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1. Introduction

Quantum entanglement appears ubiquitously in quantum mechanics, and gives a correlation
which cannot be explained in classical mechanics. The superposition principle of states in quantum
mechanics is a key to the entanglement. One of famous examples of entangled states is the Einstein-
Podolsky-Rosen (EPR) state that is a state of a system of two particles A and B taking spins 1 and
Lojw) = (IDal s+ 4)al 1)8) /v/2. We cannot say definitely about the spins of A or B before
doing measurement. At the moment that the spin of A is measured, the spin of B will be uniquely
determined in spite that the spin of B is not directly measured. This happens instantaneously even
though A and B are far away from each other. It is due to that the state |y) cannot be expressed as a
direct product of a state of A and a state of B. Similarly in quantum many body system on a lattice
or quantum field theory, by dividing a space that the theory defined on into two regions (called A
and B), we can consider the entanglement between them.

Entanglement entropy (EE) is a measure of the entanglement, i.e. quantifying how far the state
of a total system is from a tensor product of states of subsystems. The reduced density matrix of
the subsystem A is obtained by tracing out the states of B in the density matrix of the total system
p: pa = Trpp. Then, the EE of A is defined as the von Neumann entropy of pa: Sa = Tra (palnpa).
For the EPR state, p = [) (], pa = (| 1) (1 |+ 4) (L]) /2, 4 = In2.

Let us consider the ground state of a quantum many-body system with local interactions in D
spatial dimensions. The EE of the ground state is typically proportional to the area of the boundary
between A and B (area law), scaling as O (LDfl) with L being a length scale of A [1]. This is under-
standable from the fact that local interactions contributing to the EE localize around the boundary
for gapped systems'. On the other hand, violations of the area law are observed in gapless sys-
tems, whose amount had been believed to be a logarithm, i.e. scaling as O (L”~'InL), over twenty
years. Recently, Movassagh and Shor discovered a solvable one-dimensional spin system which
provides the EE scaling as O (ﬁ) and gives a counterexample of the belief [3]. In this article, we
mainly discuss the model (Motzkin spin chain) and its extension by symmetric inverse semigroups
(SISs) [4].

2. MotzKin spin chain

The Motzkin spin chain [3] of length 27 has up, down and zero quantum spin degrees of free-
dom with multiplicity (called as color) s for up and down at each of the lattice sites {1,2,---,2n}.
We express the up and down spins with the color k € {1,2,---,s} and the zero spin at the site i as
|u¥), |d¥) and |0;), respectively. The Hamiltonian is given by the sum of local projection operators:

2n—1 s
Hy,s = Zl kZ {’le.j+1> <D§,j+1 |+ ’Uf,j+1> <Uﬁj+1 |+ \F}f,-+1> <Fffj+1(}
j=1 k=1
2n—1

N
+ Y e+ Y (Jab) (ab [, ) (). @1
J=1 k=1

where

IThere is a mathematical proof of the area law for gapped one-dimensional systems [2].
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Figure 1: The walks corresponding to the ground state should be invariant under applying the three moves
to arbitrary nearest neighbors.
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In (2.1), all the interactions are over the nearest neighbor sites as the suffix j, j+ 1 means, and

the last term is the boundary term. Since each projection operator is positive semi-definite, the
Hamiltonian (2.1) has a positive semi-definite spectrum. If we find a zero-energy state, it must
be a ground state, which is annihilated by each of the local projectors. This property is called as
frustration free. By representing the up, down and zero spin states as arrows pointing to (1, 1)
(up-step), (1,—1) (down-step) and (1,0) (flat-step) respectively, each spin configuration is mapped
to a walk in the (x,y)-plane starting at the origin and ending at (2r,0). The up- and down-steps
have the color indices. Let us represent the zero-energy ground state in terms of the walk. From
the boundary term, down (up) walks are forbidden at the left (right) edge. Since the ground state is

orthogonal to ‘D (¥, +1> k j +1> and ‘ it 1> the walks corresponding to the ground state should

be invariant under the threfj:/ moves acting arbitrary nearest neighbors depicted in Fig. 1. The term
I172% implies that the color of each up-step should be matched with the color of a subsequent
down-step appearing at the same height. Therefore, the zero-energy ground state turns out to be
unique and corresponding to random walks starting at the origin, ending at (2n,0) and not entering
the y < 0 region. Such random walks are called (colored) Motzkin walks. For example, the ground

state in the 2n = 4 case reads

1
V14654252

S
‘PM,4,S> — |01)02703704> + Z {’ullcvdlzcao3ao4> + ‘Olau§7d§)04> + ’017027u§7d§>
k=1

o [u, 02,8, 04 ) + |01, 5,05, ) + [uf, 02,05, }
Z {‘Mlad27u3?d4>+’u17u27d%7d4>}] (23)
k=

The number 1+ 65 + 25> appearing in the normalization factor gives the number of the colored
Motzkin walks. In general, the number of the length-2n colored Motzkion walks is given by

" [ 2n 5 1 2n—2p
M n,s — P . 24
M, 2, E0(2p>s n+1< n—p ) 24




Highly entangled spin chains Fumihiko Sugino

We take the left half of the system as a subsystem A (A = {1,2,---,n}) and the remaining as B
(B={n+1,n+2,---,2n}). In order to compute the EE of A, we rewrite the ground state [Py 2, 5)
as sums of direct products of a state belonging to A and a state belonging to B:

\le,zn,s>=§i_:1 i_\/ Phinans [Bins (D) @ |BEVARD), @)

where the state )Pl\(,ﬁ :il) { K})> belongs to the subsystem A and corresponds to a part of the Motzkin

walks starting at the origin and ending at (n,/). Since the part has 4 unmatched up-steps, K,
denotes the color of the up-step from the height m — 1 to m. The state ‘f’l\(,? jg) ({ K})> corresponds
to the remaining part of the Motzkin walks from (n,%) to (2rn,0) with & unmatched down-steps.

Let Ny, ((Hh) be the number of the paths in ‘PN? :}; ({K})> The coefficient p(Mh?n a5 18 given by

(NIS,(I) ?}; ) /Nm,2n, 5. and can be seen to have the asymptotic behavior
0 V2s~
prnvnvs ~ \/E(Gn)3/2

with 0 = /5s/(21/s+1) as n — eo. For the density matrix of the ground state p = [Py 21 s) (Pu, 21,5,
the EE of A is expressed as

(h+1)2e "D 5 140 (n )] (2.6)

n
h h
SA = Z sh pl(\/l?mn,s lnpl(\/l?n,n,s‘ (27)
The factor s” comes from the sums Yh=1"""Li,—1 in (2.5). Note that p(Mh?n n,s does not depend on

Kn (m=1,--- h). Plugging (2.6) to (2.7) and evaluating the sum by converting an integral leads to

2on 1 1 1
SA:(21ns),/7”+51nn+§1n(27w)+y—5—1ns (2.8)

up to terms vanishing as n — oo [3, 5]. v is the Euler constant. For s > 1 (colored) case, the EE
grows as a square root of the volume (/7), exhibiting extraordinary large entanglement. For s = 1
(uncolored) case, the first term of (2.8) vanishes and reduces to a logarithmic growth [6].

3. SIS Motzkin spin chain

In this section, we consider an extension of the Motzkin spin chain by SISs. Although semi-
groups are generalizations of groups by relaxing the condition of the inverse, we can still introduce
an inverse for every element but with respect to a partial identity. The SISs are analogs of the
permutation group in group theory denoted by .#¥, whose element is a map defined on order-p
subsets of {1,---,k}, expressed as Xy;...q, p,.-5, With {a;---a,} and {b;---b,} being order-p sub-
sets of {1,---,k}. The elements of .#: x,, (a,b € {1,---,k}) satisfy the product rule

Xab*Xed = 5b,cxa7da (31)
which is similar to that of matrices. For p > 1, the elements of Y; can be expressed by p! sets of
. k
K with K = < ) whose elements are denoted by x° , (a,b € {1,---,K}, s € {1,---,p'}) [4]
p ;

Here we work with simplest and nontrivial cases of 5”13 and 5”23.
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For each element of .}, we introduce a spin state |x,,) with the canonical inner product
(Xap|Xc.d) = O4cOpq. Similar to the previous section, spin configurations correspond to walks in
(x,y)-plane by regarding |x, ;) with a < b as up-steps, with a > b as down-steps and with a = b as
flat-steps. Reflecting (3.1), a spin configuration on the sites form a connected path when spins of
every adjacent site | (x4 p)j)|(Xc.a) j+1) (G € {1,2,---,2n—1}) satisfy b = c.

The Hamiltonian for the length-2x chain is defined by

Hg31 = Houlk + Hpulk disc + Hbdy (3.2)

where Hpyx consists of four kinds of nearest-neighbor interactions corresponding to the moves in
Fig. 2. Hpuik gisc lifts disconnected paths to excited states:
2n—1 3

Hbulk,disc = Z Z H‘(xa,b)j;(xc,d)frl) (33)
j=1 ab,c,d=1;b#c

with IT'¥) denoting the projection operator to |y). The boundary term is given by

Hbdy _ Z H\(%b)l) + Z H‘(xa‘b)bl) +H|(Xl.3)17(X3.2)27(x2.1)3> _|_H|(x1.2)2n72>(x273)2nfl7(x3,1)2n>_ (3.4)
a>b a<b

The last two terms in (3.4) have no analog in the original Motzkin spin chain. We can see that the
Hamiltonian (3.2) is frustration free and has zero-energy ground states corresponding to connected
paths starting at the origin, ending at (2r,0) and not entering y < 0. In this 5”13 version of the
Motzkin walks, the maximum height in the first n steps is no longer # as in the original Motzkin
walks but Apnax = [(n—2)/3] + 2, where [m] is the greatest integer not exceeding m. The ground
states have five-fold degeneracy according to the initial and final semigroup indices: (1,1), (1,2),
(2,1), (2,2) and (3,3) sectors. Among them, the (3,3) sector is trivial and consisting of only one
path X33X33 " X33.

Down: a > b Up: a<b
a a a b b
N\ N\ /b
b~ b b " ﬁ
ya a a )
Flat: a <b Wedge

b
3 3 3 3
Figure 2: The moves for interaction terms in Hyyk.

After computing the numbers of the 5”13 Motzkin walks by using recursion relations, the EEs
of a subsystem A = {1,2,---,n} can be computed as in the previous section. The EEs for the four
sectors except for the (3,3) are found to have the same asymptotic form as (2.8) with s = 1, i.e.
violating the area law by a logarithm, whereas the EE for the (3,3) vanishes.
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As mentioned in the above, the case of yf can be expressed by two sets of ., which intro-
duces two colors to the 5”13 spin chain (3.2). We find that the EEs for the colored case in the sectors
of (1,1), (1,2), (2,1) and (2,2) show the common behavior as

[20n 1 1 1 3

with 6 = (v/2—1)/(9/2), up to terms vanishing as n — oo [4]. This exhibits a square-root violation
of the area law similar to the original colored Motzkin model (2.8).

4. Discussions

We have discussed the Motzkin spin chain, which provides the extraordinary large EE grow-
ing as a square root of the volume, and its extension by SISs. For the 5’23 case, by adjusting a
coupling constant in the Hamiltonian, the two 5”13 spins can be decoupled and thus the EEs grow
as a logarithm of the volume. Namely, the system undergoes a quantum phase transition where
the square-root growth of the EEs abruptly changes to the logarithmic growth as varying the cou-
pling [4]. A similar spin chain with only up and down spins has been constructed by Salberger
and one of the authors (V.K.) [7] (also see [8]), for which SIS extensions are discussed in [9]. As
a typical feature of these SIS extensions, there are excited states corresponding to disconnected
paths. Localization phenomena take place in such excited states without introducing disorders [9].

For future directions, it will be interesting to discuss the continuum limit of the spin chains
and their applications to quantum gravity or black holes.
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