE b ©9)

Similarly, assuming i < j, the two-point function associated
with O reads

(W10:0,1¥) = by BTV EGE/ T EGEM b, (10)
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Using Egs. (9) and (10) for large L, the correlation length & of
the MPS defined using

<0i0,~>—<0i><0j>~exp(—";"> (1)

is given by
1
Inle|’

§ = 12)
where €, is the second largest eigenvalue of the transfer
matrix [31]. Note that —1/1In|e;| is an upper bound for &
that is saturated unless O has a special structure. Thus, if
the spectrum of the transfer matrix is gapless, the state has
an infinite correlation length. Note that a finite correlation
length for an MPS in a canonical form guarantees that the
wave function is normalized in the thermodynamic limit.

B. Entanglement spectrum and MPS

The MPS representation of any wave function encodes the
entanglement structure of the wave function. For any state |y)
with a number L of spin-S’, a bipartition into two contiguous
regions A and B with an L 4 number of spins in region A and
an Lg number of spins in region B (L 4 + Lp = L) is defined
as

X
W) =Y 1Vada ® [¥B)a. (13)

a=1

where | 4) and |),, are many-body states belonging to the
physical Hilbert spaces of subsystems A and 3 respectively.
Using the MPS representation of |y) (3), if the region A is
defined as the set of sites {1,2, ..., L4} and the region B as
{La+1,Lg+2,..., L}, the bipartition can be written using

Vo= Y. [bgT]'[A,[’"']} i),

{m;}ieA leA
WBla= Y [HA}’””b;] l{me}). (14)
{m;},ieB LleB P

Note that {|Y4)4} and {|¥),} form complete but not nec-
essarily orthonormal bases on the subsystems A and B, re-
spectively. The reduced density matrix with respect to such a
bipartition is constructed as p4 = Trp|¥)(¥|. The eigenvalue
spectrum of —1In p4 is the entanglement spectrum and S =
—Tr 4 (p41n py) is the von Neumann entanglement entropy.
An alternate way to obtain p 4 that is useful for MPS is through
the definition of Gram matrices £ and R,

Lop =a({Yalba)p, Rap = o(VBlYB)g. s)

Up to an overall normalization factor, the reduced density
matrix can be expressed in terms of these Gram matrices as
[58]

pa=vVLR'VL, (16)

where /L is well-defined since Gram matrices are positive
semidefinite. The Gram matrices £ and R can be expressed in
terms of the MPS transfer matrix E of Eq. (4) as

L= (ENHp., R=E"b,. (17)

In Eq. (17), E is viewed as a x X x X x X x tensor, blE and
b as x x x matrices. Consequently, £ and R are x x x
matrices. Note that p4 in Eq. (16) has the same spectrum as
the matrix

Pred = LRT. (18)

Since we are only interested in the spectrum of p4 in this
article, we refer to prq to be the reduced density matrix of
the system even though it is not guaranteed to be Hermitian.
Assuming that the eigenvalue of unit magnitude of the transfer
matrix is nondegenerate (i.e., In |e;| # 0), if L4 and Lp are
large, (ETY"* and EL*® project onto e; and eg, the left and
right eigenvectors corresponding to the largest eigenvalue of
E. Thus

L= eL(e{bg),

The density matrix thus reads, up to an overall constant [equal
to (e} b ) (bl

R = eg(egby). (19)

Pred = €L€£ . (20)

One should note that the construction of an MPS for a
given state is not unique. Indeed, MPS matrices and boundary
vectors redefined as

A = GAMGT b, =G6'Th,, b a=GY, (21)

represent the same wave function. When constructed in a
canonical form, the bipartition Eq. (13) is the same as a
Schmidt decomposition [57] of the state |y) with respect to
subregions A and B, defined as

Xs
W) = Aa| W), |VE), (22)
a=1

where {|v/)) } and {|1/3) ,} are sets of orthonormal vectors on
the subsystems .4 and B respectively and {)\,} are referred
to as the Schmidt values and x; is the number of nonzero
Schmidt values (Schmidt rank). The bond dimension x of the
MPS constructed in the canonical form is the Schmidt rank x,
of the wave function |y). Thus we refer to x, as the optimum
bond dimension for an MPS representation of state |i). The
entanglement entropy then satisfies

Xs
S=-Y 2l <lny,. (23)
a=1

The entanglement entropy of an MPS about a given cut is thus
upper-bounded by In x,. Since the Schmidt decomposition
is the optimal bipartition of the system, x > x, and hence
S<In yg.

III. MPS AND THE AKLT MODELS

In this section, we provide a few examples of MPS based
on the AKLT models.

A. Ground state of the spin-1 AKLT model

We first focus on the ground state of the spin-1 AKLT
model with open boundary conditions (OBC) [59], one of the
first examples of an MPS [60]. The state with L spin-1’s can
be thought to be composed of two spin-1/2 Schwinger bosons,
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FIG. 1. Ground state of the spin-1 AKLT model with open
boundary conditions. Big and small circles represent physical spin-1
and spin-1/2 Schwinger bosons, respectively. The lines represent
singlets between spin-1/2. The two edge spin-1/2’s are free.

each in a singlet configuration with the spin-1/2 Schwinger
boson of the left and right nearest neighbor spin-1s. Thus there
are dangling spin-1/2’s on each edge of the chain. A cartoon
picture of this state is shown in Fig. 1. For a more detailed
discussion of the model, we refer the reader to Ref. [42].

The two spin-1/2 Schwinger bosons within a spin-1 (see
Fig. 1) form a virtual Hilbert space that corresponds to the
auxillary space of the MPS. The normalized wave function
can be written as a matrix product state with physical dimen-
sion d = 3 (the Hilbert space dimension of the physical spin-
1) and a bond dimension y = 2 (the Hilbert space dimension
of the spin-1/2 Schwinger boson) [30]. The derivation of the
MPS representation for this state is shown in Appendix A. The
d normalized x x x matrices for the AKLT ground state are

[see Eq. (A17)]
2/0 1
m_ /=
AT =43 <0 o>’
Al = _\jg (_01 ?) (24)

200 0
-1u_ /Z
A= \/; <—1 0)’
corresponding to S, = 1, 0, —1 of the physical spin-1, respec-
tively.

Using the matrices of Eq. (24), the AKLT ground-state
transfer matrix can be computed to be

, (25)

QuwI—O O

O OoOwI— O
|
W= O OwIN

Wi © O Wi~

where the left and right indices of the transfer matrix are
grouped together. The eigenvalues of this transfer matrix are
(1, —%, —%, —%). Since the largest eigenvalue is nondegener-
ate, using Eq. (12) the AKLT ground state is a finitely corre-
lated state with correlation length & = 1/In(3). The boundary
vectors of Eq. (3) for the AKLT ground state correspond to the
free spin-1/2’s on the left and right edges of an open spin-1
chain, shown in Fig. 1. With both edge spins set to S, = +1/2
the boundary vectors are [see Eq. (A17)]

b, = <(1)> b, = (?) (26)

The Gram matrices £ and R for the AKLT ground state are the
left and right eigenvectors of E corresponding to eigenvalue 1,
L=R= %HZXZ. Using Eq. (18), the reduced density matrix

iS Pred = %llzxz and the entanglement entropy is S = In?2,
corresponding to a free spin-1/2 dangling spin.

FIG. 2. Spin-2 AKLT model ground state with two singlets be-
tween nearest neighbors. The four edge spin-1/2s are free. Spin-S
AKLT has S singlets.

B. Ground state of the spin-S AKLT model

In a spin-S chain, each of the physical spin-S can be
thought of as composed of 2§ spin-1/2 Schwinger bosons,
or equivalently, two spin-(S/2) bosons [42]. The ground state
of the spin-S AKLT model then has § singlets between the
28 Schwinger bosons (S on each site) on neighboring sites,
as shown for § =2 in Fig. 2. It can also be interpreted
as having a “spin-(S/2) singlet” between the spin-(S/2)’s
of neighboring sites. Here, a spin-(S/2) singlet is the state
formed by two spin-(S§/2) with a total spin J =0, J, = 0. In
the case of S = 1, this coincides with a usual spin-1/2 singlet.
Consequently, with OBC, there are two free spin-(S/2)’s that
set the boundary conditions of the wave function (see Fig. 2)
[42].

An MPS representation for the spin-S AKLT ground state
can be developed in close analogy to the spin-1 AKLT ground
state (see Appendix A). Here as well, the virtual Hilbert space
of the spin-S/2 bosons corresponds to the auxiliary space.
Thus the MPS physical dimension is d = 25 + 1 (because of
spin-S physical spins) and the bond dimension is y = S + 1
(because of the spin-S/2 virtual spins). Using Eq. (A17), the
x % x MPS matrices of the spin-§ AKLT ground states have
the form

AV = KnapBa—pm- 27)

where k4 is a constant given in Eqs. (A17) and (A19).

Analogous to Eq. (26), the boundary vectors of the MPS
corresponding to boundary conditions with both the edge
spin-(S/2)’s with S, = +S5/2 are x-dimensional vectors with
components

(6Y), =8a1s (P}), =bax- (28)

Indeed, one can verify that the spin-S AKLT ground state of
Eq. (27) is finitely correlated, and the left and right eigen-
vectors corresponding to the largest eigenvalue 1 are both
L =R = 1,,,. Thus the reduced density matrix reads

Pred = Lis+0xs+1) (29)

S+1
and the entanglement entropy is S = In(S + 1).

C. Ferromagnetic states

As discussed in detail in Ref. [42], the ferromagnetic state
is one of the highest excited states of all of the spin-S AKLT
models. Because of the SU(2) symmetry of the AKLT models,
these states appear in multiplets of 2S5 + 1, of different S,. In
the highest weight state of the multiplet, all the physical spin-
S have S, = S [42]. Since this is a product wave function, an
injective MPS has a bond dimension y = 1 and the matrices
are scalars satisfying

Alml =5, . (30)
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The boundary vectors are just 1 and this trivial MPS leads to
a trivial transfer matrix, which is a scalar 1. Thus p = 1 and

S=0.

IV. MATRIX PRODUCT OPERATORS

In this section, we briefly review matrix product operators
(MPO) and provide some examples relevant to the AKLT
models. A comprehensive discussion of MPOs can be found
in existing literature [30,56,61-63].

A. Definition and properties

Since the exact excited states derived in Ref. [42] are
expressed in terms of operators on the ground state or the
highest excited state, it is crucial to understand how to apply
these operators on an MPS. An MPO representation of an
operator O is defined as

O= 3" [ MM M T (s ) ()
{sn}tn}

€29

In Eq. (31), the operator O is written in terms of L X, X Xm
matrices with elements expressed as d x d matrices acting on
the physical indices. x, is referred to as the bond dimension of
the MPO and the corresponding vector space is the auxiliary
space. O can compactly be represented as a x,, X xm X d x d
tensor M; with two physical indices ({[s;], [#;]} and two auxil-
iary indices. biu and b}, are the boundary vectors of the MPO
in the operator auxiliary space.

Similar to an MPS, the construction of an MPO for a given
operator is not unique. We now describe a method to construct
an MPO for an operator O. The particular MPO construction
we describe here relies on a generalized version of a finite
state automation (FSA) [30,64,65]. An FSA is a system with
a finite set of “states” and a set of rules for transition between
the states at each iteration. In such a setup, each state maps to
a unique state after an iteration. When the states of the FSA
are viewed as basis elements of a vector space, each state is
denoted as a vector and the transition between the states is
described by a square matrix. For example, we consider an
FSA with two states |R) and | F'), that are denoted as

IR) = (é) F) = (?) (32)

If at each iteration, |R) and |F) are interchanged, the transi-

tion matrix 7T is
0 1
T = (1 O)' (33)

In principle, these transition matrices could vary from an
iteration to the next.

To exemplify the construction of an MPO, we start with a
simple example:

L
O=Y N, (34)
j=1

where ¢/*/ C ; can be written in the physical Hilbert space as
Nei=dM®-- @l C®1I® - --01, (35)
[ ——— —————

j—1times L—j times

such that the index j does not explicitly appear in any of
the operators. Consider an FSA that iterates L times and
constructs the operator @ by appending a physical operator
(either 1 or €) at each iteration to a string of operators. If
|S,) is the state of the FSA at the nth iteration, the appended
physical operator is the matrix element (S,|7,|S,+1) where
T, is the transition matrix at the nth iteration. For example, an
FSA that constructs ¥/ C; of Eq. (35) starts in a state |R). It
remains in the state |R) for j — 1 iterations with a transition

matrix
e*1 0

appending an 1 at each step. At the jth iteration, the FSA
transitions to | F') (different from |R)) with a transition matrix

T
T — 0 e*C 37)
77\0 0o )

J»
thus appending the operator € on site j and remains in |F) in
the rest of L — j iterations with transition matrix

Tp = (8 g). (38)

O is then the sum of operators obtained using an FSA for all
j. The sum over operators can be efficiently represented by
generalizing an FSA to allow for superpositions of FSA states
with operators as coefficients. For example, we allow for FSA
states such as e’*1|R) + ¢/*C|F). The transition matrix in
such a generalized FSA is an arbitrary square matrix with op-
erators as matrix elements. Indeed, fixing the initial and final
states of the FSA to be |R) and | F'), we can construct the op-
erator O with a transition matrix M; on site j with elements:

ik]l iké
Mj=<eo e]l > (39)

Writing the entire process of the generalized FSA,
(F| ]_[jle M;|R), we obtain exactly the representation of

O as an MPO of the form Eq. (31), where the auxiliary space
is the vector space spanned by states of the generalized FSA.
Note that since M; does not depend on the site index j, we
can omit this index. The left and right boundary vectors bﬁw
and b}, are the vector representations of the FSA states |R)
and | F), respectively [Eq. (32)],

b, = <(1)> by = <(1)) (40)

The MPO representations of more general operators can
be computed similarly with the introduction of intermediate
states of the generalized FSA. For example, in the construc-
tion of the MPO for the operator

O=>"eN(W;X;), (41)
J

one introduces an intermediate state |/;) of the generalized
FSA, such that the transition matrix elements at any step read
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(RIT|I,) = ¢*W and (I,|T|F) = X. The MPO for O in the
auxiliary dimension thus reads

el W0
M= 0 0o X|. (42)
0 0 1

The bond dimension of the MPO Y, is the number of states
of the generalized FSA generating it. Since the initial state of
the FSA is |R) and the final state is | F'), the components of
the left and right boundary vectors of an MPO are always

(Bh)y =8a1s (Dhr)y = Se- 43)

Since the flow of an FSA is unidirectional, the MPO is
always an upper triangular matrix in the auxiliary indices.
For a translation invariant MPO, any element on the MPO
diagonal appears in the operator as multiple direct products
of the same operator. For example, the MPO

w C
My = <0 X) (44)
represents an operator O defined on a lattice of length L that
reads

L-1 L
0= (Hv%)éﬁa(]_[&) o, @45)
i=1 i=2

which is not a strict local operator unless W and X are propor-
tional to 1. Thus, for an operator that is a sum of strictly local
terms, the only diagonal element that can appear in the MPO
is 1, up to an overall constant (such as e'*). Moreover, if the
diagonal element in an MPO corresponding to an intermediate
state is 1, the operator O includes a nonlocal term, i.e., a long
range coupling between sites. For example, for the MPO

1

My = (46)

o O
Oﬁ%)
= O

the operator O reads

L-1 L
0=> > WX, (47)
i=1 j=i+1
Thus, for operators that are the sum of nontrivial operators

with a finite support, the only nonvanishing diagonal elements
correspond to the auxiliary states |R) and |F).

B. The AKLT model and MPOs

We now introduce the MPOs for some of the operators
required to build exact excited states of the AKLT model.
These will be useful for the study of the entanglement of
these excited states, introduced in Refs. [42,66]. Whereas
the Arovas A and Arovas B states discussed therein were
for exact eigenstates only for periodic boundary conditions,
here we assume open boundary conditions. The motivation for
this assumption is twofold. First, analytic calculations using
MPS and MPOs are greatly simplified with open boundaries.
Second, we are interested in the thermodynamic limit or large
systems where the properties of the system are essentially
independent of boundary conditions.

We start with the spin-1 AKLT model. The Arovas A state
was introduced in Ref. [66]. The closed-form expression for
the state, up to an overall normalization factor, reads

L—-1
1A) = | Y (=15, - S5 |1G), (48)

Jj=1

where |G) is the ground state of the spin-1 AKLT model and
we have assumed open boundary conditions. The operator that
appears in the Arovas A state can be written as

Oa=>_ (=1)/S; S
J

(STST, +S7ST
:Z(—l)f( IR SiS) (49)
J

By analogy to the MPO of Eq. (42) corresponding to the
operator Eq. (41), the MPO for O4 (in the case of open
boundary conditions) reads [also see Eq. (B4)]

~-$° 0

s

V2

g ) 50
5 (50)
SZ

1

1 -8 _5

M,

co o o
co o o
S
co o© o§|%
co o o

where the negative signs appear due to the (—1)/ in Eq. (49).

Similarly, the Arovas B state, introduced in Ref. [66] is
another exact excited state of the AKLT model [42]. As
mentioned in Ref. [42], its closed-form expression, up to an
overall normalization factor, can be written as

|B) = Op|G) (51)

with

~

-1

Op =Y (=1){S;-1-5;.8; - S}, (52)

~.
Il
S}

where we have assumed open boundary conditions. As shown
in Eq. (B7) in Appendix B, the MPO for Oy can be compactly
expressed as

-1 -S 0 0
lo 0 T 0
Ms=1 o o sl (53)
0 0 0 1
where
— St 5
5= (_ S sz),
V2 V2
s= st )T
S=(=—= = s7) , (54)
(«/5 V2
{S—.5%} —\2 {8~.5°%)
S B2
_ +32 {st.57} {s*.5%)
7=\ B B
{s2.5"} {85,857} z
B B2 ases

The bond dimension of the MPO Mjp is thus yx,, = 8.
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Another set of excited states for spin-S AKLT models
was obtained in Ref. [42], i.e., the spin-2S magnons. The
closed-form expression for the spin-2S magnon state in the
spin-S AKLT models, up to an overall normalization factor,
reads

L
1SS2) =Y " (1) (5] )*1SG), (55)

Jj=1

where |SG) is the ground state of the spin-S AKLT model.
Unlike the two previous states, |SS,) is an exact excited state
irrespective of the boundary conditions [42]. The spin-2S§
magnon creation operator thus reads

Oss, = Y _ (=1 (. (56)
J

Since @SSZ is a sum of single-site operators, by analogy to
Egs. (35) and (39), its MPO has yx,, = 2 and reads

_ (28
Mss, = ( A ) (57)

Following the spin-2S magnon in Eq. (56), a tower of states
from the ground state to a highest excited state was introduced
for spin-S AKLT models in Ref. [42]. The states in the tower
are comprised of multiple spin-2S magnons, and are all exact
excited states for open and periodic boundary conditions. The
closed-form expression for the Nth state of the tower of states
for the spin-S AKLT model reads

When written naively, the MPO for the operator (@ s 52)N has
a bond dimension 2V, since it is a direct product of N copies
of the MPO Mgg, on the auxiliary space. However, a more
efficient MPO can be constructed for ((’A)SSZ W,

For example, consider N = 2. (@552 )? can be written as
(up to an overall factor)

(Oss.)” = Y (=1 (S (5. (59)

i<j

Since (Sj)“s = 0, Eq. (59) can be written as

A 2  1\ioh\2S 1V ()2
= ; ; .
(Oss,) E (=1)'(S7) E (=D’(S7) (60)

i<j

From Eq. (60), it is evident that the MPO Mg, for (Oss, )? can
be viewed as two copies of the generalized FSA generating
Mgs,, where the final state of the first generalized FSA is the
initial state for the second generalized FSA. The MPO thus
reads

-1 (5" 0
Mss,= | © LSO, 6D
0 0 —1

The appearance of three £1 on the diagonal of Mg, reflects
the nonlocality of the operator (Oss, )2
The same strategy can be applied to construct the MPO

SSan) = (@SSZ)NLSG)_ 55 f\k/lléggzMNPc(c))rrreesgsnding to the operator ((’A)SS:)N. For general N,
|
1 —(5+)* 0
0 1 (S+)2S
Mss,, = 0 : (62)
(=DM (=DM
0 0 (—DHN+11

The bond dimension of the MPO Mg, is thus x, = N + 1.

V. MPO x MPS

The exact states that we are interested in are obtained
by acting local operators on the ground states [42]. In this
section, we study some of the properties of an MPS formed by
acting an MPO (operator) on an MPS with a finite correlation
length (ground state). Similar approaches (e.g., tangent space
methods) have been used to study low-energy excitations of
gapped Hamiltonians [22,24,25,27,67,68].

A. Definition and properties

A state defined by the action of an MPO on an MPS
(we assume both to be site-independent) has a natural MPS
description,

B[m] — Z M[mn] ® A[n]7 (63)

n

(
where the tensor product ® acts on the ancilla. We refer to B
as an MPO x MPS to distinguish it from the MPS A, which
we assume to have a finite correlation length. B has a bond
dimension of

Y= XmX> (64)

where x,, and yx are the bond dimensions of the MPO and
MPS, respectively. Note that Y need not be the optimum bond
dimension of B (i.e., Schmidt rank of the state B represents),
though it is typically the case when M and A have optimum
bond dimensions. The transfer matrix of B reads

F = ZB[W!]* ® BIM

= Z A @ pglm* @ ppinll & Al (65)
m,n,l

where ® acts on the ancilla. F isthusa T x T x YT x T
tensor that can also be viewed as Y2 x Y2 matrix by grouping
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both the left and right ancilla. F can also be written as

F=Y A""g Mg Al (66)

m,l

where

M[m]] — Z pym1* ® Ml — Z MT[mn] ® M[nl]’ (67)
n n

where t acts on the physical indices on the MPO. From
Egs. (63) and (65), the boundary vectors of an MPO x MPS
and its transfer matrix are given by

by =b\, @b, by =0, 0,
b = (bl ®bly), by = (by ®Db}). (68)

Since M is always upper triangular in the auxiliary indices
(as discussed in Sec. IV), M is a x2 x x2 matrix with a
nested upper triangular structure in the ancilla, with elements
as d x d matrices, where d is the physical Hilbert space
dimension. For example, if we consider the MPO of Eq. (39),
M reads

N AL AL A

1 C ol c'c
0 e*1 0 et
M= } . (69)
0 0 Elkﬂ ik
0 0 0 1

In Eq. (65), the matrix elements of F' can also be viewed as a
X2 x x2 matrix with matrix elements

Fw =) A" @ Minial, (70)

m,l

F,,, is indeed the generalized transfer matrix [see Eq. (8) in
Sec. II A] of the operator M,,,. Thus F is also a nested upper
triangular matrix with elements x? x x? generalized transfer
matrices of the elements of M with the original MPS A. For
M of Eq. (69), we obtain

E  Ec  Eer Egie
0 e*E 0 e *Eg
F= N )
0 0 e'E e*Eg
0 0 0 E

where E is the transfer matrix of the MPS A and E¢, E4i, and
E¢i¢ are the generalized transfer matrices [defined in Eq. (8)]
of operators C s ¢ t, and Cic , respectively. Furthermore, since
the MPO boundary conditions are always of the form of
Eq. (43), using Eq. (68) the boundary vectors for the transfer
matrix F read

0 by

. o

bp=|o | k= 8 . (72)
b 0

As illustrated in the previous section using Egs. (44)
and (46), nonvanishing diagonal elements of the MPO can
only be of the form ¢’ 1. Consequently, the diagonal elements

of F are always of the form ¢E, as can be observed in
the example in Eq. (71). The generalized eigenvalues and
structure of the Jordan normal form of block upper triangular
matrices such as F' is discussed in Appendix D. As evident
from Eqgs. (D3) and (D1), the block upper triangular structure
of F dictates that its generalized eigenvalues are those of ¢/’ E
blocks on the diagonal. The eigenvalue of unit magnitude of
the transfer matrix F is thus not unique in general, and an
MPO x MPS typically does not have exponentially decaying
correlations even if the MPS has.

Moreover, the transfer matrix F need not be diagonaliz-
able. In general, it would have a Jordan normal form con-
sisting of Jordan blocks corresponding to various degener-
ate generalized eigenvalues. The Jordan decomposition of F
reads

F=PJP ", (73)

where J is the Jordan normal form of F', the columns of P
are the right generalized eigenvectors of F, and the rows of
P! are the left generalized eigenvectors of F (same as right
generalized eigenvectors of FT). J is composed of several
Jordan blocks of various sizes, and has the form

7= (74)
ieA

where A is a set of indices that label the Jordan blocks, J; is a
Jordan block of size |J;| of an eigenvalue X; and ZieA |Ji| =
2. That is, up to a shuffling of rows and columns,

A1 o ... ... 0
0 X 1
. Do e e | 5
- . . . 0
A
o ... ... ... 0 N ]
For a diagonalizable matrix, |J;| = 1 foralli € A.

B. Entanglement spectra of MPO x MPS

In this section, we outline the computation of the entangle-
ment spectrum for an MPO x MPS state, i.e., for an MPS with
a nondiagonalizable transfer matrix. Since the MPO x MPS
is also an MPS, Egs. (13) to (18) of Sec. II B are valid here as
well. Analogous to Eq. (17), here we obtain

L= (FNHkp,, R=FLp",. (76)
In the following, we will mostly be interested in the limit n =
L= Lp— o0, i.e., the thermodynamic limit with an equal
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J", and

ieA YVi>

SO

1

bipartition. Since F" = PJ"P~!, J" = P
)

()

0 A ()

all the Jordan blocks J; corresponding to |X;| < 1, vanish in
the thermodynamic (n — oo) limit. We can thus truncate J
to a subspace with generalized eigenvalues of magnitude 1,
by including a projector Q onto that subspace. This subspace
could involve several Jordan blocks, each of possibly different
dimension. We define

Juie = 0J 0 = @ Ji.

i€ Aunit

(78)

where Ay is a set defined such that |A;| =1 for i € Ay,
and the dimension of Jypj iS | Junit|, where

[anicl = Y 11,

i € Aunit

(719)

Since we are interested in the limit n» — o0, instead of F, we
use a truncated transfer matrix Fy,;; defined as

Funit = PJunit P, (80)

such that

Fﬂ — Fn

nit asn — oo.

1)

Since Q? = Q, using Eq. (78), the expression for F,; can be
written as

Fuic = PQ(QJQ)OP™" = VeJuilV/,  (82)
where we have used Eq. (78) and have defined
Ve=PQ, VI=0pP " (83)

Since Vg consists of the columns of P (right generalized
eigenvectors of F') corresponding to the generalized eigenval-
ues in J and V| consists of the rows of P! (left generalized
eigenvectors of F), Vg and V have the forms

VR=(r1 ro ...
Vi=U 1y ..

r‘-’uni(l)’

i) (34)

where {r;} (respectively, {;}) are the Y2-dimensional right (re-
spectively, left) generalized eigenvectors of F corresponding
the generalized eigenvalues of magnitude 1.

Using Egs. (82) and (83), the truncated Gram matrices read

Runit = Ve Junit)" V] Dy,
Lunic = Vi (I L))" Vi b

unit

(85)
We split Eq. (85) into two parts. We first define the |Jyic|-

dimensional “modified” boundary vectors that are indepen-
dent of n as

Br = Vb, Br=Vibh. (86)

(‘Ji?,l))\‘?_lji‘-’—l

()2 ’ 7
G
0 A

il | il

The n-dependent parts of Ly, and Rypie are then encoded in
the (1)? x |Junit| dimensional matrices

Wr = Vellui)",  Wr =V (J5)" (87)

Since £ and R are viewed as Y x YT matrices in Eq. (18), it
is natural to view the columns of £ and R as T x T matrices
in Eq. (87). Consequently, we can directly view the columns
of V; and Vj [defined in Eq. (84)] as T x Y matrices.

To obtain a direct relation between the generalized eigen-
vectors of F and the projected Gram matrices Lypj; and Ryn;
[defined in Eq. (85)], we need to determine how W, and
Wx depend on the generalized eigenvectors. Suppose the
components of Wg and W, have the following forms:

Ry 1),
* L‘Junit‘)’

where {R;} and {L;} are T x Y matrices. Rypnj and Ly are
n-independent superpositions of the matrices {R;} and {L;}.
Their expressions read

Wr= (R Ry ...

Wr=(L; Ly .. (88)

[ Junit|

Runit = Z R; (ﬁ;‘)ﬂ

i=1

|Juni(|

Lot =Y _ Li(Br),- (89)
i=1

To relate {R;} and {L;} to {r;} and {/;}, we need to consider
the Jordan block structure of Jypi. If Jynic consists of a single
Jordan block of generalized eigenvalue A, dimension |Jynil,
and of the form of Eq. (75); using Egs. (77) and (87), we
directly obtain

i—1

n .
w= 2 ()

Jj=0

[Junie|—i
n .
L= Z <j>li+j)»" ’

j=0

(90)

where {r;} and {/;} are viewed as T x Y matrices.

For Jyn composed of several Jordan blocks, {J;} [e.g., in
Eq. (78)], Eq. (90) holds for each Jordan block separately. We
first consider a subset of right and left generalized eigenvec-
tors of Fypit, {rl.“k)} C {ri}and {l,-“k)} C {/;} that are associated
with the Jordan block J; of dimension |J;| and generalized
eigenvalue Ay, |A;| = 1. Here, we assume that rfjk) (respec-
tively, lfjk)) is the right (respectively, left) eigenvector and
ri“k) (respectively, lfjk)) is the (i — 1)-th right (respectively,
left) generalized eigenvector. We then define {R;J")} C {R;}
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and (LY} C {L;} that are related to {r*'} and {//¥)} as

i—1
o) _ N (J)yn—j
=g (e

j=0
i '

L =3 (j)l}fj?xzf. 1)
j=0

This is the analog of Eq. (90) for a single Jordan block J;.
Using Eqgs. (89) and (91), Ryni and Ly are of the form

|Junil‘

7?/unit = Z fR(iv n, ,B;?)ria
i=I
I\]uni!‘

Lo =Y fu(isn, Bk, (92)

i=l1

where { fr(i, n, B%-)} and { f.(i, n, ﬂ})} are scalar coefficients
that depend on n through Eq. (91) and on the boundary
condition dependent vectors B}, and ,B}, respectively.

Since Lyunii and Ry are the same as £ and R in the
thermodynamic limit, using Eq. (92), the unnormalized and
usually non-Hermitian matrix prq of Eq. (18) that has the
same spectrum as the reduced density matrix reads

[Junic|
prea = Y fr(i.n. By) fr(jon. Bp)lir] . (93)
ij=1
This calculation has been illustrated in Appendix C with an
example from the AKLT model. In the limit of large n, preq
can be computed using Eq. (93) order by order in n. Such a
calculation will be discussed with concrete examples from the
AKLT models in the next three sections.

VI. SINGLE-MODE EXCITATIONS

As an example, to illustrate the results of the previous
section, we first consider single-mode excitations. A single-
mode excitation is defined as an excited eigenstate created
by a local operator acting on the ground state. It is known
that such wave functions are efficient variational Ansdtze for
low-energy excitations of gapped Hamiltonians [22]. Such
excitations, dubbed as a single-mode approximation (SMA)
or the Feynman-Bijl Ansatz, have also been used as trial wave
functions for low-energy excitations in a variety of models
[22,24,66,69-72].

A. Structure of the transfer matrix

The SMA state obtained by a local operator O can be
written as

[0 =) €% 0,1G) = 04G), (94)
J

where O ; denotes the operator O in the vicinity of site j of
the spin chain (if not purely onsite), |G) is the ground state of
the system and k is the momentum of the SMA state. In the
spin-1 AKLT model, the three low-lying exact states shown
in Eqgs. (48), (51), and (55) have the form of Eq. (94) with
k = &, i.e., the SMA generates an exact eigenstate [42,66].

In the language of matrix product states, SMA states can be
represented as an MPO x MPS, where the MPO represents
the operator Oy, and the MPS is the matrix product represen-
tation of the ground state |G). As discussed in Sec. IV, the
MPO of a translation invariant local operator O defined in
Eq. (94) can be constructed such that it is upper triangular with
only two nonvanishing diagonal elements, ¢’*1 and 1. This
structure can also be observed in the MPOs of the creation
operators of the excited states of the AKLT model, shown in
Eqgs. (50), (53), and (57). For the single-mode approximation,
the transfer matrix F of |O;) thus has four nonvanishing
blocks on the diagonal and its generalized eigenvalues are
those of the submatrices on the diagonal (see Appendix D 1).
Since all the SMA states of the AKLT model are at momentum
7, we set k = m in the following. The same analysis holds for
any k # 0.

We illustrate the entanglement spectrum calculation for
the simplest case, where F has the form of Eq. (71), corre-
sponding to an MPO with bond dimension y,, = 2, the one in
Eq. 39) and k = 7,

E E; Eg Epie
0 -—-FE 0 —Ex
F= ¢l (95)
0 0 —-E —E;&
0 0 0 E

The transfer matrix boundary vectors then have the form of
Eq. (72),

by 8
b = 0

b, = (96)

0
O b
0 b

B. Derivation of p,4

The structure of generalized eigenvalues and generalized
eigenvectors of block upper triangular matrices of the form
of F in Eq. (95) is explained in Appendix D, and the Jordan
normal form of the generalized eigenvalues of unit magnitude
is in derived in Appendix F 1. The generalized eigenvalues of
F of Eq. (95) with a unit magnitude are {+1, —1, —1, 41}, the
largest eigenvalues of the submatrices E (the transfer matrices
of the ground-state MPS). The +1 generalized eigenvalues in
F form a Jordan block as long as a certain condition holds
[see Eq. (F9)], which is satisfied for a typical operator Oy.
Since the off-diagonal block between the subspaces of the two
—E blocks is 0 [as seen in Eq. (95)], the two —1 generalized
eigenvalues in F do not form a Jordan block.

Thus, for a typical operator Oy, the Jordan normal form
Junit Of the truncated transfer matrix Fyp; [defined in Eq. (82)]
is the one in Eq. (F11). It can be decomposed into three Jordan
blocks as

Juit = Jo® J_1 @ Ji, o7

where the blocks read

Jo=((1) }) Jo=(1). h=(1. ©8
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Following the convention of Eq. (84), we assume that V and
V. have the forms

Ve=(rirarsry), Vp=UhL1GlL). 99)
Since the +1 generalized eigenvalues are due to the top and
bottom blocks of F, r| (respectively, /1) and r4 (respectively,
l4) are the right (respectively, left) generalized eigenvectors
corresponding to J3. Similarly, r, (respectively, [;) and r3
(respectively, /3) correspond to the right (respectively, left)
generalized eigenvectors of J_; and J;, respectively. Thus
the generalized eigenvectors associated with the Jordan blocks
can be defined as

rflo) _

— -1

=y, r =r,

b 1YY =10 (100)

()
r =,

=0, 5V =1,

10 =1
Equivalently, we could also write the truncated Jordan normal
form of F as

0 0
-1 0
Junit = 1

0 (101)
0

(el
—_—O0 O =

Since the columns of Vi and V;, are right and left general-
ized eigenvectors of F corresponding to generalized eigenval-
ues of unit magnitude, they read [see Egs. (F12) and (F13)]

C1€R *
0 cre
ry = 0 s ry = 20R s
0 0
* *
*
Ehal A B (102)
0 C4€R
and
% 0 0 0
L 0 0
ll = : 5 lz = : 5 l3 = % 5 l4 = 0 9
* * * &+
(103)

where e and e are the y2-dimensional left and right eigen-
vectors of the E corresponding to the eigenvalue 1 and the ¢;’s
are some constants. The constant c¢; can be set freely if r; and
[; are eigenvectors (not generalized eigenvectors) of F.
However, in the calculation of Wg and W, [defined
in Eq. (87)], the generalized eigenvectors {r;} and {l;} of
Egs. (102) and (103) are viewed as ¥ x Y matrices. They

read
__ [ ¢ci1er 0 _ * 0
=10 o) "= cegr 0O)
_(* cep L *
3= <>x< 0 )’ 4= <>x< C4€R>

(104)

and

l_eL/cl * = 0 *
1= * ) 2T ep/ca  *)’

13:(8 @Lic?))’ 14:<8 eL‘;q), (105)

where ep and e; are the right and left eigenvectors of the
transfer matrix £, now viewed as x X x matrices.

Using Egs. (100) and (91) [or directly Egs. (101) and (99)],
Wy and W [whose components are defined in Eq. (90)] read

Wg = (r1 (=1)"'r2 (=1)"r3 nry +ry),

WL = (L +nly (=1)"l (=1)"l3 14). (106)
Using Eq. (89), we know that Ry, and Ly read
Runit = r1Bpy + (=1)'r2Bpy + (=1)"r3Bp;
+ (nry +r4)Biys
Lunic = (h + 1)y, + (=1L,
+(=1)'"l3Bs + LB, (107)

where {r;} (respectively, {/;}) are T x Y matrices defined in
Eq. (104) [respectively, Eq. (105)] respectively, and B, (re-
spectively, ﬂfv ;) is the ith component of the right (respectively,
left) modified boundary vector.

Since we are mainly interested in the n — oo limit, we
obtain prq order by order in n. Using Eq. (93), to order n2,
the preq Which has the same spectrum as the reduced density
matrix (up to a global normalization factor), is given by the
product of O(n) terms from both L,; and Ry in Eq. (107):

Pred = > Bl Bralar] + O(n). (108)

However, from Eqgs. (104) and (105), since l4r]T =0, Pred 1S
a zero matrix at order n%. If we define b; ; = ﬂ}iﬁ;j, to the
next order n, prq reads

Pred = n(bl,4(llr1T + l4r4T) + b]y[l4r1T + b44l4r1T
+ by a(=1)"Tar] + b3 a(=1)"l3r] + b1 2(=1)"1ar]
+b13(=1)"lry ) + O(1). (109)

Computing prq in Eq. (109) using Egs. (104) and (105), we
obtain
eLeITe 0

Pred = I’lb]4( T) + O(l)

* erey (110)

Using Eq. (20), we know that ez e is nothing but the reduced
density matrix of the ground state. Since the peq in Eq. (110)
is block lower triangular, its eigenvalues are those of its
diagonal blocks. Thus the entanglement spectrum, given by
the spectrum of prq, of an MPO x MPS for a single-mode
excitation is two degenerate copies of the MPS entanglement
spectrum, in the thermodynamic limit (as # — 00). We then
immediately deduce that the entanglement entropy is given by

S=8;+In2. (111)

The extra In2 entropy has an alternate interpretation as the
Shannon entropy due to the SMA quasiparticle being either
in part A or part B of the system. Thus we have provided
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a proof that in the thermodynamic limit, single-mode excita- of multiple local operators on the ground state. Unlike the

tions have an entanglement spectrum that is two copies of the single-mode approximation, the number of operators acted

ground-state entanglement spectrum. Alternate derivations of  on the ground state does not uniquely specify entanglement

the same result were obtained in Refs. [22,23]. spectrum. We thus focus on a concrete example in the 1D
We now move to exact examples obtained in the AKLT AKLT models, the tower of states of Eq. (58) [42]. We

models [42]. The Arovas A and B states, and the spin-2 first focus on the state with two magnons (N = 2) and then

magnon of the spin-1 AKLT model, the Arovas B states generalize the result to arbitrary N in the next section.

and the spin-2S magnon of the spin-S AKLT model are all

examples of single-mode excitations. While the Arovas states

are exact eigenstates only for periodic boundary conditions,

it is reasonable to believe that they are exact eigenstates for For N =2, the MPO Mg, in Eq. (62) has a bond dimen-

open boundary conditions too in the thermodynamic limit.  sion x, = 3 and it reads

Thus we expect their entanglement spectra to be two degen-

erate copies of the ground-state entanglement spectra in the -1 —(sH* 0

thermodynamic limit. While the entanglement spectra in the Mss,=| 0 1 (ST |. (112)

thermodynamic limit are the same for all the single-mode 0 0 -1

excitations of the AKLT models, they differ in the nature of

their finite-size corrections. We will discuss these differences  Consequently, using Eq. (65) and shorthand notations for the

A. Jordan decomposition of the transfer matrix

in Sec. XI. generalized transfer matrices as
VII. BEYOND SINGLE-MODE EXCITATIONS Ey=Estps, E-=Egyps, E-4= E<sf>25<s+)2-5‘1’13
We now move on to the computation of the entangle- (1)
ment entropy of states that are obtained by the application the transfer matrix F' can be written as a 9 x 9 matrix:
J
E E. 0 E_ E_, 0 0 0 0
0 —-E -E; 0 —-E_. E_. O 0 0
0 0 E 0 0 E_ 0 0 0
0 0 0 —-E E 0 E. E_, 0
F=]0 0 0 0 E E, 0 —-E. E_.|. (114)
0 0 0 0 0 —E 0 0 E_
0 0 0 0 0 0 E E. 0
0 0 0 0 0 0 0 —-E -—E,
0 0 0 0 0 0 0 0 E

The generalized eigenvalues of F that have magnitude 1 are due to the = E blocks on the diagonals of F. Thus F has nine
generalized eigenvalues of magnitude 1, five (41)’s and four (—1)’s.
In Appendix F 2, we have derived the Jordan block structure of F' of Eq. (114). There, we used the property [see Eq. (E4)]

Eier=FE epg=0, elE,=eE_ =0, elE_,ex#0, (115)

where e; and ey are the left and right eigenvectors of E corresponding to the eigenvalue +1, to show that the largest generalized
eigenvalues of any two diagonal blocks in F belong to the same Jordan block if they are related by an off-diagonal block E__ in
F. Thus, for F, the truncated Jordan normal form Jy;; of the generalized eigenvalues of largest magnitude reads [see Eq. (F38)]

0
-1

(116)

Junit =

S OO~ OO O—O

SR, OO O~ OO0
—_— O OO~ OO OO

[eNeoloNoNoNoNe el
[=NeoloNoNoNeNe)

[eleoloNoNeoNe A=
SO DO O—~, OO0
SO OO~ OO O~
SO~ OO OOoO

(

The forms of the right and left generalized eigenvectors determined by Egs. (D67) in Appendix D. For example, the
corresponding to the generalized eigenvalues in Jy, are left and right generalized eigenvectors corresponding to the
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fourth eigenvalue (—1) on the diagonal of Jy,; in Eq. (116)
read

S OO

Q
=
Glm
I~

* ¥ ¥ ¥ *x
o

ray = , (117)

SO OOON ¥ ¥ %

where e and e, are the left and right generalized eigenvectors
of E and c|, is some constant. When viewed as 3 x 3
matrices, these read

* cipeg O
g =ry=|* 0 0 ,
* 0 0
lzy] = l4 =10 * s (118)
0 * *
where we have defined
Tap = Ma—1)+8s  lap = Ba—1)+8 (119)

to be the generalized eigenvectors of F corresponding to the
generalized eigenvalue of magnitude 1 and eg and ey are
viewed as y x x matrices. Thus, in general, the expression
for the 3 x 3 ry g (respectively, /, g) is obtained by filling
in irrelevant elements “x”’s column-wise from top-to-bottom
(respectively, bottom-to-top) starting from the top-left (re-
spectively, bottom-right) corner until the (¢, 8)-th element,
which is set to cq pger (respectively, er/cy g). Using the
structure of Jynie in Eq. (116), we observe that five Jordan
blocks J,,, —2 < m < 2 are formed, that have generalized
eigenvalues (—1)" and consist of generalized eigenvectors
To.q+m and ly o1 With 1 — min(0, m) < o < 3 — max(0, m).

B. General properties of R ;s and Lyi

We now proceed to derive some general properties of
Runit and Ly that are helpful in the calculation of prq [see
Eq. (93)]. Since preq is a sum products of the form /g, ﬂr; 5
[see Eq. (93)], using the forms of the generalized eigenvectors
lo,p and rq g [for example, Eq. (118)], we note the following
properties:

loprys =0 ifp >3, (120)
N\ ifaa >y

, 121
B—i—A(a,eLe,Te) ifoa =y (121)

T
la,ﬂr%ﬂ =

where [\ represents a strictly lower-triangular matrix and
A(a, x) is a diagonal matrix with the oth element on the
diagonal equal to x. As we will see in the next section, these
properties are valid for any number of magnons N.

To compute p.q order by order in the length of the sub-
system n, we need to determine the factor of n that appears
in front of the product lm,gryT, s 10 preq. We first obtain the

factors of n that accompany each of r, g and [, g in Ry and
Lynir respectively. Using Egs. (91) and (89), when N = 2 the
expression for Ry reads

n
Runit = <<2>r1,1 +nryo + r3,3>,3;9 + (nry1 +122)Brs

+ri1Bry + (=1 [(nr1 2+ r23)Brg + 112874
+ (=1)"[(nra1 + r32)Brg + 12,185
+rl,3ﬂ;7 + ’"3,1,3;?3,

where terms on the same line come from the same Jordan
block J,,,. Similarly, the expression for L, for N = 2 reads

(122)

Lunit = ((2)13,3 +nlo + l1,1),35r1 + (nl3 5+ 122) Bl

+ 133850 + (=1 [(nla3 + 112)BEs + 3B
+(=1)"[(nls2 + 12,1y + 1328k

+11 3By + 151 B

The structure of Egs. (122) and (123) exemplify properties of
R and L that are valid for any value of N:

(1) The largest combinatorial factors Cj ; and CJ , that
multiply the right and left generalized eigenvectors r, g and
la,p in Rynit and Lyyi, respectively, read [as a consequence of
Egs. (89) and (91)]

(123)

R n
Cop = (N — max(a, B) + 1)’ (124)

%= (win - 1)
“f ™ \min(a, ) — 1)’

For example, the largest combinatorial factors to multiply ry
and /3 3 in Egs. (122) and (123) are C,RJ = (5)and C§3 =),
respectively.

(2) The dominant term (with the largest factor of n) involv-
ing generalized eigenvectors of any given Jordan block are
all multiplied by the same boundary vector component in the
expression for L and Ry, This is derived using Egs. (89)
and (91). For example, r; 1, 2 » and r3 3 (respectively, /1 1, [ 2,
and /33) are all associated with the same Jordan block (Jj),
and the largest factors of n that multiply them are (3)B,.
nBre and Bi, [respectively, ,3}1, nﬂf,,-l, and (; ),8;-1]. That is,
the dominant terms involving these generalized eigenvectors
are all multiplied by the same boundary vector component 8
(respectively, ,3;1) in Rypye (respectively, Loyni)-

(3) All the terms in Eq. (121) associated with a given
Jordan block are multiplied by A", where X is the eigenvalue
associated with the Jordan block involved [here either (41) or
(—1)]. This is seen in Eq. (91).

Using Cj, 4 and CJ ; of Egs. (125) and (124), respectively,
one can directly compute p.q [defined in Eq. (18)] order by
order in n. Note that

L
Cop

Using Eq. (126), we note that any term of order strictly greater
than n" requires min(a, ) > max(y, §), which necessar-
ily implies B > §. Since all products I, ﬂr; s vanish [using
Eq. (120)], the dominant nonvanishing terms appear at order

(125)

C:jg ~ O(nNerin(a,ﬂ)fmax(y,zS)). (126)
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n™ or smaller. Directly from Eq. (126),if 8 < 8,8 <y, a <

y or a < 8, the product CL 4CX necessarily has a smaller
order than n". Thus, at order n", we obtain products that
satisfy « > vy, « > 6, B > 6 and B > y. The products with
B > & vanish [using Eq. (120)] and products with o > y give
rise to lower triangular terms [using Eq. (121)]; and they do
not contribute to the eigenvalues of p.q when no upper trian-
gular terms are present. We thus deduce that the products that
determine the spectrum of prq (and hence the entanglement
spectrum) at leading order in n satisfy =8, a =y, a > 8
and B > y; and consequently, « = 8 = y = §. Furthermore,
since all the r, ,,’s and [, ,,’s belong to the largest Jordan block
with eigenvalue +1, all the products la,ari , are multiplied
with the same modified boundary vector components.

Indeed, these arguments can be verified using the exact
form of pgq at order n? using Lynie and Ry in Egs. (122)
and (123):

n n
Pred = <<2>11,1F1T,1 +n’lory 5 + (2>l3,3r3r,3>b1,9

+n?[l3or] b s + (—1)* (3275 1b20 + b o1 b1 s) ]

+ <;) [(l3.37] 3b1.7 + 13,17 1 b30)
+(=1)*(I3.3r3 3018 + lar{ 1b20)], (127)

where b; ; = ﬂ}iﬂ;j. Thus, at order n?, using Egs. (127)
and (121), preq reads

(Gecer 0 0
Pred = b1 9 * n’eeh 0 +O(n)
. £ (ereh
%euzfe 0 0
~n’bio|  x erelh 0 +O@), (128)
* * %eLeg

where we have used (5) ~ %, an approximation that is exact
as n — oo. The entanglement spectrum of two magnons on
the ground state is thus three copies of the ground-state en-
tanglement spectrum. The three copies are however, separated
into one nondegenerate and two degenerate copies.

VIII. TOWER OF STATES

We now move on to the calculation of the entanglement
spectra for the AKLT tower of states with N > 2 magnons on
the ground state. The expression for the MPO Mgs,, for the
tower of states operator has a bond dimension y,, = N + 1
and is shown in Eq. (62). Several results in this section are
a straightforward generalization of results in the previous
section.

A. Jordan decomposition of the transfer matrix

Analogous to Eq. (114), the transfer matrix F for arbi-
trary N can be written as a (N + 1) x (N + 1) block upper
triangular matrix, with x x x blocks. Thus the generalized
eigenvectors of F for a general N have inherited a structure as

those in Eq. (118). The right and left generalized eigenvectors
Ta,p = F(N+1)(@—1)+8 and la,ﬁ = l(N+l)(a—l)+ﬂ have the forms
[when viewed as (N + 1) x (N + 1) matrices]

* * 0 0
%k .. k
Yo, = % * Ca,BER 0 0 ,
0 0
* * 0 0
0 0 * *
0
lop =10 0 & = «[, (129
: * . *
0 0 * *

where the (a, B)-th element in r, g and I, g are proportional
to eg and ey, respectively. Since the off-diagonal blocks of
F have the same structure as those in Eq. (114) (because the
structures of the MPOs Mgs, and Mg, are the same), the
Jordan normal form is similar to the N = 2 case. That is,
we obtain (2N + 1) Jordan blocks J,,, —N < m < N, that
correspond to an eigenvalue (—1)" and consist of generalized
eigenvectors 7y g+m and ly gy, with 1 —min(0,m) < o <
N 4+ 1 — max(0, m).

As pointed out in Sec. VII B, the properties observed there
are valid for all N. Thus, using C(ﬁﬁ and Coﬁﬁ, Pred Can be
constructed order by order in n. However, for arbitrary N,
we can study two types of limits (i) n — oo, N finite, and
(i) n > oo, N — oo, N/n — const. > 0. Since n = L/2,
N is the number of magnons in the state [SS;y), and the
state has an energy E = 2N [42], the energy density of the
state we are studying is £/L = N/n. The limits (i) and (ii)
thus correspond to zero and finite energy density excitations,
respectively.

B. Zero density excitations

In the limit where N is finite as n — co, we can use the

approximation
ny _ nV
N) NI

which is asymptotically exact. Thus the product of combinato-
rial factors can be classified by order in n. Since the structure
of the generalized eigenvectors I, g and r, g in Eq. (129) are
the same as the N = 2 case in the previous section, properties
Egs. (120) and (121) are valid here. Using the arguments
following Eq. (126) in Sec. VII B, the first nonvanishing term

(130)
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appears at order n”, and the expression for pq reads

N
n n _
Pred = bl,(NJrl)z Z <C¥) (N . a>la,(xr5’a + B + O(nN 1)

a=0
N
1 _
~ anl,(N+l)2 Z mlmaria + h + O(nN 1)’
oo & !

(131)

where [\ represents strictly lower triangular matrices. Using
Eq. (121), to leading order in n, we obtain the unnormalized
density matrix

N
Pred = 1" by (ny1y2

T

erep
L0 ... 0
% epeh
(N—=D!1!
X ], (132)
eLe)T? 0
IN(N=1)!
T
erep
* * OIN!

where e ek is the ground-state reduced density matrix.

Since e ek for the spin-S AKLT model has (S + 1) degen-
erate levels [see Eq. (29)], after normalizing pr.q, the entan-
glement spectrum has (N + 1) copies of (S + 1) degenerate
levels, and each (S + 1)-multiplet reads

1
A —(N> 0<a<N. (133)
o

TN+ D)

The trace of prq is indeed 1,

N 1 N N
Trlpreal = (S + 1)) b = 557 D (a) =1 (134)

a=0 a=0

The entanglement entropy is thus
S = —Trlpred In preal

N
=—(S+1)Zkalnka

a=0

N
1 N N
=SG+NIH2_2_N0(E=0 (a)ln<a) (135)

1 N
~S:+-In (%) for large N, (136)

2

where Sg = 1In(S + 1), the entanglement entropy of the
spin-S AKLT ground state. Equation (136) is derived from
Eq. (135) in Appendix G using a saddle point approximation.
For N =1, using Eq. (135), we recover the single-mode
approximation result of Eq. (111). Furthermore, note that
O®nM~1) and lower-order corrections to prq in Eq. (132)
are typically not lower triangular matrices. Thus the replica
structure of p.q breaks at any finite n, giving a particular
structure to the finite-size corrections. We discuss the nature
of these finite-size corrections in Sec. XI.

C. Finite density excitations

We now proceed to the case where the excited state has
a finite energy density, corresponding to a finite density of
magnons on the ground state. That is,

E/L=N/n>0. (137)

For a large enough N, approximation Eq. (130) breaks down.
Nevertheless, since the MPO for |SS,y) and the MPS for
the ground state of the spin-S AKLT model have bond di-
mensions of x, = (N + 1) and x = (S + 1), respectively,
the MPO x MPS for |SS,y) has a bond dimension x x,, =
S+ 1)(N+1), ie., it grows linearly in N. Consequently,
using Eq. (23), the entanglement entropy of |SS,x) is bounded
by

S < In(x xm) = In[(S + (N + D)]. (138)

Using Eqgs. (136) and (138), we would be tempted to find a
stronger bound or an asymptotic expression for the entangle-
ment entropy in the finite density limit. Indeed, we expect this
entanglement entropy to have the form

S~PhN, (139)

where P is some constant. Without the approximation of
Eq. (130), terms that are weighted by the combinatorial factor
(2)(,",) do not necessarily suppress the terms that appear
with a factor (")(, "), where k, a and b are some positive
integers. This invalidates an expansion in orders of n such
as Eq. (131). Consequently the lower triangular structure of
Pred [see Eq. (132)] breaks down. Hence it is not clear if the
expression for the entanglement entropy of Eq. (136) survives
in the finite density regime. A detailed discussion of this is
given in Appendix H.

IX. IMPLICATIONS FOR THE EIGENSTATE
THERMALIZATION HYPOTHESIS (ETH)

In Ref. [42], we conjectured and provided numerical evi-
dence that in the thermodynamic limit some states of the tower
of states are in the bulk of the spectrum, i.e., in a region of
finite density of states of their own quantum number sector.
Furthermore, we showed that the AKLT model is noninte-
grable, i.e., it exhibits Gaussian orthogonal ensemble (GOE)
level statistics. According to the eigenstate thermalization
hypothesis (ETH), typical states in the bulk of the spectrum
look thermal [1,16,73]. That is, the entanglement entropy of
any such states exhibits a volume law scaling, S o« L. A
strong form of the ETH conjuctures that all states in a region
of finite density of states of the same quantum number sector
look thermal [54,55].

In the spin-S AKLT tower of states, for a state with a finite
density of magnons, using Eq. (138),

SxlInL. (140)

The In L scaling of the entanglement entropy in Eq. (138) is
thus a clear violation of the strong ETH. The atypical behavior
of the tower of states is illustrated in Fig. 3. In Figs. 3(a)
and 3(b), we plot the entanglement entropy of all the states
in a given quantum number sector for two system sizes L =
14 and 16 at the AKLT point. The dip of the entanglement
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FIG. 3. The normalized entanglement entropy S/[(L/2)1n 3] for the eigenstates of the Hamiltonian with energy E (141) in the quantum
number sector (s, S;, k, I, P,) = (6, 0, w, —1, +1), where the quantum numbers respectively correspond to the total spin, the projection of the
total spin along the z direction, momentum, inversion and spin-flip symmetries [42]. (a) and (b) show the entropy at the AKLT point. This
sector has a single exact state |Sg) that belongs to the tower of states, which exhibits a sharp dip at £ = 6. (c) and (d) show the entropy for
o = —0.025, where remnants of the low-entropy states are seen. (e) and (f) show the entropy in the same sector for « = —0.05.

entropy at energy E = 6 corresponds to the state |Se), which
clearly violates the trends of entanglement entropy within its
own quantum number sector. The dip persists for L = 16, the
largest system size accessible to exact diagonalization. These
states are thus the first examples of what are now known as
“quantum many-body scars” [39,40,74,75].

One might wonder if such a violation of ETH is generic
in nature, i.e., if these states have a subthermal entanglement
entropy even when the Hamiltonian is perturbed away from
the AKLT point. We explore this using the Hamiltonian

L
1 1- - 1 a) - -
Hy=) (5+55"S —+ 5 )i Si)? )
;(SJFZ +1+<6+2)( m)
(141)

where o = 0 corresponds to the Hamiltonian of the AKLT
model. We find that the dip in the entanglement entropy is
stable up to a value of @ = —0.025, as shown in Figs. 3(c)
and 3(d). However, we cannot exclude that the range of
o where we observe this low entanglement in the bulk of
spectrum, will go to zero in the thermodynamic limit [as
observed for « = —0.05 in Figs. 3(e) and 3(f)]. Finally, we
draw attention to the existence of apparently atypical states

in the (nonintegrable) spin-1 Heisenberg model, shown in
Figs. 4(a) and 4(b) that could be an artifact of the finite system
size.

Since the number of states that belong to the tower of states
grows only polynomially in L, the set of ETH violating states
has a measure zero. Thus the existence of these sub-thermal
states do not preclude the weak ETH, which states almost all
eigenstates in a region of finite density of states look thermal.

X. DEGENERACIES IN THE ENTANGLEMENT
SPECTRA OF EXCITED STATES

We now move on to describe the constraints that the AKLT
Hamiltonian symmetries on the entanglement spectra of the
exact excited states.

A. Symmetries of MPS and symmetry
protected topological phases

We first briefly review the action of symmetries on an MPS,
the concept of symmetry protected topological (SPT) phases
in 1D, and their connections to degeneracies in the entangle-
ment spectrum [76—79]. A state |) that is invariant under any
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FIG. 4. Apparent atypical eigenstates in the spin-1 pure Heisenberg model (i.e., « = —1/3 in Eq. (141)) in the quantum number sector

(s, S, k, 1, P,) =(0,0,0,+1, +1) for system sizes (a) L = 14 and (b) 16. We use the same conventions as Fig. 3 for the axis labels. Looking
at the evolution between L = 14 and 16 might suggest that those atypical states are finite-size artifacts.

symmetry (that has a local action on an MPS) admits an MPS
representation that transforms under the particular symmetry
as [58,76,78,80]
u(AMy = U AMyT, (142)
where u is the symmetry operator that transforms the MPS,
U is a unitary matrix that acts on the ancilla, and ¢’ is an
arbitrary phase. We now discuss various useful symmetries
that are relevant to the AKLT models.
Since the inversion symmetry flips the chain of length
L (and hence the MPS representation of the state) by in-
terchanging sites i and L — i, the site-independent MPS of
the transformed state is the same as the MPS of the original
state read from right to left in Eq. (3). Consequently, the
site-independent MPS transforms under inversion as [76]
up (A = (AT = Oyl Ay, (143)
In Ref. [76], it was shown that for an MPS A in the canonical
form, the U; matrices should satisfy U;U; = £1. As shown
in Appendix J, each level of the entanglement spectrum has a
degeneracy that should be a multiple of two. The origin of the
degeneracy can be traced back to the existence of symmetry
protected edge modes at the ends of the chain and the SPT
phase.
Time reversal, by virtue of being an antiunitary operation,
acts on the MPS as

ur(A"™) =" T, A" = UL AUy, (144)

where 7,,, = (¢/™5),, K, where K is the complex conjuga-
tion operator and S, acts on the physical index. The two
classes of Ur matrices are again Uy Uy = £1, with Ur U =
—1 indicating an SPT phase [76].

In the case of Z, x Z, spin-rotation symmetries (7 ro-
tations about x and z axes), the MPS transforms under the
symmetries as

U (A" =3 "Ry A = e UTAMU,, (145)

where Rgpmn = (¢75),,, 0 = x, z and S} acts on the phys-
ical index. The two classes of U, are the ones that sat-
isfy UxUzU;UZT = x1, where U, U} = U, U} = 1. Thus the

classes of matrices can be written as (U, Uz)(Ux U,)* = +1.

In each of the cases above, we refer to the transformations
with positive and negative signs as linear and projective
transformations, respectively. Since the conditions of SPT
order for the symmetry groups are of the form UU* = —1,
where U is unitary, U should be x x x antisymmetric matrix.
If x is odd, O is an eigenvalue of U, contradicting the fact that
U is unitary. Thus protected degeneracies cannot exist due to
the symmetries we have discussed if the bond dimension of
the MPS representation in the canonical form is odd.

The spin-1 AKLT ground-state MPS Eq. (24) satisfies
Eqs. (143)-(145) with U; = Uy =ioy, Uy = 0y, and U, =
o,. Thus the entanglement spectrum of the spin-1 AKLT
ground state is degenerate. This analysis can be extended
straight forwardly to a spin-S AKLT model ground state.
Since even S AKLT ground states have an odd bond dimen-
sion, they do not have SPT order nor a doubly degenerate
entanglement spectrum. For odd S, the operators U; = Uy =
¢S U, = ™S, and U, = ™%, where S7 (o = x, y, z) are
spin-S/2 operators that act on the ancilla, satisfy Eqgs. (143)—
(145), respectively. Since these matrices satisfy

U U} = UrUj = (UU)(U U = (=D’L,  (146)
all odd-S AKLT chains have SPT order and a doubly degen-
erate entanglement spectrum whereas even-S chains do not.

B. Symmetries of MPO

For any Hamiltonian that is invariant under certain sym-
metries, each of eigenstates are labeled by quantum numbers
corresponding to a maximal set of commuting symmetries.
As shown in the previous section, the AKLT ground states are
invariant under inversion, time-reversal, and Z, x Z, rotation
symmetries. However, some of the excited states we consider
are not invariant under the said symmetries. For example, the
tower of states we have consider have S, # 0, and are not
invariant under time-reversal or Z, x Z, symmetries but they
are invariant under inversion symmetry.

When an excited state is invariant under a certain sym-
metry, it can trivially be expressed in terms of an operator
invariant under the same symmetry acting on the ground state.
Thus, analogous to Eq. (142), under a symmetry u, the MPO
of such an operator should transform as

u(M™y = 5t plmly (147)

235156-17



MOUDGALYA, REGNAULT, AND BERNEVIG

PHYSICAL REVIEW B 98, 235156 (2018)

where u acts on the physical indices of the MPO and ¥ on the
ancilla.

We first discuss the symmetries that we discussed with
regard to MPS in Sec. X A, i.e., inversion, time reversal, and
Zy x Z; rotation. The actions of these symmetries on an MPO
are similar to the actions on the MPS. Inversion symmetry
interchanges the operators acting on sites i and L — i. Thus,
similar to Eq. (143), we obtain

wp (MU = (MU = sl gy (148)

Time-reversal and Z, x Z, rotation symmetries act on the
physical indices of the MPO via conjugation as

ur(M™) = 3T MUMTE = sl M sy (149)
1,k

and

(M™M= 3" Ry MR,
Lk

— eie,, Z(T’Mlmn] E(f ,
(150)

where T = (€75), Ky Romn = (€75 )0, 0 = X, 7 act
on the physical index of the MPO. In each of these cases,
the auxiliary indices of the MPO transform under the X%;,
Y7, Xy, X, matrices under the various symmetries respec-
tively. Similar to the case of an MPS, we could have MPOs
that transform in two distinct ways X; X7 = £1, X7 X5 =
41, and (Z,%,)(Z,%,)* = 1. We refer to the transfor-
mation with the positive and negative signs as linear and
projective MPO transformations, respectively. Thus, under
physical symmetries, if an MPS transforms on the ancilla
under U, and an MPO transforms under X, the MPO x
MPS transforms on the ancilla under U ® ¥. As a con-
sequence, if an MPO transforms projectively (respectively,
linearly), the MPO x MPS transforms in a different (respec-
tively, the same) way as the MPS.

For example, the MPO corresponding to the Arovas A
operator [see Eq. (48)] transforms linearly under inversion,
time-reversal and Z, x Z, rotation symmetries, and the trans-
formation matrices are shown in Eqs. (I3), (I11), and (116),
respectively. The Arovas B operator [see Eq. (53)] transforms
projectively under inversion, linearly under time-reversal and
rotation symmetries, and the transformation matrices are
shown in Eqs. (I5), (I13), and (I17) respectively. The tower
of states operator transforms projectively and linearly under
inversion symmetry for odd and even N, respectively, with the
transformation matrices shown in Eq. (I7). The transformation
matrices are shown in Appendix I. Note that we do not claim
any topological protection of these states. Indeed, they have a
degenerate largest eigenvalue of the transfer matrix, leading
to long-range correlations that do not decay exponentially.
We discuss the implications of these transformations to the
excited state entanglement spectrum in the next section using
concrete examples from the AKLT models.

XI. FINITE-SIZE EFFECTS IN THE ENTANGLEMENT
SPECTRA OF EXCITED STATES

We proceed to describe the finite-size effects and
symmetry-protected degeneracies in the entanglement spectra

of the exact excited states of the AKLT models. Since the
exact entanglement spectra depend on the configuration of the
free boundary spins, we freeze them to their highest weight
states. Such a boundary configuration is inversion symmetric,
although it violates time-reversal and Z, x Z, rotation sym-
metries (on the edges only).

A. Spin-S AKLT ground states

As described in Sec. X A, the entanglement spectrum of
the spin-S AKLT ground state consists of (S + 1) degenerate
levels in the thermodynamic limit. Generically, such a degen-
eracy between (S + 1) levels is broken for a finite system.
However, as shown in the thermodynamic limit in Ref. [76]
and for a finite system in Appendix J, the entanglement
spectrum is always doubly degenerate when symmetries act
projectively. Thus, for odd S, since inversion, time reversal
and Z, x Z, act projectively [see Eq. (146)], the entangle-
ment spectrum consists of (S 4 1)/2 exactly degenerate dou-
blets. For even-S§, the entanglement spectrum need not consist
of degenerate levels for generic configurations of boundary
spins, though some levels can be degenerate for particular
choices of the boundary spins. While the exact form of the
splitting between the entanglement spectrum levels depends
on the configuration of the boundary spins, we find that it is
exponentially small in the system size.

B. Spin-1 AKLT tower of states

We first describe the entanglement spectrum of the spin-2
magnon state of spin-1 AKLT model, |S,). In Sec. VI, we have
seen that the entanglement spectrum of such a state consists
of two copies of the ground-state entanglement spectrum. For
a finite n, using an explicit computation of p.g using the
methods described in Sec. V B and illustrated in Appendix C,
with MPS boundary vectors of Eq. (26), the four normalized
eigenvalues of prq read [see Eq. (C14)]

( n 3— Zn)
2x | ——, — |,
4n—3 6—8n
where 2x indicates two copies. In Eq. (151), we have ignored
exponentially small finite-size splitting to obtain a closed form
expression. The two degenerate copies of the entanglement
spectrum thus split into two doublets that have an O(1/n)
(power-law) splitting. Similarly, the six eigenvalues of p.q for
| S4) read

5 4n? — 22n + 27 2n% — 5n
X bl 9
32n2 — 88n + 54° 16n? — 44n + 27

4n? — 6n )

(151)

16n% — 44n + 27 (152)
This is consistent with the n — oo behavior calculated in
Sec. VIII B, i.e., the entanglement spectrum is composed of
three copies of the ground state split into three doublets,
two of which are degenerate in the thermodynamic limit at
half the entanglement energy of the other. The doublets that
are degenerate in the thermodynamic limit have an O(1/n)
finite-size splitting between them.

More generically, we observe the following pattern in the
entanglement spectrum of |S;y). The (N + 1) copies of the
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FIG. 5. Schematic depiction of the entanglement spectra of spin-1 AKLT tower of states {|S,y)} (left) and spin-2 AKLT tower of states
{12S,n)} (right). The almost-degenerate levels shown in red have an exponential finite-size splitting whereas the black doublets are exactly
degenerate. Power-law finite-size splittings are depicted by black two-headed arrows and constants by blue two-headed arrows.

ground state split into (N + 1) doublets, some of which are
separated by O(1/N) in the thermodynamic limit. The pairs
of doublets that are degenerate in the thermodynamic limit
have a power-law finite size splitting of O(1/n). A schematic
plot of the entanglement spectra of the tower of states is shown
in Fig. 5.

We now distinguish between exact degeneracies and expo-
nential finite-size splittings. As shown in Sec. X B, the MPO
for the tower of states transforms projectively (respectively,
linearly) under inversion symmetry if N is odd (respectively,
even). Since the spin-1 AKLT ground state transforms pro-
jectively under inversion, the MPO x MPS transforms pro-
jectively (respectively, linearly) under inversion symmetry if
N is even (respectively, odd). While the proof for double de-
generacy due to projective representations in Ref. [76] relied
on the uniqueness of the largest eigenvalue of the transfer
matrix of the MPS, in Appendix J, we show the existence
of the degeneracy in the mid-cut entanglement spectrum for
a finite system irrespective of the structure of the transfer
matrix. Consequently, we observe exact degeneracies of the
doublets for even N and exponential finite-size splittings
within the doublets for odd N. This effect is schematically
shown in Fig. 5. The exponential splitting happens for generic
symmetry-preserving configurations of the boundary spins,
though certain configurations of boundary spins lead to “ac-
cidental” degeneracies in the entanglement spectrum.

C. Spin-S AKLT tower of states

Similar to the spin-1 AKLT tower of states, we compute
the exact entanglement spectra for the spin-S tower of states
of Ref. [42]. We start with S = 2. The spectrum of p,eq for the
state |2.5,) (obtained via a direct computation similar to the
one described in Appendix C) has six eigenvalues that read

) m+28 9n+4 9n+10
X .
84 + 54n’ 84 + 54n’ 84 + 54n

(153)

Similar to the spin-1 case, we note that the two copies of the
ground-state entanglement spectrum split into three doublets
that are separated by an O(1/n) finite-size splitting. For the
state |2S4), the eigenvalues of pyq read (ignoring exponen-
tially small splitting)

y 27n% + 117n — 80 27n% — 27n — 104
6(54n% + 117n — 40)” 6(54n2 + 117n — 40) )’

y 27n% +9n — 128 (9n + 28)(9n + 10)
6(54n2 + 117n — 40)° 9(54n2 + 117n — 40) )’

2
On+4) > (154)

1 x
(9(54112 + 117n — 40)

Thus we find that the nine levels due to the three copies
of the ground-state entanglement spectrum split into four
doublets and one singlet. Two of the copies of the ground-state
entanglement spectrum are degenerate in the thermodynamic
limit, and at a finite size, these six entanglement levels split
into three doublets that have an O(1/n) splitting.

We numerically observe that a similar pattern holds true
for arbitrary S. For the state |SS,y), the (N + 1) copies
of the ground-state entanglement spectrum (that consists of
(S + 1) levels) splits into doublets and singlets. If S is odd,
we obtain (S + 1)/2 doublets and if S is even, we obtain S/2
doublets and one singlet. The doublets and singlets that are
degenerate in the thermodynamic limit have an O(1/n) finite-
size splitting. Furthermore, as shown in Sec. X B, the MPO
for the tower of states transforms projectively (respectively,
linearly) under inversion symmetry if N is odd (respectively,
even). Consequently, using Egs. (146) and (I8), the MPO x
MPS transforms projectively (respectively, linearly) under
inversion symmetry if (N + ) is odd (respectively, even).
Indeed, similar to the spin-1 AKLT tower of states, we find
exactly degenerate doublets in the entanglement spectrum
for arbitrary symmetry-preserving boundary conditions when
the MPO x MPS transforms projectively [i.e., when (N +
S) is odd]. If (N + S) is even, we find that for generic
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symmetry-preserving boundary conditions, we obtain an ex-
ponential finite-size splitting between the doublets that are
degenerate in the thermodynamic limit.

D. Spin-1 Arovas states

For the spin-1 Arovas A state, via a direct computation
similar to the example in Appendix C, we find that the eight
eigenvalues of pq read

- n+3+2/20Fn) n+3-2/20+n)
4n + 14 ’ 4n + 14 ’

1
4% ———=].
(8n+28>

Thus, similar to the spin-2 magnon, we obtain two copies
of the ground-state entanglement spectrum that splits into
two doublets that have an O(1/4/n) splitting between them.
In addition, we obtain four entanglement levels that are of
O(1/n). As mentioned in Sec. XB, the Arovas A MPO
transforms linearly under inversion, time-reversal, and Z, X
Z, symmetries. Consequently, the MPO x MPS transforms
projectively and all the doublets are exactly degenerate for a
finite system.

While we were not able to obtain a closed-form expression
for the entanglement spectra of the spin-1 and spin-2 Arovas B
states [42], we numerically observe similar phenomenology as
the Arovas A and the spin-2S magnon entanglement spectra,
although the magnitude of the finite-size splittings [O(1/4/n)
versus O(1/n)] are not clear.

(155)

XII. CONCLUSION

We have computed the entanglement spectra of the exact
excited states of the AKLT models that were derived in
Ref. [42]. To achieve this, we expressed the states as MPO x
MPS’ and developed a general formalism to compute the
entanglement spectra of states using the Jordan normal form
of the MPO x MPS transfer matrix. We first exemplified
our method by reproducing existing results on single-mode
excitations: we show that their entanglement spectra in the
thermodynamic limit consist of two copies of the ground-state
entanglement spectrum. The low-lying exact excited states
of the AKLT model such as the Arovas states and the spin-
2S magnon states for the spin-S AKLT chain fall into this
category. For single-mode excitations, our method is exactly
equivalent to the tangent-space and related methods developed
to numerically as well as analytically probe low-energy ex-
cited states in the MPS formalism [22,24-27,67,81,82]. We
note that our method can be applied to obtain results on
the entanglement spectra of single-mode excitations in the
fractional quantum Hall effect [72,83].

We then generalized our method to states with multiple
magnons, that are beyond single-mode excitations (“double
tangent space” [84] and beyond). This allowed us to obtain
the exact expression for the entanglement spectra for the
spin-S AKLT tower of states for a zero density of magnons in
the thermodynamic limit. We showed that the entanglement
spectrum of the Nth state of the tower consists of (N + 1)
copies of the ground-state entanglement spectrum, not all
degenerate. Apart from the specific Jordan block structure

derived for the special AKLT tower of states, our method
to obtain the entanglement spectrum was completely general.
In particular, it applies to states of the form OV |y), where
O is any translation invariant operator and |¢) is a state
that admits a site-independent MPS representation. Moreover,
since the entanglement entropy of the AKLT tower of states
in Eq. (135) has a similar form as the entanglement entropy
in equal-momentum quasiparticle excited states of free-field
theories and certain integrable models [85-88], it is likely
that our formulas for the entanglement spectrum and entropy
holds in more general integrable and nonintegrable models
for equal-momentum quasiparticle excited states in the zero
density limit. We defer the exploration of equal and unequal
momentum quasiparticle excited states using our formalism in
a generic setting to future work. For the AKLT tower of states,
we also showed that the replica structure of the entanglement
spectra of the tower of states persists in the thermodynamic
limit only for states at a zero energy density, conforming with
folklore that only low-energy excitations resemble the ground
state. An interesting problem is to prove this on general
grounds for excited states in integrable and/or nonintegrable
models. Moreover, since the exact excited states of the AKLT
model have noninjective matrix-product expressions with fi-
nite bond dimensions, perhaps one could obtain a class of
noninjective matrix-product states that describe excited states,
similar to a classification of matrix-product ground states
[89,90].

We also studied finite-size effects in the entanglement
spectra of these states and showed a universal power-law
splitting between the different copies of the ground state. We
identified exact degeneracies and exponential splittings based
on projective versus linear transformations of the MPO x
MPS at a finite size. While protected exact degeneracies in
the entanglement spectrum of excited states are reminiscent
of SPT phases for the ground states, it is unclear if these have
a topological origin in the excited states, given that excited
states do not have a protecting gap.

We emphasized that the states of the tower have an entan-
glement entropy that scales as S o< log L, which is incom-
patible with strong ETH, if these states indeed exist in the
bulk of the energy spectrum [42]. Further, we showed that
the violation of ETH seems to persist for SU(2) symmetric
spin-1 Hamiltonians slightly away from the AKLT point, and
we pointed out numerically apparent low-entropy states in the
pure Heisenberg model, far away from the AKLT point. How-
ever, a systematic numerical study of these low-entropy states
away from the AKLT point is necessitated, with and without
breaking the SU(2) symmetry. These special states, first ob-
tained in Ref. [42], provide analytically tractable examples
of “quantum many-body scars,” described in Refs. [39,74].
While such anomalous eigenstates are known to exist in
single-particle chaotic systems, very few examples are known
in many-body quantum systems [91]. An interesting problem
is to determine if these anomalous states play any interesting
role in the dynamics of the AKLT models [39,40,75].
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APPENDIX A: MATRIX PRODUCT STATES FOR SPIN-S$
AKLT GROUND STATES

In this section, we derive the matrix product state (MPS)
representations and the structure of the transfer matrix for the
spin-S AKLT ground states with open boundary conditions
(OBC). We follow the derivation in Ref. [30]. Similar expres-
sions can be obtained by alternate methods in the literature
[60,92-96].

1. MPS

As mentioned in Sec. III, each spin-S can be viewed as two
symmetrized spin-S/2 bosons. The AKLT ground state is then
a product of spin-S/2 singlets, i.e., the J = 0 state formed by
two spin-S/2 on nearest neighbor spin-S (see Fig. 2). We use
the labels u; and v; to denote the S, values of the left and right
spin-S/2 on site i, respectively (see Fig. 6). Thus the spin-S/2

singlet state |0 0)1 i+l formed between the spin-S/2’s v; and
u;4+1 can be written in the S, basis of spin-S/2 (denoted by
[vi, uit1)s) as

S

2

Sz _ ' _ —a);
00,73, = Y sla, —al00)l, —a);;

—_S
¥=—3

S
2 : 2
®v,-,u,+| [vi, Mi+1)g,

Vi Uit

(AD)

where ¢ (s1, s2|J J;) is the Clebsch-Gordan coefficient for two

spin-s with S; = s; and S; = s, to form a state with total spin

Jand S, = J, = 51 + 52. The matrix ® thus assumes the form
s

Onp = s (. B100)8a, g,

where the indices —S/2 < «, 8 < §/2. For example, for S =
1 (the spin-1 AKLT ground state), we know that v;, u; | =
1

(A2)

1, | and the singlet |0 0) fl 41 can be written as

|00)i%.i+1 ~b=Tin “JQM = uin = T>,

(A3)

For § = 1, the matrix ©? thus reads

1
- 0
V2

In terms of these matrices, the spin-S AKLT ground state
|SG) s in the spin-% basis with OBC and the edge spins both
having S, = S/2 (denoted by |S/2), and |S/2) ) reads

L-1
S

1S/2) III|00 FilS/2)

(A4)

1SG) s

s
2 "®1§L,1ML8])L,%|{MIA7vi})g’ (AS)

Il
=2}
=
l;\w
@
S

where |{u;, v,})s =|u, vy,..., UL, UL)g. The ground state
can be written in the onsite spin-S basis using a projector

s.5 . . .
Pl.( ? to symmetrize the two spin-S/2 on each site, where

the projector reads
=Y MU mi)ss (ui vil,

mi  ujv;

(A6)

where |m;)s denotes the spin-S state on site i with S, = m;.
The tensor M assumes the form
Myg' = (S mlat, B) s Smocvp. (A7)
For example, for S = 1, the projector Pi(l’i) reads
1
PO = my = 1)1 (g = 1ov = 1]
4 0 Hup =10 =+ (i =, v =1
m; = =
1 7
+lmi = —=hui = |, v = | (A8)
The matrices M for § = 1 thus read
1 0
1 _
= (b o)
o L
MO = ( ; g) (A9)
V2
_ 0 o0
[-11 —
= (0 9)
N
The projector on the full state, P D= IL P.(S’ 2 is then
S m m
PED =3 Ml M m)s s (g, vidl,
{m;} {uivi}
(A10)
where |{m;})s = |m;, my, ..., mp)s. The ground state in the

spin-S basis |[SG)s = PISG)g reads

ISG)s = Z 3 (Busp MO MU
{miHui,vi}
®EL—1“LMMTUL]8UL S/2)|{mi})5

(1]
= D b, Al

{m;,u;}

AU B [ s,

Up—up ~ur

(Al1)
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where

(SICY

m] o3

[m]  _
Au,-u,qu - Mu,v, ®Uiui+l’

(A12)

-1 -1

(bg)uL = Z (®%)MLUL8UL*S/2 = (G)%)ML,S/Z.

S
UL:_E

Equation (A11) is the MPS representation of Eq. (3) for the
AKLT ground state. The matrices and boundary vectors of
the MPS are defined in Eq. (A12). The MPS tensors A can
be brought to a canonical form by ensuring that the largest
eigenvalue of the transfer matrix Eq. (8) is 1. For example,
using Eqs. (A4) and (A9), the spin-1 AKLT matrices after
normalization read

1 /=1 0
[0] .
=50 ) a
_ 2/0 0
-1 _ [ Z
A V3 <—1 0>
The boundary vectors, up to an overall factor, read
b, = <(1)> b, = (?) (Al4)

To further study the structure of the matrix A, it is con-
venient to relabel the indices of ®* and M in Egs. (A2)
and (A7), respectively, to matrix indices as

A Siml _ g glm]
O = Ospicsviar Mo =Ms sy

(A15)
such that ’_gle matrix indices satisfy 1 < c,d < S+ 1. The
matrices ®> and M then read

N S S

Oy = §<§+1—c, §+1—d'00>,
(A16)

vrlml
Mcd

S S
Smi—+1—c, =+1-4d) .
<m‘2+ 27 >S

2

From Egs. (A12) and (A16), the MPS tensor A and the
boundary vectors blA and b, can be computed to be

S S
—4+l—-cm—|=-+1-d
2+ c, m <2+ >>§

S S
X §<§ +1-—c, —(5 +1- d>‘0 0>80d’m (A17)

(), =51ee (B3, = b5

where ¢ and d are matrix indices. Thus there are (25 + 1)
(S+ 1) x (S + 1) MPS matrices for the spin-S AKLT model.

. <s m

(A18)

2. Transfer matrix

We now derive the structure of the spin-S AKLT transfer
matrix. Denoting the expression for the MPS (A17) (after
rescaling the matrices such that the MPS is canonical, i.e., the

transfer matrix has a largest eigenvalue 1) as

AL = KimcdSe—d.m» (A19)
the corresponding transfer matrix [Eq. (25)] reads
S
Ecd,ef = Z K;ch’(mefsc—dﬁmSe—f,m~ (AZO)
m=—3S

We can group the indices c, e (left ancilla) into a single index
x and the indices d, f (right ancilla) into y, as

x=(—=—1DES+]|,1)+e, y=d-DIS+1D+f,
(A21)
where 1 <x,y < (S+ 1)2. In terms of x and v, the transfer
matrix reads
s
Exy = Z meysx,y+m(S+2)a

m=—=S

(A22)

where Vuxy = Kr  Kmer. Using Eq. (A17), kypea = Kiac, and
thus A is symmetric under the exchange of ancilla. Hence
the transfer matrix Ey, is also symmetric. For example, the
spin-1 AKLT transfer matrix (after grouping the ancilla) reads

1 2
3 0 0 3
o -3 00 (A23)
o o -1 o0
2 1
5 0 0 3

Moreover, since E,, is nonzero in Eq. (A22) only when
x mod(S + 2) = ymod(S + 2), the transfer matrix is block-
diagonal with blocks E, formed by the following set of
indices:

{x, ylxmod(§ +2) =ymod(S+2)=p+1}. (A24)

That is, the transfer matrix E in Eq. (A22) has a direct sum
structure

E=E®E & --- P Egy, (A25)

where E, is a block with dimension LSZ?%J + 1. Conse-
quently, Ey is the largest block, with a dimension (S + 1). For
example, in the transfer matrix of Eq. (A23), the blocks Ej,
E, and E, read

E ( %> E ( 1) E < 1) (A26)
0= , 1=\|—3) 2=\—3)
% 3 3

This block-diagonal structure of the transfer matrix im-
poses a constraint on the structure of its generalized eigen-
vectors. In particular, for the largest block Ej, the eigenvalue
equation for the transfer matrix (without the ancilla combined)
of Eq. (A20) reads

Z Ecd,efvadfédf = )"av(xce(sce~
df

Thus the eigenvectors of the E corresponding to the block E
are diagonal when viewed as xy x x matrices. In particular,
since the MPS is in the canonical form, 1, , is an eigenvector
of E corresponding to the eigenvalue of unit magnitude.
Thus the largest eigenvalue belongs to the block E; with
eigenvalue 1.

WIN W=

(A27)
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APPENDIX B: MPO OF THE AROVAS OPERATORS reads

To represent the Arovas A and B MPOs compactly, we first
define the notation

— St S
S=(—= —= 5°), _
V2 V2 1 -5 0
a—— T My=1| 0 0 S|, (B4)
S=— — 5] . B 0 0 1
(%)
Using Eq. (B1), we first obtain
S;-8;1 =588, (B2)
Consequently, the MPO for the Arovas A operator of Eq. (49), where 0 denotes zero matrices of appropriate dimensions.
L-1 _ Using Eq. (B2), the Arovas B operator of Eq. (52) can be
Oa=) (-1)/S;8;1 (B3)  written as
j:1 ‘
-1
Op=) (=1){8;-15,, 8,841}

[3%g

~

(=D/(S;-1(S; ® S)Sj+1+ S;-1(S; ® $;)S41)

~
LS}

L-1
=D (=D{S;T S} (BS)
j=2
where
{s,8*} -2 {57.5%
B s 2
— TLq 2 {st.57}  {s*.5%)
T=S®S+8®S=| (") 55— =5 | (B6)
(57,5} (55,57} z
7 7 AR
Using Eq. (B5), the MPO for the Arovas B operator reads
-1 -S 0 0
10 0 T O
Ms=14¢ 0 0 S| (B7)
0 0 0 1

where 0 denotes zero matrices of appropriate dimensions.

APPENDIX C: EXACT ENTANGLEMENT SPECTRUM FOR THE SPIN-2 MAGNON OF THE SPIN-1 AKLT MODEL

In this section, we explicitly work out the exact expression for the entanglement spectrum of the spin-2 magnon in the spin-1
model, the simplest excited state. The MPS bond dimension y, the MPO bond dimension y,, and the MPO x MPS bond
dimension Y are

X=2, xm=2  T=4. (CDH
Substituting C = (S*)? and k = 7 in Eq. (71), the transfer matrix F reads
E E, E_ E_,
0 -—E 0 —E_

F=1lo o —-g —-Ee | (€2)

0 0 0 E

where

E,=Egy E_=Egy E_=Egysy, (C3)
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shown in Eq. (E3). We refer to the blocks of F as the MPS blocks.

The Jordan decomposition of F reads

(C4)

PJP!,

F =

where J (obtained using symbolic calculations) reads

o)

v

@)

N—
QOO = OO OO |©O0 OO |©Oo O —m
_
SO O OO OO OO OO0 |©O—nD

_
O = OO OO0 ©O OO0 |©—~no O
|
— OO0 OO0 oo Q0 o oo
S OO O OO0 OO —INn©O O OO
S OO OO0 ©OOoO—InD |© o OO
SO OO OO OO OO O |© O OO
000000001_‘0000000
SO OO OO OOO |©o oo
SO OO [OCO—NO ©O oo ©o oo
OO OO OO O OO OO ©o oo
OOOO‘I_AOOOOOOOOOOO
S OO~ O OO OO0 ©o oo
|
O OO OO OO OO ©o oo
|
OS—lnO ©O OO OO OO0 o oo
_

— OO o Do OO oo o0 ©o oo

Il

~

and P, P! read

)
&
@)
N
Mo ooPo oo oMo o
|
Co o0 CO|CrNO OO Crnd DO OO OO O S O —io
| |
cocoloonmolcocc oo e co—~olooco o |lo—~o o o ocano
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|
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where in J, P, and P~! the lines demarcate the MPS blocks. Using Eq. (C5), the truncated Jordan block Jy,; [defined in Eq. (78)]

reads

1 0 1
0 -1 0 O
Junil = 0 -1 0 (C7)
0 0 1
Using P and P~! in Eq. (C6), V; and Vi define in Eq. (83) read
1
3 5 0 0 0
100 2 0 0 0 O
0 0 O 0
0 0 O 0 (1) 000
1 00 0 2 000
0 1 0 O 0 5 0 0
0 0 0 0 0 0 0 O
0O 0 0 0 0 0 0 O
o1 0 o o 3 o0 o0
Vg = 00 1 ol VL = 0 T o L . (C8)
0 00 0 0 0 0 O
0 00 0 0 0 0 O
0 0 1 0 0 0 % 0
000 3 ™9 o0 I
1 6
000 0 0 0 0 0
0 0 O 0
0 0 O 3 0 0 00
o 0 o0 1
[
For simplicity, we assume that the boundary spin-1/2 are = dimensional vectors) read
in the S; = +1/2 configuration. Consequently, the boundary | ]
vectors read [see Eq. (26)] % — 7 2
0 0
0 0
n 1
I 0 0 0
I _ ro__
bA_(O)’ bA_(l)‘ (C9 0 0
0 0
0 0
Ruic=|—5— | Lu=|—7—]| €12
Consequently, using Eqs. (68) and (43), we obtain the 16- 0 0
dimensional boundary vectors of the transfer matrix whose 0 0
components read 0 0
I [
2 6
0 0
, 0 0
(b%), =81, (b%), =816 (C10) 1 1y
2 1756
where the lines demarcate the MPS blocks. Runic and Lyni
Usi can be viewed as Y x Y matrices, where the MPS blocks
smng are reshaped separately. That is, the reshaped T x T matrices
Runic and Lpie read
n_ 1
Lo o0 NI
n _ |0 D7 0 0 Runit = b ,
unit — 0 0 (_l)n ol (Cll) 0 0 ‘ 2 (1)
0 0 0 1 0 070 3
1 olo o0
0 1]lo0 o
Lunit = = (C13)
Vg and Vi from Eq. (C8) and the boundary vectors from 0 0 ‘ 6 0 .
Eq. (C10), Rynit and Ly in Eq. (85) (when viewed as T2- 0 0]0 §—3
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The (normalized) density matrix preq [defined in Eq. (18)] then
reads

2n—3

%f 9 g 8
Pred = Lunit RE G = dn =3 ) . (C14)
e unit unit 0 0 2 0

0 0 0o =

We now illustrate the same derivation of Lyn; and Runic
using the procedure shown in Egs. (86) to (92). The columns
of Vg and V, (after reshaping the MPS and MPO spaces
separately) are T x Y matrices that read

1 0]0 0
0 1]0 0
n"=lo ofo o) "7
0 0[]0 O
0 0[O0 O
0 0/0 0
BElT oo o) ™7 ’
0 1]0 0
3 0]0 0 0 0|3 O
0 2]0 0 0 0|0 3
ll= ) 12_ 2 )
0 0[O0 O 0 0[0 0
0 00 1 0 0]0 0
0 0[]0 0 0 0/0 O
1 0 0jo of 0 0[0 O
T T oo of *Tlo o 0]
0 2]0 0 0 0 i

(C15)

The components of Wx and W, [defined in Eqgs. (87) and (88)]
are computed using Eq. (91). Jun; can be written as

Junit = Jo® J_1 D Ji, (C16)
where the blocks read
1 1
Jo = (0 1>, Ja=(D, Ji=(D. (C17)

The sizes {|Ji|} and generalized eigenvalues {1;} associated
with the Jordan blocks {J;} are

[Jal =1, |Jl=2,
A =—1, A =1,

il =1,
A= —1, (C18)

and the corresponding generalized eigenvectors associated
with the Jordan blocks are

- P

r =p, K =r, =ry, r3,
W =n, §"=u 11" =n 1"=05 (19
Using Egs. (91), (C18), and (C19), we obtain
Ry =r, Li=0L+nl,
Ry = (=1)'ra, Ly=(=1)"h,
Ry = (=1)'r3, L3 =(=1)"L,
Ry =nri+ry, Ly=I4. (C20)

Using Egs. (C20) and (C15), we obtain

1 0]0 0
0 1(0 0
Ri=lo—o70 0}
0 0[0 0
0 01" 0
o o] o (—1y
R=1"0T0 o |
0 0| o0 0
0 0 ‘0 0
0 0o |o o
RB=l=y—0 10 ol
0 =1y |0 o
—3+n o‘o 0
0 nl0 0
Re=l—F0—013 ol
0o o0 3
10 0 0
0o 1 0 0
Ll = 2 1 n ’
0 0]+ 0
0 0| 0 2
="
O I
Lofo ol o ol
0 0 0 0
0 0| 0 0
0 0 10 0
0 0o |lo o
bL=ler—o [0 of
1y
0 2o o
0 0
Lo=]220 c21
+=100 (C21)

Using Egs. (C15), (C10), and (86), the modified boundary
vectors read

(C22)

o—Oolo O
O|O>—‘

_3
2

Consequently, using Egs. (C21), (C22), and (89), Runit and
Lunic read

Runit = Ri(By), + Ra(By), + Ra(By);s + Ra(BF),

R4
— ?’
Lunie = L1(Br), + L2(Br), + L3(Br); + La(Br),
3L4
L, -t (C23)

2

which are precisely the matrices in Eq. (C13). Note that in all
our examples in the text, the form of the B} and ,pr do not
matter to the entanglement spectrum in the limit n — oo.
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APPENDIX D: JORDAN NORMAL FORM OF BLOCK
UPPER TRIANGULAR MATRICES

In this section, we describe a procedure to determine the
structure of generalized eigenvalues, eigenvectors and Jordan
normal forms of particular block upper triangular matrices
that arise in the analysis of the MPO x MPS states in the
text. The systematic construction of Jordan normal forms
for general matrices has been discussed in existing literature
[97,98]. In this section, we consider a block upper triangular
matrix of the form

My My Mg Mip

0 My My M;p
Mp_1,p-1 Mp_1p

o ... .. 0 Mpp

where diagonal submatrices M;;’s are x x x diagonalizable

matrices that have at most a single nondegenerate eigenvalue

of magnitude 1. We assume d of the diagonal submatrices

have an eigenvalue of magnitude 1, and they are written as
{Ms(i),0i), 1 <i < d}, where

o:{l,...,d} > {1,..., D},
o(i) = j = Mj; is the ith block with
eigenvalue of magnitude 1. (D2)

Furthermore, we restrict ourselves to determining the Jordan
block structure of generalized eigenvalues of unit magnitude
and the structure of the corresponding generalized eigenvec-
tors.

1. Generalized eigenvalues

We first derive the generalized eigenvalues of M using its
characteristic equation. Note that for any A,

D
det(M — A p,) = [ [ det(M;; — A1,).

i=1

(D3)

Thus the generalized eigenvalues of M are the eigenvalues of
its submatrices on the diagonal. However, as we will see, an
eigenvector of M corresponding to an eigenvalue A, need not
exist, particularly due to the upper triangular structure of M.
In such a case, M is not diagonalizable, A is called a gener-
alized eigenvalue, and corresponding generalized eigenvector
exists. In general, a Jordan decomposition of M of the form

M=PJP! (D4)

always exists, where J is the Jordan normal form of M, the
columns of P are the right generalized eigenvectors of M
and the rows of P~! are its left generalized eigenvectors.
Since PP = 1p,, the conventional form for the general-

ized eigenvectors of M is
17rg = Sap, (D5)

where I, and rg are left and right generalized eigenvectors
of M, the rows and columns of P! and P, respectively. We

now derive the form of I, and rg when M has the form of
Eq. (D1).

The Jordan normal form J of M is related to M by means

of a similarity transformation, that is,

J=P 'MP. (D6)

Thus we can construct J, P and P~! by sequentially perform-

ing similarity transformations on M to reduce it to a Jordan

normal form. A similarity transformation on a matrix B using

a matrix A is defined as the transformation

B — A™'BA. (D7)

Before we show the explicit construction of the Jordan normal

form, we summarize the three main steps that we use to
proceed:

(I) A similarity transformation of M using a block-
diagonal matrix A. The resultant matrix is A2,

AP = ATTMA. (D8)
A2 has the form
A AEY ALY Al
0 An AR TS
ALY — ,
Ap-1,p-1 ASff,D
0 0 App
(D9)

where A;; is the eigenvalue matrix of M;;.

(IT) A similarity transformation is then applied to A!?
using a carefully chosen block-upper triangular matrix O,
such that

A=0""'A"20, (D10)
where A can be written as
A A Ap Aip
0 Axp Axp Asp
A= : : : , (D1D)
: . - Ap_1p-1 Ap-ip
0 0 App
where
(Aijlap #0 = (Nii)aa = (Ajjlpp, 1 <. (D12)
O in Eq. (D10) has the form
D 1
o=[]| [T o (D13)

j=2 \i=j—1
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where O;; and Ol.;' , respectively, read

1 0 .- ..o ... 0
0
0, = Oij i Tows,
" 0
J columns
1 0 . . o0
0
O;jl = —04 i rows
0
0 0 1
jcolumns (D14)

(IIT) A similarity transformation S of the form is applied
to A to obtain the Jordan normal form J, such that

J =S7'AS. (D15)

2. Step I

We first transform M to an upper triangular matrix (from a
block upper triangular matrix) by a similarity transformation
using the block-diagonal matrix A, defined as

Ay 0 - 0
0 An . 0
A= ,  (D16)
: " 0 Ap-_1p-i 0
0 ... ... 0 App
where
Mjj = AjA;ATl, 1</ <D, (D17)

where A ;;’s are diagonal matrices consisting of the eigenval-
ues of M;’s. Consequently, the upper triangular matrix A2

is of the form of Eq. (D9), where

A(]'Z) = Ai_ilMijAjja

o 1<i<j<D. (D18)

Since the Aj;’s are diagonal matrices, AY? is an upper
triangular matrix.

3. Step 11

We first prove a useful lemma.

Lemma D1. An equation of the form
Y=C+0,X — X0, (D19)

where ®; and ®, are diagonal matrices with (®;),, =
f1, and (®3),, = 624, admits solutions to X and Y that

read
Ca .
x, - (72 iAo
0 if 01 = 02
_Jo if O1o # 028
Yop = {ca,3 if O1q = 05 (D20)
Proof. Writing the components of Eq. (D19),

O1aXap + Cop = Yop + Xop028, (D21)

where 6}, and 6,, are the diagonal entries of ®; and ®; (here
eigenvalues of My, and My, respectively). As long as 6,5 #
014, a solution of Eq. (D21) is obtained using

Caup

Xoyp = ———,
o 02 — Ol

Yop = 0. (D22)
While Eq. (D22) is not the unique solution to Eq. (D21), as we
illustrate later in this section, this particular solution chosen
so that the A matrix we obtain in step II satisfies Eq. (D12).
However, if 01, = 0,4, again using Eq. (D21), we obtain as a
solution

Xup =0, Yop = Cup. (D23)

a. D =2 case

We first illustrate the similarity transformation of A% to
A when D = 2. Here the matrix A""? reads

(1,2)
A =ATTMA = <A0“ AAI; ) (D24)
where
ALY = AT M Ay (D25)

To obtain the Jordan normal form, we further apply a similar-
ity transformation using O, defined as

1 O
0, = <0 ]112)' (D26)
The resulting matrix A reads
a1l A A
A= 0121A(1 2)012 = ( 0 A22>7 (D27)
where
Ap = Aﬁ'z‘” + A11012 — O12An. (D28)
Equation (D28) is of the form of Eq. (D19) with
C= A(112.2) = A'MpAy, O = Ay,
O =Ap, X=0p Y=Ap, (D29)

where we need to solve for X and Y. Thus, using lemma D1
and Eq. (D20), we obtain a solution to A, that satisfies

(A12)ep 70 only if (Aq1)ae = (A22)gp-
Thus A satisfies the property of Eq. (D12).

(D30)
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b. General D case

To make our derivation simpler, we first define the matrices

Ay A e e Ao AYJ’»D A(libj)
0 Axn :
@i,J)
A
Ajj
S | AGD

where A,,,’s are matrices that satisfy the property of Eq. (D12). To show that a A of the form of Eq. (D11) whose off-diagonal
blocks satisfy the property of Eq. (D12), we proceed via induction on D and assume that an intermediate matrix has the
form

-1,
Ay Ap - A1,p1 AE% )
0  Ax Ao Aglz))_l’D)
AD-1D) _ , (D32)
-1,
. . AD—l,D—l A(DD_LDD)
0 ... .. 0 App

(

where Ajj, 1<i<j<D—1 satisfy the property of  ang A{P~>P5 are matrices irrelevant to the current discus-
Eq. (D12). We apply a similarity transformation to A“~"") " gjon. Note that this similarity transformation using O p_; p
using O p_1 p that has the structure shown in Eq. (D14): only affects the blocks in the Dth column (i.e., the A;;’s are
not modified). Equation (D35) is of the form of Eq. (D19)
r o - 0 0 where
0o 1 (D—1,D)
OD—l,D — . . . (D33) C = AD—l,b y ®1 =ADfl,Dfls ®2 :ADDv
X=0p_1p, Y=Ap_1p. (D36)
1 Op-ip
0 0 1

Thus, using lemma D1 and Eq. (D20), Eq. (D35) has a
solution for A p_; p that satisfies the property of Eq. (D12).

- . A(D-2.D)
The resulting matrix A reads We then apply another induction hypothesis on the last

A(D-2.D) column and assume that an intermediate matrix A"’ has the
structure
= OBI,LDA(D_LD)OD—I,D
(,D)
Ay Ap o Aipoy APTED A A o o Mipar Ay
0 Axn Ax : 0 Axn Axn
= . . .. . (D-2,D) |, (,D)
: : : : Ap_2p AT
1,D
: Ap_ip-1 Ap_1p AP = Az([i)D) ’
0 0 App )
(D34) : .. .. .. .. Al-i,—],D
where : oo e e Aplipa
D—-1,D 0 0 App
Ap_1p = AB_LD )+ Ap_1,p0-10p—1,p — Op_1,pApD,
(D37)

(D35)
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where A;;’s satisfy the property of Eq. (D12). Applying a
similarity transformation using O;p, we obtain a resulting
matrix A1 that reads

AU-1.D)

=0, A"P0)p

A Anp Ay p_ AEZL;LD)
0  Axn A

(-1,D)

Ay p

Aiip

Ap_1,p-i
0 0 App
(D38)

where

Aip = Ajp” + AuOip = OipApp,  (D39)
and A,((ln_l’D) ’s are irrelevant matrices. Once again the sim-
ilarity transformation using O;p only changes the first /
blocks on the Dth column, leaving the rest of the blocks
unchanged. Eq. (D39) has the form of Eq. (D19) and thus,
using Eq. (D20), A;p satisfies the property of Eq. (D12).

¢. Summary

In summary, to obtain A of Eq. (D32) from Eq. (D9),
a sequence of D(D — 1)/2 — 1 similarity transformations is
applied to A2, where each one transforms a single off-
diagonal block into an off-diagonal block of A that satisfies
the property of Eq. (D12). This operation is applied column-
wise starting from second column, and row-wise in each
column starting from the off-diagonal block closest to the
diagonal. Thus the sequence of similarity transformations that
leads to A reads

AU 0y AC3) O AL Oy AGH O34

0ij 02p

Zu, L Omp gDy Qim y (D40)
where we have used the notation
A% c=c=B"'a8, (D41)

Thus the similarity transformation from A"? to A has the
form of Eq. (D10), where Eq. (D13) holds. At each step the
matrix O,,, and A,,, are determined as solutions to Eq. (D19)
of the form Eq. (D20), where

C= AE::’;,n), ®l = Amm» ®2 = AnH’
X = Omm Y = A (D42)

Thus
0 if (Amm )aa = (Ann )ﬁﬂ
(Omn )aﬁ = (A(m,/x)) ) R
Ty 1 Aonmdaa # (Aun)pp
(A s i A = (Mun)pp
(Amn )aﬁ = . .
0 if (Amm)owt 75 (Ann)ﬂﬂ

(D43)

For future convenience, the second line in Eq. (D43) can be
written as

Amn = T[A(m’n), Alnmy Ann]’ (D44)

mn

where we have defined a function T[A, B, C] that acts on
matrices A, B, C:

Ap  if Bow = Cpp

. D45
0 if A 5 Bgp (D45)

(TTA, B, Clop = {

We now discuss a few properties of A,, that will be

useful later in the paper. To determine the structure of A, in

Eq. (D43), it is thus useful to study the dependence of A{"™

S0y .

on the blocks of A"?. In Eq. (D40), if A®) —5 AG)

(A = 0;;'A%“70;)), then using Egs. (D31) and (D14),
we obtain

Ai’,’”+A§’,~‘”0n
Ay =AY — oA its =i 1> j,

Q.J)
Ay

ifs <i,t=j
(D46)

otherwise

where, by abuse of notation, A/’ is the block on the sth
row and 7-th column of A“/). When the blocks of A¢"/"
are written in terms of the blocks of A¢/ ), we observe the
following properties from Eq. (D46). (P1) O;; appears only in
the expressions for the blocks Af;/’j/)’s fort > j and Ai’j/’]/)’s
fori > 5. (P2) A%/ depends only on the blocks A7 and
AT of AGD.

As a consequence of property (P1), the similarity trans-
formations O;; modify A{L» only when i =m, j <n or
i >m,j=n,ie., when (i, j) is directly below or directly
to the left of (m, n). Thus, using the sequence of similarity
transformations of Eq. (D40) and the structure of AGD in
Eq. (D31), the expression for A" can be written as follows:

n—1 n—1

A = ALD 4N A O = Y O Ay,

t=m t=m

(D47)

As a consequence of Eq. (D47) and property (P2), when the
blocks of A”™™ are written in terms of the blocks of A!+?
and {O;;} using the sequence of similarity transformations of
Eq. (D40), A" is of the form
m,n 1,2
A = AP+ (AP M),
(i, j) # (m,n),
(D48)

m<Li<j<n m<k<n,
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where f is a function of matrices that depends on the blocks within the following boxed region of A!+%:

Note that we could expect the function f in Eq. (D48) to
depend on O;;’s involved in the sequence of similarity trans-
formations in Eq. (D40). However, every O;; is determined

using Eq. (D43), and thus it depends on Al(;’ ), Aji,and A jj,

that are already included in {AE}’Z)} and {Ay} in Eq. (D48).
We now derive a useful property of the function f in

Eq. (D48). For simplicity, we refer to the resulting matrix as

frie. fUAG? Y {Aw}) = f. As evident from Eq. (D43),

the block structure of Af’]." is preserved in O;; and A,;. Thus,
by repeated applications of Eqs. (D47) and (D48), we deduce
the following.

(f1) If every off-diagonal block AS}’” that appears in the

argument of f can be written as Afjl-’z) =06 L;;, where 0
is the zero matrix and L;;’s are some nonzero matrices with
identical dimensions, then f can be written as f =0® g
where g has the same dimension as the L;;’s.

For example, if all the off-diagonal blocks within the boxed
region in Eq. (D49) are of the form

AUD ,
Y . . *
0 % - x

m<i<j<n, (D50)

@i, j) # (m, n),

then f({AS’z)}; {Axx}) of Eq. (D48) has the same structure as
the AE}-’Z)’S in Eq. (D50) irrespective of the Ay;’s. Thus, using

Eq. (D44), the block A, of A is related to the blocks of A{l-2)
as

Amn = T[Al(,,}r’lz) + f({ASZ)}, {Akk}), Amm» Ann]a

m<i<j<n m<k<n, @Gj)#@mn), (D5I)

1,2 1,2
Au AR AL
0
1,2
Amm Afn,m)-&-l A£i1l;12)
: (D49)
(1,2)
An—l,n
Ann
(1,2)
AD—l,D
0 0 App

(

where the function 7 is defined in Eq. (D45) and the function
f satisfies property (f1).

4. Step III

We now proceed to the final step of similarity transforma-
tions to obtain the Jordan normal form J. Note that Eq. (D12)
imposes a direct sum structure on A, which we write as

A =D A
k

where A; is an upper triangular matrix with all its diago-
nal entries Ay, an eigenvalue of M. Consequently, similarity
transformations can be applied separately to each of the Ay’s
to obtain the Jordan normal form. That is, one can apply a
similarity transformation on A using

(D52)

S=P s (D53)
k
such that the Jordan normal form J of M reads
J=S"AS =P . (D54)
k
where
Ji = S ALk (D55)

Ji is a Jordan block of M corresponding to eigenvalue X;.
Combining Egs. (D8), (D10), and (D15), M can be written as

M=PJP', (D56)
where
D 1
Pp=90s. o=A[][[| ] o (D57)
j=2 \i=j-1
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Using Egs. (D8), (D16), (D14), and (D57), Q and 0! read

D 1
ATTTT 04

Q =
j=2i=j—1
All % ... . *
0 A22 %
0 Ap_1p-1 *
0 App
2 j-1
—1 —14-1
o' =[][o;'a
j=Di=1
Al_ll * *
0 A;zl *
= 3 BE)
: . 0 ABlfLDf1 *
0 el 0 Abp

where *’s are matrices whose structure we will not need for
the discussion in the main text.

5. Structure of generalized eigenvectors

We now study the columns (respectively, rows) of P (re-
spectively, P~1) that are the generalized eigenvectors corre-
sponding to the generalized eigenvalues of unit magnitude.
For A, S, J, it is convenient to write Egs. (D52)-(D54) as

A= Anit © Avest, S = Sunit ® Sresta J = Junit © Jrest

(D59)
where
Aunit: @ Akv Arest: @ Ak9
{k:|Ax|=1} {k:|Ax|#1}
Swi= P S Seu= P S (D60)
{k:|Ax|=1} {k:|ag|#1}
Junit = @ Jka Jrest = @ Jk~
{k:|Ax|=1} {k: Al #1}

Indeed, only the generalized eigenvalues of magnitude one
are relevant in our case and we have assumed that each M;;
has at most one such eigenvalue (note that this does not mean
that these eigenvalues are identical). Since A has a direct sum
structure shown in Eq. (D59), M can be written as

M = QunitAunitQunit + QrestAresthests

where Q it Quml, QO rest, and éresl are rectangular matrices
such that the columns (respectively, rows) of Qi (respec-
tively, Qumt) and Qs (respectively, Qreq) act on the sub-
spaces of Aypi and A, respectively.

Since A has the structure shown in Eq. (D11) and only
the blocks My ).+(;) (and consequently Ay iyo(i))s | <i < d
contain eigenvalues of magnitude 1, using Eq. (D58) Quyic and
Qunic have d rows and columns, respectively, and are of the

(D61)

forms
Go (1)
~ do(2)
Ouit = Go(1) 4o2) *** Go@))s Qunit = U, ,
Go(d)
(D62)
where
*
. o) —1,
do(i) = | To(i)
0
0
~ T
qo(i) = (0 <0 lpy * o *) (D63)
——
d—o(i)+1

where {r;} (respectively, {/;}) are right (respectively, left) gen-
eralized eigenvectors of {M;;} corresponding to the general-
ized eigenvalues of unit magnitude. Further, using Egs. (D55)
and (D61) can be written as

M = Pyt Junit ﬁunit + Prest Jrest FJI'@SH (D64)
where
Punit = QunitSunit,  Punit = Sum[Qumt,
Py = QrestSresl» A;est = Opest Qrest (D65)

Since Quui¢ and éunil have the forms shown in Egs. (D62)
and (D63), using Eq. (D65), we obtain that
Punit = (S6(1)q0(1) So@qo2) *** Sad)do(d))

Goy
Sa(1)
Go)
So(2)

Punit = . s
Go(d)
So(d)

if Synie is upper triangular and has the form

S(J’(l) * .. PN *

0 SU(Z) i . T . %
(D66)

Sunit: ’
. . 0 So(d—1) *
0 0 So (d)

where the s;’s are nonzero constants. Thus, when Sy, is upper
triangular with all nonzero diagonal entries on its diagonal,
the left and right generalized eigenvectors corresponding to
generalized eigenvalues of unit magnitude have the following
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forms:
* 0
* X
ri=|ciri|, 1= # , (D67)
0 *
0 *

where r; and [; are the left and right eigenvectors of M;;
corresponding to eigenvalue of unit magnitude, and c; is a
nonzero constant that need not be the same as s since /; and r;
can be rescaled freely in a way that lerj = 1. In Appendix F,
we show that for the examples we work with in the text,
Sunit 18 indeed a diagonal matrix, thus imposing the forms of
Eq. (D67) on the left and right generalized eigenvectors of
those transfer matrices. For the construction of the matrix S
in general, we refer to discussions in Ref. [98].

6. Exact example with D = 2

We now illustrate the above results with the help of an
example. We consider the following block-upper triangular
matrix:

4 -1 4 3
6 -1 2 6

M=1o 0 46 —-30) (D68)
0 0 63 —41
where the diagonal blocks are
4 -1 46 —30
My = (6 _1>, My = (63 _41), (D69)
and the off-diagonal block M, is
4 3
M, = (2 6)' (D70)
The eigenvalue decompositions of M;; and M»; read
My = AnAnAL, My = ApAnAy), (D71)
where
1 0 1 0
All - (O 2)» A22 - (0 4)7
1 1 4 5
Ay = (3 2), Ay = (6 7). (D72)

Since both M| and M, have eigenvalues 1, we have o (i) = i
and d = D in Eq. (D2). Consequently, applying the similarity
transformation of Eq. (D8) using

; (D73)

SO W=
SO N
AN OO
N0 oo

we obtain
1 0 —-24 =30
0 2 58 71
(1,2) _ A1 _
A =ATMA =0 : 0 (D74)
0 0 0 4
Using Egs. (D26), (D29), and (D20), O of Eq. (D13) reads
1 0 0 -10
0 1 —58 n
0= 2 (D75)
0 O 1 0
0 0 0 1

Then, using the similarity transformation of Eq. (D27), we
obtain

1 0 =24 0
A=0""A"20 = 8 g ‘1) 8 (D76)
0 0 0 4

A in Eq. (D76) has the direct sum structure of Eq. (D59),
where

1 =24 2 0
Aunit = (O 1)7 Arest = (O 4>

To obtain the Jordan normal form, similarity transformation
of the form of Eq. (D54) is applied to A, where

(D77)

24 0 0 0
0 1 0 0

=10 o 1 o (D78)
0 0 0 1

The matrix S acts on Ayyie and A separately, S = Sunic D
Srest, Where

=24 0 1 0
Sunit = ( 0 1>a Srest = (0 1> (D79)
Thus the Jordan normal form J = Jynit D Jrest, Where
1 1
Junit = <0 1)’

1 0 1 0

2 0 0 2 0 O
Jrest = (O 4)7 J = 0 0 1 0 (D80)

0 0 4

To write J in the conventional form with the Jordan blocks
consisting of 1’s on the superdiagonal, the generalized eigen-
values can always be rearranged by a unitary transformation.
However, for our purposes, it is easier to work with J of the
form of Eq. (D80). Using Eqs. (D66), P reads

-24 1 —58 3

2
p—|-72 2 116 41|
0 0 4 5
0 0 6 7
oL 5 s
12 24 4 6
. 30 -1 =% 216
Pl=1 o _1 3 (D81)
2 2
0 0 3 -

235156-33



MOUDGALYA, REGNAULT, AND BERNEVIG

PHYSICAL REVIEW B 98, 235156 (2018)

Note that the generalized eigenvectors corresponding to the
eigenvalue 1 have the structure of Eq. (D67). This is a direct
consequence of the fact that Sy, in Eq. (D79) is a diagonal
(and hence upper triangular) matrix.

APPENDIX E: STRUCTURE OF GENERALIZED
TRANSFER MATRICES OF OPERATORS
IN THE AKLT MPS

To compute the entanglement spectra of the spin-2§
magnon and the tower of states, we need the structure of the
generalized transfer matrices Eq. (8) for the operators (S~)%5,
(S*)%5 and (S7)*(5%)%5. In the spin-S basis, these operators
have the following representations (up to overall constants):

(S+2S)mn ~ (Sm,S(Sn,fs»
_28
(S )mn ~ am,fSBn,S» (El)
((SPSTY N ~ 8m,—s8,—s
where —S < m,n < S. Using the expression of the spin-S
AKLT ground-state MPS (x = S + 1) of Eq. (A19), the x? x
x? generalized transfer matrices E, E_, E__ corresponding
to the operators (S7)>5, (§7)?5, and (S7)*(5%)* read
(E4)ij ~ 8ix8jx241—x>
(E-)ij ~ 8iy241-x0j.xs (E2)
(E_y)ij ~ 6i 26,1,
where 1 < i, j < x2. For example, for the spin-1 AKLT MPS

of Eq. (24), the form of these generalized transfer matrices
read

0.0 00
0 0 -2 0
E, = 3 ,
+ 00 0 0
00 0 0
0 0 0 0
0 0 0 0
E_= 0 % o ol (E3)
0 0 0 0
0 0 0 0
0 0 0 0
E+=10 0 0 o0
2 0 0 0
1 0 0
AE: O )\’1 - : )
0 A

x*-1

[Ail < 1,

As mentioned in Eq. (A25), the AKLT ground-state transfer
matrix can be written as a direct sum of (§ + 2) blocks {E,},
where the block E, is the submatrix of E consists sets of rows
and columns in Eq. (A24). Using Eq. (E2) and the fact that the
left eigenvector e; corresponding to the largest eigenvalue is
located in block Ej, we directly obtain

Eier = E_er =0, eZE+ = eZE, =0,
el E_yer #0, (E4)
where O denotes the zero vector of appropriate dimensions.

For example, the eigenvectors for the spin-1 AKLT transfer
matrix of Eq. (25) have the forms

r_ot—(Loo L E5
€] =ep = 7 7 (ES)

and Eq. (E4) is directly verified using Eq. (E3). As we will
show in Appendix F2, the properties of Eq. (E4) determine
the Jordan normal form of the transfer matrix for the tower of
states in Sec. VIII.

APPENDIX F: EXAMPLES OF JORDAN NORM FORM
OF BLOCK UPPER TRIANGULAR MATRICES

In this section, we show examples of determining the
Jordan normal forms of block upper triangular matrices.

1. Single-mode excitation transfer matrix

Our first example is the transfer matrix of Eq. (95) for a
single-mode excitation with a generic operator:

E Es  Egp Esip
0 -—FE 0 —Eg
M=F= . (F1)
0 0 —-E —E¢
0 0 0 E
If E has the eigenvalue decomposition
E = PgApP;', (F2)
where Ag, Pg, and bel read
e[
*
Pp =(egr * -+ %), P51= P (F3)
*

where *’s are left and right eigenvectors of E corresponding to the eigenvalues of magnitude less than 1. Using Egs. (D8)

and (D16), we obtain

Ap  AL? ALY
_AE
0 0
0 0

A0 =

(1,2)
Acic
0 —Al?
N (F4)
A —Al
0 Ap
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where
AL = P EePp, ALY = PilEeiPr. ALY = P EgiePr. (F5)
Using the procedure described in Appendix D 3, since A; # 1 we obtain the matrix A that reads

Ag  Ne Aer Agie

. 0 —Ag 0 —Aepi
A=lo o —Ar —aArl (F6)
0 0 0 Ag
where
0 0 0 0 s 0 0
. : O * e %
Ae= | pa=). 0 Dee= o ) (F7)
0 % e % 0 % ceh % 0 =« %

where the x’s are irrelevant. The forms of As, Agr, Agie in Eq. (F7) are a consequence of condition of Eq. (D12) applied to A
in Eq. (F6). In Eq. (F7), the matrix element s in A involves components of Eq+, Ea, Egie and Pg, and it does not have a
simple expression in general. Using Eqs. (F6) and (F7), Ay [defined in Eq. (D59)] reads

1 0 0 s
0 -1 0 o

Aunit = O 0 _ 1 0 ) (FS)
0 0 0 1

where s in general does not have a simple expression in terms of the generalized transfer matrices. Thus a Jordan block is formed
between the generalized eigenvalues +1 iff

s #0. (F9)

Equation (F9) holds for general operators C, in which case one can rescale s to 1 by means of a similarity transformation Sypj
that reads

s 0 0 O
0 1 0 0
Sunit = 0 0 1 ol (F]O)
0 0 0 1
such that the Jordan block of the generalized eigenvalues of unit magnitude reads
1 0 0 1
_ 0 -1 0 0
Junit = SgiAwicSwic = | 0 0 ] o (F11)
0 0 0 1

Furthermore, since Sy, is an upper triangular matrix, the right and left generalized eigenvectors of M corresponding to
generalized eigenvalues of unit magnitude have the forms given by Eq. (D67):

C1€R * * k
. 0 | c2er . * _ *
ry = o |I© = o |I© = cser |’ ry = % (F12)
0 0 0 C4€R
and
% 0 0 0
R i—f 10 0
ll - * ’ l2 - * b l3 - fé_? ’ 14 - 0 3 (F13)
respectively.
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2. Spin-S tower of states transfer matrix with N = 2

Our second example is the tower of states transfer matrix shown in Eq. (114),

E E, O E E, O 0 0 0
0 -E -E, 0O —-E. E, 0 0 0
0 0 E 0 0 E_ 0 0
0 0 0O -E E. 0 E. E. 0
M=F=|0 0 0 0 E E, 0 —E_ E.|. (F14)
0 0 0 0 0O -—-E 0 0 E_
0 0 0 0 0 0 E E. 0
0 0 0 0 0 0 0 —-E -—E,
0 0 0 0 0 0 0 0 E

The eigenvalue decomposition of E for the spin-S AKLT ground-state transfer matrix given by Eq. (F2) and the diagonal matrix
A has the structure shown in Eq. (F3). Consequently, we obtain [using Eqgs. (D8) and (D16)]

Ar Al 0 A 0 0 0 0
0 —Ar —-Ay O —A_ 0 0 0
0 0 Ag 0 0 A_ 0 0 0
0 0 0 —Ag A 0 A |A_4 0
A2 — - ’ (F15)
0 0 0 0 Ag Ap 0 —A_ A_y
0 0 0 0 0 —Ag 0 0 A_
0 0 0 0 0 0 Ag Ay 0
0 0 0 0 0 0 0 —Ap  —Ay
0 0 0 0 0 0 0 0 Ag
where
A =P, 'E.Pr, A_=P;'E_ Py, A_,=P;'E_,Ps. (F16)
Using the properties of Eq. (E4) and the structures of Pg and Py in Eq. (F3), the matrices of Eq. (F16) read
o o0 --- 0 o o0 --- 0 S ke ok
A, = 0 x L% A= 0 = L% A= * ok L% ’ (F17)
0 * * 0 * * * *
where *’s are irrelevant values and the matrix element s is given by
s=elE_yer #0, (F18)

where ¢;, and ey are the left and right eigenvectors of E corresponding to the eigenvalue 1. A matrix A that satisfies Eq. (D12)
can be obtained from A""? of Eq. (F15) using the procedure described in Appendix D 3. We obtain the form of the blocks of
A using its dependence on {Alg;,z)} as shown in Eqs. (D51) and (D49), and the forms of A, A_ and A_, of Eq. (F17). An
important result is that the function f in Eq. (D51) preserves the direct sum structure, any A,,, that only depends on A and
A _ keeps the same form as the ones of A, and A_ in Eq. (F17). We first define three matrix types, and then show that the
off-diagonal blocks of A that we obtain from A" of Eq. (F15) fall into one of these types:

0o 0 --- 0 s 0 -~ 0 * 0 ... 0
0 *x - x 0 % - % 0 *x - x

A=1. . . ., B=]. . . ] c=1. .. 1 (F19)
0 x - % 0 * -+ x 0 *x - %

where, as we will show, the *’s are not relevant to the Jordan normal form of the eigenvalues of unit magnitude. In Eq. (F15),
note that the blocks A_ all lie on a single diagonal of A2 which we call D. As we will show, these blocks determine the
Jordan normal form of M. We now consider the structure of various blocks of A? of Eq. (F15) and obtain the structure of the
corresponding block in A using the properties of f in property (f1) in Appendix D 3, the definition of T in Eq. (D45), the forms
of the blocks A and A_ in Eq. (F17), and the form of Ag in Eq. (F3):
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(c1) Blocks to the left of the diagonal D, and the blocks on D that are not A_ in A2 According to Egs. (D51), (D49),
and (F15), the expressions for these blocks can be written in one of the following forms:

TIf({A, AL {AED), A, FAEl~ A, TIf({AL, AL {AE}), TAE, £Ag] ~ A, (F20)
where we have used the fact that
fUAL AL {AE) ~ A (F21)

as a consequence of the structures of A} and A_ in Eq. (F17) and property (f1) in Appendix D 3.
(c2) Blocks on the diagonal D that are A_, in A1?): These blocks of A are of the form

TIA 4+ f{Ay, A {AED, £AE, £AE] ~ B, (F22)

where we have used Eq. (F21) and the structure of A_, in Eq. (F17) to deduce that A_ + f({Ay, A_}; {Ag}) has the same
structure as A_, in Eq. (F17), and subsequently used the definition of T in Eq. (F32).
(c3) Blocks to the right of D on rows that have a A__ in A""?: Here, the blocks are one of two forms:

TIf({A, Ao, A B {AgD), £Ae, FAl~ A, TIF({A Ao A i {Ag)), £AE, £A£] ~ C, (F23)

which is true irrespective of the structure of f({A_, A+, A_}; {Ag}) due to the definition of T in Eq. (F32) and the structure
of Ag in Eq. (F3).

(c4) Blocks to the right of D on rows that do not have a A__ in A""?: We first show via induction on n that any A,,, in such
a row (that does not have a A_ in A""?) is always of the form of A in Eq. (F19). We start with the induction hypothesis that

(Z) * PP e * 0 * ... *
A O~ Am~). . ] Ym+1<t<n—1, (F24)

which is true for n = m + 2 due to the case (c1).

Using Egs. (D47) and (F24), and the fact that A(!-?) is either 0, A, or A_, we directly obtain that A" is of the form of
Af,,"}’t) shown in Eq. (F24), irrespective of the structures of O;, and A;Z”).

As a consequence of Eq. (D43), O,,, and A,,, have the forms of O,,; and A,,, shown in Eq. (F24).

Thus all the blocks on such a row A,,, are of the form of A in Eq. (F19).

Thus, as a consequence of the cases (c1) through (c4), A obtained from A"? of Eq. (F15) has the following structure:

A
A

SO OOH »
=

, (F25)

Sk O
S Y o

E
0 Ag

>
0
oooooooon?
oooooon?:u:u
|
>
=

coZ a0

where the structures of A, B, and C matrix types are shown in Egs. (F19). In Eq. (F25), A, B, and C denote only the structures of
the matrices [shown in Eq. (F19)] and not the matrices themselves. That is, the *’s in different copies of A’s are not guaranteed
to be identical, and similarly for the B’s and the C’s. As we will show, only the element s in matrix B is relevant to the Jordan
normal form. This element originates from the A_, block in Eq. (F15) due to the dependencies of blocks of A on the blocks of
A2 shown in Egs. (D51) and (D49). Consequently, Ay reads

1 00 0 s 0 % 0 =
0 -1 0 0 0 s 0 % 0
0 01 00 00 0 0
0 00 -1 0 0 0 s 0
Amc=]0 0 0 0 1 0 0 0 s (F26)
0 00 00 -1 0 0 0
0 00 00 O 1 0 0
0 00 00 0 0 -1 0
0 00 00 00 0 1

As we now show, the * values are not relevant to the Jordan normal form (and are in general not identical). To show that and
transform Ay to the Jordan normal form, we first prove a useful lemma.
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Lemma F1. Consider an upper triangular matrix R that
satisfies the following conditions: (C1) t diagonal entries
R;;’s are all equal and (C2) for any i < j such that R;; # 0
and Ry =0 Vk, i <k < j, the entries of R satisfy R,,; =
OVm,i<m<]j.

Condition (C2) translates to the following: the leftmost
nonzero off-diagonal element on any row of R should also be
the bottommost nonzero off-diagonal element of its column.
For example, this condition is satisfied by Ay of Eq. (F26).

The Jordan decomposition of R satisfying these conditions
reads R = SJS~! where S is an upper triangular matrix with
all its diagonal entries nonzero, and J is the Jordan normal
form of R that has the property: (P1) J;; =1 for some i < j
onlyif Rjj #0Oand Rjzy =0 Vi <k < j.

The property of Jordan normal form J translates to the
following: the nonzero off-diagonal elements of J are in the
same positions as the leftmost nonzero off-diagonal elements
in any row of R. Thus, for R satisfying conditions (C1) and
(C2), the Jordan normal form is obtained by replacing the first
nonzero off-diagonal element in each row by 1.

Proof. We proceed via induction on the matrix dimension
d. We assume that lemma F1 holds for (d — 1)-dimensional
matrices and show that it holds for d-dimensional matrices.
That is, for a d-dimensional matrix R, we assume that the
(d — 1)-dimensional submatrix formed by the first (d — 1)
rows and (d — 1) columns is a Jordan normal form (i.e., the
only off-diagonal elements are 1). We then focus on the last
column of the d-dimensional matrix R and focus on one
element at a time starting from R;_;, and working up the
column to Ryy.

At any step, if R,y =t # 0 forsome 1 < m < d, there are
two possible cases: (1) R,,; =0 V j, m < j <d — 1. Inthis
case, we know that R,; =0 Vm <n <d — 1 because of
condition 2 in lemma F1. We apply a similarity transformation
to R using a diagonal matrix A whose components read

1 ifi=d
Ai=1" . . (F27)
1 ifi#d
The resulting matrix
R = A7'RA (F28)
has the property that (R),,,; = 1.
For example, we consider R reads (d = 4)
A 1 0 5
0 A 0 2
R = o o0 » ol (F29)
0 0 0 A

and focus on m =2. Thus Ryy #0 and Ry; =0 V j, 2 <
Jj < 3. Using A that reads

; (F30)

(= eRel
(=l )
(= e R )
p—-0o O O

we obtain R’ of Eq. (F28) reads
A

R = (F31)

SO > =
= e Ne]
> O =W

0
0
0

(2) Ry, = 1 for one n, m < n < d— 1. We never obtain
the case R,,, = 1 for more than one n, m <n <d — 1 be-
cause the submatrix consisting of the first (d — 1) rows and
first (d — 1) columns is a Jordan normal form due to the
induction hypothesis.

Here we apply a similarity transformation using an upper
triangular matrix 7 whose components read

T,'j = (Sij — t8,~n8jd. (F32)
The resulting matrix
R =T7'RT (F33)

has the property R, , = 0. For example, we consider R that
reads (d = 4)

, (F34)

SO O >
SO > =
S > =0
> = O W

and we focus on m = 1. Thus R4 #0 and R, = 1. The
corresponding T is

1 0 0 0
01 0 -5

=10 0 1 o (F35)
0 0 0 1

We then obtain the following expression for R’ of Eq. (F33):

A1 0 0

, fo a1 0

R=1lo 0 » 1 (F36)
00 0

Thus, by sequentially applying similarity transformations
Eqgs. (F28) and (F33), we transform the entries of the last
column of R to either 1 or O, resulting in a matrix J that
satisfies property (P1) of lemma F1. Since the full similarity
transformation § is a product of diagonal matrices with only
nonzero elements on its diagonal [A’s of Eq. (F27)] and
upper triangular matrices [7’s of Eq. (F32)] with only nonzero
elements on its diagonal, we obtain

R=2SJS", (F37)

where S is an upper triangular matrix with only nonzero
elements along its diagonal and J is the Jordan normal form
of M. This shows that |

Aunie of Eq. (F26) is a direct sum of two matrices (one
for the generalized eigenvalues +1, one for the generalized
eigenvalues —1), both of which satisfy the conditions of the
lemma F1. This validates that only the off-diagonal matrix
elements s (first nonzero off-diagonal elements in each row) in
Aunit are relevant when finding the nonzero upper-diagonal el-
ement in the Jordan normal form. Moreover, S of Eq. (D60)
is an upper triangular matrix with nonzero elements on its
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diagonal as a consequence of lemma F1. Thus Py, and ﬁumt eigenvectors of M of Eq. (F14) have the forms of Eq. (D67).
have the forms of Eq. (D66), and the left and right generalized Furthermore, applying lemma F1, Jy; reads

1 0 0 0 1 0 0 0 0

0 -1 0 0 O 1 0 0 0

0 0 1 0 O 0 0 0 0

0 0O 0 -1 0 0 0 1 0
Jue =10 0 O 0 1 0 0 0 1 (F38)

0 0 O 0O 0 -1 0 0 0

0 0 O 0 O 0 1 0 O

0 0 O 0 O 0O 0 -1 0

0 0 O 0 0 0 0 0 1

APPENDIX G: ASYMPTOTIC BEHAVIOR OF THE TOWER OF STATES ENTANGLEMENT ENTROPY
To obtain the large-N behavior of Eq. (135), we first use Stirling approximation to obtain
N) ~ e [l @1)
o 271a(1 - %)
where H(x) = —xInx — (1 — x)In(1 — x) is the Shannon entropy function. The sum in Eq. (135) can then be written as
N N a
N N NH) 1
B N R RO R E ))
a=0 o o a=0 27ta(1 — %) N 2 N
1 eNH(P) 1

~ N dp ————|NH(p) — = InQRaNp(l — , G2
/0 NG e _p)[ (p) — 5 InQ2m Np( 17))} (G2)

where p = %. To evaluate Eq. (G2) for large N, we can use a saddle point approximation:

b b
/ dx g(x)eNf(x) ~ / dx g(x)eNf(Xo)'F%f”(xo)()c—xo)z — g(xo)eNf(Xo) 2—7[ (G3)
a a N|f”(]€0)| '

where f'(xg) = 0 suchthata < xy < band f”(x9) < 0. Thus we obtain

eNH(po) 27T

I=N 1
27 Npo(I = po)\ NIH"(po)l

1
[NH(PO) — 5 In@rNpo(l = Po))} (G4)

(

where py is defined by H'(pg) = 0. Substituting py = 1/2, some finite b,
H(po) =In2and H"(py) = —4, Eq. (G4) simplifies to

1=2N(N1n2—11n<ﬂ>> (G5) ki ky 3 <n>< ! ><<n>( " ) (H2)
2 3 ki) \k — ki ka)\k — b — ky

Substituting I into Eq. (135 btain Eq. (136).
ubstituting 7 into Eq. (135), we obtain Eq. (136) In terms of the H function, condition Eq. (H2) translates to

APPENDIX H: BREAKDOWN OF EQ. (132) IN THE FINITE

DENSITY LIMIT dpi,p2 3 Hip)+ H(p — p1)
In Sec. VIIIC, we mentioned that terms weighted by < H(py)+ H< p—pr— é)’ (H3)
(7)(,",) do not suppress the terms that appear with the factor n

(")(,_ ). To see that this is indeed the case, we write
N = pn, where p > 0, and use the asymptotic form where p; =k, /n, p» = ky/n, and p = k/n. However, by us-
ingp; - Oand p, — £ — %, the condition Eq. (H3) reduces

n 2
( ) ~ enH(p), (Hl) tO
pn
where H(x) = —xInx — (1 — x)In(1 — x), the Shannon en- p b
tropy function. Expansions in orders of n breaks down if, for H(p) <2H 2 m) (H4)
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Since H(x) is a strictly concave function for x € [0, 1], we
know that

H H
W)+ HG) _ (2 tYY (H5)
2 2
Using x = p and y = 0, for any nonzero p, we obtain
p
H(p) < 2H(5>, (H6)

which is the same as Eq. (H4) in the limitn — oo and b finite.
Thus the replica structure of the ground-state and excited
state entanglement spectra breaks down at any nonzero energy
density.

For small densities p, we expect the prefactor in Eq. (139)
to be P =1/2, the same as the one in the zero density
limit. The entropy contribution in Eq. (136) is due to the
copies of the ground state with « ~ N /2 in Eq. (135). Using
Egs. (129), (124), and (125), the dominant corrections to those
eigenvalues of pq are due to products of the form

lopry s where o, B, y,8 ~N/2—en.  (H7)

However, using Eq. (H1), such terms are suppressed by a
factor of

n 2
(N/Z*en) ~ MHE=O=H(E) o ,~4H (p/Den_ (HS)
n
(N/ZZ)

Thus we do not expect the saddle point form of the entropy in
Eq. (136) to change for small p.

APPENDIX I: TRANSFORMATION OF MPOS
CORRESPONDING TO THE AKLT EXCITED STATES
UNDER VARIOUS SYMMETRIES

In this section, we describe the transformation of the MPOs
corresponding to the AKLT excited states under inversion,
time-reversal, and Z, x Z, rotation symmetries.

1. Inversion symmetry

Under inversion symmetry, all the physical operators are
mapped to themselves.

T:(S*, S, 8) = (ST, 57, 5) I

The MPOs transform under inversion as described in
Eq. (148). The Arovas A MPO M4 of Eq. (48) satisfies

SAMASAT = M7, (12)

where by brute force we obtain

0 0 0 0 1
0 0 -1 0 0

=10 -1 0 0 0 (I3)
0 0 0 1 0
1 0 0 0 O

Since £/ X4 = +1, the Arovas A MPO transforms linearly
under inversion. Similarly, the Arovas B MPO M of Eq. (53)
satisfies

SEMpsE = M7, (14)

where

[
I
coo~ococoo

SO~ OO OO O

=N NeNeleNeNoNel

— O oo o oo o
SO OO O—~, OO
eeoNoloNe NN =
S OO O L OO O
SO OO ODOO =~

as)

Since %" = —1, the Arovas B MPO tranforms projec-
tively under inversion. The tower of states MPO Mg, of
Eq. (62) transforms as

S Mgs, = = ML (16)
where
B =, ()

where S is the spin-N /2 operator that acts on the (N + 1)-
dimensional ancilla. For N = 1, £} = io,. Since

TR = (- D)V, (18)
the tower of states MPO transforms linearly for even N and

projectively for odd N.

2. Time-reversal symmetry

Under time reversal, the physical integer spin operators
transform as

T: (ST, 87,8 = (=S, =8, —=8§%). 19)
Thus the Arovas A MPO M 4 transforms as
SAMASAT = T(M,), (110)

where T transforms the physical operator in the MPO under
Eq. (19), and

1 0 0 0 0
0 0 -1 0 0

rA=10 -1 0 0 0 (I11)
0 0 0 -1 0
0 0 0 0 0

Since E?E?* = +1, this is a linear transformation. The
Arovas B MPO M transforms linearly as well with
SEMpSE = T(Mp), (112)

where

elololoNeNel "

SO OO OO~ OO

S OO O, OOO

7=

|
I
ScCoo~0o0O0CO

SO~ OO OOoO O

O— OO OO OoO O
— O OO OO OO

S OO OO OO =~

I13)
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The spin-S AKLT tower of states we have considered have
S, # 0 and thus explicitly break time-reversal symmetry.

3. Rotation symmetry

Under & rotations about the x and z axes, the physical
integer spin operators transform as

RX : (S+s S_» SZ) g (S_s S+1 _SZ),

R.: (ST,87,8) — (=ST, =857, §%). I14)
Consequently, the Arovas A MPO transforms as
(ENMAA =R My 0 =x, 2. (115)
where
1 0 O 0 0
0 0 1 0 0
sA=10 1 0 0 0],
0 0 0 -1 0
0 0 O 0 1
1 0 0 0 O
0 -1 0 0 O
zA=10 0 -1 0 O I16)
0 0 0 1 0
0 0 0 0 1

This is a linear transformation since T2 SA(ZATA)* = +1.
The Arovas B MPO also transforms similar to Eq. (I15) where

1 0 O 0 0 O 0 0
0 01 0 0 O 0 o
0 1 0 0 0 O 0 o0

z:BZOOO—IOO 0 o

x 0 0 O 0o 01 0 of
0 0 O 0O 1 0 0 o0
0 0 O 0 0 0 -1 O
0 0 O 0 0 O 0 1
1 0 o0 0 0 0 0 O
0o -1 0 0 O 0 0 O
o o0 -1 0 O 0 0 O
1

<19 0 00 1 o0 o W7
0O 0 0 0 0 -1 0 O
o o o0 o0 o0 o0 1 0
o o o0 o0 0 o0 0 1

Since £2SB(TEF)* = 41, this is a linear transformation.
Since the tower of states does not have S, = 0, the states are
not invariant under the Z, x Z, rotation symmetry.

APPENDIX J: SYMMETRY-PROTECTED DEGENERACIES
IN THE ENTANGLEMENT SPECTRUM
FOR A FINITE SYSTEM

In this section, we show that under certain conditions,
degeneracies in the entanglement spectrum are protected (i.e.,

without any finite-size splitting, not even exponential) due to
symmetries. For example, if the system is inversion symmet-
ric, we consider the case where the left and right boundary
vectors of the MPS are related by

ulp, =bl,. an

Here, U; is the action of inversion symmetry on the ancilla,
defined in Eq. (143). Using Egs. (17) and (143), we obtain the
following property for the transfer matrix,

E" = (U] @ U)EW, @ U}). J2)

Consequently, using Eqs. (J1) and (17), if the left and right
subsystems have an equal size, we obtain

L=URU,. J3)

Using the definition of p.4 in Eq. (18), we obtain
pra = LRT = UIRU,UFLTUT . J4)
Since U; U} = #£1, and consequently U T — 4U,, we obtain

Ui prea = ;OrTed U. ds)

Suppose r; is the right eigenvector of pq corresponding to an
eigenvalue A, using Eq. (J5), we obtain

PeaUrrs = Up preary. = AUGT;. J6)

Thus 1, = Ujr; is a right eigenvector of ,orTed, and hence a left
eigenvector of pyeq corresponding to the eigenvalue A. If U] =
—U,, we show that

Ur, =r]U/ vy =—1r]Umr, = -1/, =—-1l/r,. (J7)

Thus we obtain l;r,\ = 0, which is impossible if X is nonde-
generate. Consequently, all the eigenvalues of pyq are doubly
degenerate.

For other unitary symmetries we have considered, such as
time reversal and Z, X Z, rotation, the boundary conditions
satisfy

Ub,, =b, and Ub, =0, J8)
Consequently, using Eq. (142) and (17), we obtain
R=URU and L=U'LU. a9

Since [£, U] =0and [R, U] = 0, we obtain [preq, U] = 0. U
can thus be block-diagonalized into blocks U, (of dimension
D;) labeled by the eigenvalues A of p..4. Since U, is antisym-
metic, it satisfies

det(Uy) = det (U]) = (—1)P* det(U,) J10)

However, U, is also unitary and thus det(U,) # 0, requiring
D; to be even.
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