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Abstract

We derive some entanglement properties of the ground states of two classes of quantum spin
chains described by the Fredkin model, for half-integer spins, and the Motzkin model, for inte-
ger ones. Since the ground states of the two models are known analytically, we can calculate the
entanglement entropy, the negativity and the quantum mutual information exactly. We show, in
particular, that these systems exhibit long-distance entanglement, namely two disjoint regions
of the chains remain entangled even when the separation is sent to infinity, i.e. these systems
are not affected by decoherence. This strongly entangled behavior, occurring both for colorful
versions of the models (with spin larger than 1/2 or 1, respectively) and for colorless cases (spin
1/2 and 1), is consistent with the violation of the cluster decomposition property. Moreover we
show that this behavior involves disjoint segments located both at the edges and in the bulk of
the chains.
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1 Introduction

The study of nonlocal properties and their consequences on the dynamics in addition to the violation
of the area law for the entanglement entropy are certainly, at the present date, a very challenging field
of research. The concept of locality plays a crucial role in physical theories, with far reaching conse-
quences, a fundamental one being the cluster decomposition property [[1,2]]. This property implies that
two-point connected correlation functions go to zero when the separation of the points goes to infinity.
This is the reason why two systems very far apart, separated by a large distance, behave independently.

Another aspect related to correlations is the quantum entanglement. In bipartite systems the von
Neumann or entanglement entropy quantifies how the two parts of the whole system in a quantum state
are entangled. This quantity measures non-local quantum correlations and has universal properties,
like the fact that, for gapped systems in the ground states, it scales with the area of the boundary
of the two subsystems [3]]. This property is called area law and is valid for systems with short-
range interactions. In other words, if the interactions are short-ranged the information among the
constituents of the system propagates with a finite speed involving a surface surrounding the source
of the signal, like an electromagnetic impulse propagating with the speed of light. For critical one-
dimensional short-range systems the area law is violated logarithmically [4]. Quantum spin chains are
promising tools for universal quantum computation [5]] and the efficiency may be related to the amount
of quantum entanglement. Spin systems with entanglement entropy larger than that dictated by the
area law can be used for quantum computing even more efficiently, and breaking down the speed of
the propagation of the excitations can represent a breakthrough for quantum information processing.

Recently, novel quantum spin models have been introduced, with integer [6-8] (Motzkin model)
and half-integer [9l|10]] spins (Fredkin model), which, in spite of being described by local Hamiltoni-
ans, exhibit violation of the cluster decomposition property and of the area law for the entanglement
entropy, with the presence of anomalous and extremely fast propagation of the excitations after driving
the system out-of-equilibrium [9]. These models seem, therefore, extremely promising for applica-
tions in quantum information and communication processes. Very recently, also deformed versions
of Motzkin [11] and of Fredkin [[12]] chains have been introduced and studied [|13}|14], which can ex-
hibit a quantum phase transition separating an extensively entangled phase [11,/12] from a topological
one [15]].

Quite recently, it has been given also a continuum description for the ground-state wavefunctions
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of those models, as originally formulated and in the colorless cases (spin-1 Motzkin model and spin-
1/2 Fredkin model), which can reproduce well some quantities like the local magnetization and the
entanglement entropy, and whose scaling Hamiltonian is not conformally invariant [16]]. Some results
on the Renyi entropy for these models have been also reported [[17].

In this work we focus on the study of quantum entanglement after the discovery that cluster decom-
position property in such systems can be violated [9]]. This behavior has been shown to occur in the
connected correlation functions of spins along z-directions for the colorful cases (for spins larger than
1), when also the area law for the entanglement entropy is violated more than logarithmically [[7,(9],
and is more pronounced for correlation functions measured close to the edges of the chains. What is
presented here is the calculation of other entanglement measures, the quantum negativity [|18,/19] and
the mutual information [20,22]] shared by two disjoint segments of the chains in the ground state. The
latter, also called the von Neumann mutual information, is a measure of correlation between subsys-
tems of a quantum state and is the quantum analog of the Shannon mutual information. The negativity
is also a measure of quantum entanglement, based on the positive partial transpose (PPT) criterion of
separability, which provides a necessary condition for a joint density matrix p 4 of two quantum me-
chanical systems, A and B, to be separable [18]]. If the state is separable (not entangled) the negativity
is zero, therefore, if the negativity is greater than zero, the state is surely entangled, nevertheless it can
be zero even if the state is entangled.

We show that such systems exhibit long-distance entanglement [23[], namely given a measure of
entanglement, e.g. the mutual information, Z 4 g for the system AU B made by two disjoint subsystems
A and B, the quantity Z4p does not vanish when the distance between A and B goes to infinity.
This result is consistent with the fact that also some connected correlation functions do not vanish
in the thermodynamic limit [9,[16L21], being the mutual information an upper bound for normalized
connected correlators [22,24]).

Moreover we show that this non-vanishing mutual information, persisting for infinite distances,
is verified not only in the colorful cases, where the entanglement entropy scales as a square-root law,
but also in the colorless cases, where the entanglement entropy scales just logarithmically, as for
critical systems. Finally, contrary to what found in the continuum limit [16]], this behavior occurs,
and is even more pronounced, also when the subsystems are located deep inside the bulk, showing a
stronger entanglement as compared to the one obtained in conformal field theories, where the mutual
information vanishes upon increasing the distance with a power law behavior [25]]. On the other hand,
quite surprisingly, we show that the mutual information for two disjoint subsystems inside the bulk has
the same form of the logarithmic negativity and of the mutual information for conformal field theories
of two adjacent intervals [26].

2 Models

In this section we report the Hamiltonians for recently introduced half-integer and integer spin models,
referred to as Fredkin and Motzkin models, whose ground states are known exactly and have the
peculiarity of being related to some random lattice walks.
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2.1 Fredkin model

The Fredkin model [9,/10] is described by the following half-integer spin Hamiltonian H = Hy + Hy,
with

q L-2 L—-1 q L-1
Ho= 3" {3 P& +P(QE) |+ 2P (@) f+ > D P(1545:) M
c,e=1 ;=1 j=1 c#c j=1
Hy =Y _[P(L9) +P(119)] )

Q
Il
—

composed by bulk, Hy, and boundary, Hy, Hamiltonians, where P(|.)) = |.) (.| is a projector operator
acting on quantum states made by local spin-states, |T§>, located on sites labelled by 7 with half-integer
spins along z-quantization axis s, = (c — %) and ]¢§) with local half-integer spins s, = (% — c), with
ceNandc=1,...,q. The maximum value of the index c is ¢ that is called the number of colors of
the model. The quantum states appearing in Eq. (I)) are defined by

1, . i
Q55) = —= 7 (W S 4512) = [154541 1542)) 3)
1, . ]
Q) = —= 7 (M S d542) — 154541 4542)) 4)
_ 1 o
\Q8§>=E(H§ §+1) — [154541)) )

For colorless case, ¢ = 1 (spin 1/2), we have that the third and the last term, so-called crossing term,
in Eq. (I) are not present. In this case the bulk Hamiltonian, in terms of Pauli matrices, reads

Z [ L+ 0.5)(1 = Gj1-j42) + (1 = G5 - 0j41)(1 — 02 542) (6)

In terms of Fredkin gates ka (controlled-swap operators), Hy = ZL_Q(Q Fjjitjro— 0742 Fjioii1y 07 19),

where F} ,j,k acts on three 5-spins (three gbits), swapping the j-th and k-th spins if the i-th is in the
state |1) while does nothmg if it is in the state ||).

2.2 Motzkin model
The Motzkin model [6}7] is described by the following integer spin Hamiltonian H = Hy + Hy with

q L-1 q L-1

Hy =33 {P(1@5) +P(1@5) +P(1Q6))  + XS P (M550 @
c=1 j=1 c#£e j=1
q
Hy =) [P (149) +P(n5))] ®
c=1
where now P([.)) = [.) (.| acts on quantum states made by local integer spin-states, |{5) located at
sites j with integer spins s, = ¢, and |{}5) with spins s, = —c, where, again, ¢ = 1,...,¢. Also in



SciPost Physics

this case, g is called the number of colors of the model and, in the Motzkin case, it corresponds to the
maximum value of the spins. The quantum states appearing in Eq. (I)) are defined by

1

Q%) = 7 (10j 1541) = 15 0j41)) )
1

Q%5) = 75 (05 45.41) = [45 0541)) (10)
1

1Q6;) = —= (10;0541) — [1505:1)) (11)

5

2

For the colorless case, ¢ = 1 (spin 1), we have that the last term in Eq. (7)) is absent.

3 Ground states

The most important property shared by these frustration-free Hamiltonians is that their ground states
are unique, made by uniform superpositions of all states corresponding to Motzkin paths, for the
integer case (for the Motzkin model) and all states corresponding to Dyck paths for the half-integer
one (Fredkin model). These states are such that, denoting the spins up, 1, by /, the spins down, {}, by
\ and spins zero, 0, by —, one can construct a Motzkin path, while by using only / for 1 and \ for |
one can construct a Dick path.

A Motzkin path is any path on a z-y plan connecting the origin (0, 0) to the point (0, L) with steps
(1,0), (1,1), (1, —1), where L is an integer number. Any point (z,y) of the path is such that z and y
are not negative.

Analogously, a Dyck path is any path from the point (0, 0) to (0, L) (now L should be an even integer
number) with steps (1,1), (1, —1). As for the Motzkin path, any point (x, y) of the Dyck path is such
that = and y are not negative.

The corresponding colored path are such that the steps can be drawn with more than one color. The
color attached to a path move is taken freely only for upward steps (up-spins) while any downward
steps (down-spin) should have the same color of the nearest up-spin on the left-hand-side at the same
level. This color matching is induced by the cost energy contribution described by the last term, both
in Eq. (I) and Eq. (7), which, in spite of being short-ranged, it produces non a local effect in the
ground state.

As aresult, a colorless Motzkin path |m}(oL)) or Dyck path |d1(oL)) can be defined as a string of L spins
(or steps) such that, starting from the left by convention, the sum of the spins contained in any initial
segment of the string is nonnegative, or alternatively, any initial segment contains at least as many
up-spins (upward steps) as down-spins (downward steps), while the sum of all the L spins is zero (the
total number of upward steps is equal to the number of downward steps). The colorful Motzkin or
Dyck paths are the paths where, in addition, the upward steps can be colored at will while the colors
of the downward steps are uniquely determined by the matching condition (any spin down has the
same color of the adjacent upward spin on the left-hand-side at the same height). Examples of colored
Motzkin and Dyck states are shown in Fig. [T}

The ground state of the Fredkin Hamiltonian is then obtained by a uniform superposition of all possible
Dyck paths at a given length L and a given number of colors g,

1
P > ldS) (12)
D) -
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Figure 1: An example of Dyck path (left panel) and of a Motzkin path (right panel) with ¢ = 3 colors,

which contribute to the ground states for the 3-color spin models, respectively, the spin-% Fredkin
model and the spin-3 Motzkin model.

where D) is the number of all possible colored Dick paths with ¢ colors, which is
L
D) = ¢5C <2) pL (13)

where C'(n) = n'(zziﬁl)' are the Catalan numbers and p,, = (1 — mod(n, 2)) selects even integers.
Analogously, the ground state of the Motzkin Hamiltonian is a uniform superpositions of all possible
Motzkin paths

1
P > ImiH) (14)
vV ML) -
where the normalization factor
15] I
M) = qf< Y )C(f) (15)
=0

is the colored Motzkin number, i.e. the number of all the possible colored Motzkin paths. Because of
this mapping between the ground states and the lattice paths, several ground state properties can be
studied exactly resorting to combinatorics.

3.1 Decomposition in two parts

The ground state for both the models can be written in terms of states defined on two subsystems, A
and B, as it follows

hm
l —/
PO =5"VA Y PG )eren P Ve (16)
h=0

C1,--+,Ch

where, h,, = min(€4, L — ¢4) and A, are some Schmidt coefficients depending of the number of
paths, whose expressions will be given in the next section for the two cases, in Eq. for the Fredkin
model and Eq. (66) for the Motzkin one.

|PéiA)>cl ....c, 1s an orthonormal state defined on the subsystem A made by a uniform superposition of
lattice paths (of the Motzkin or Dyck type) which start from the origin and reach the height h after £ 4
steps, with, therefore, h unmatched up-spins with indices c1, ..., c;. Analogously, P}(L{;_Z“))cl ..... e 18
an orthonormal state defined on the subsystem B made by a uniform superposition of lattice paths (of
the Motzkin or Dyck type) which start from the point (¢4, h) and reach the ending point (L, 0) after
{p = L — {4 steps, with h unmatched down-spins with indices ¢, ..., ¢j.
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3.2 Decomposition in three parts

Let us now divide our spin chains in three parts, a left and a right part, A and B, and a central part
C, see Fig[2] The ground state can decomposed in terms of states defined in these three regions as it

Z L'ZA gB é

e

Figure 2: Tripartition of a spin chain into subsystems A, B and C.

follows

hm  hl, min(h,h’)

(L—tp—2 (¢
=2 2 VAwe ) P Versen Py ) s [P e (1)
[ ,ch/
h=0h/= Cl,--+5Ch
Cl,.. 7C}L

with h,, = min(¢q, L — £4), h!, = min({p, L — ¢p) and where ]77 (L~ ZA))chwch an orthonormal

state defined on the region A as in Eq. (16)), namely as a uniform superp051tion of lattice paths starting
from the origin and ending at (¢4, h) with h unmatched colored up-spins and |P}(L€B ) >5h, ..,&; auniform
superposition of lattice paths defined on B, starting from the point (L — ¢, h’) and ending at (L, 0)
with /' unmatched colored down-spins. Moreover

Pt~ gprmgn = Fereine e B PRSI e 4
is the orthonormal state uniformly composed by all the paths with (L — ¢4 — ¢p) steps starting at
height h and ending at height h’, with (h — z) unmatched down-spins and (k' — z) unmatched up-
spins, namely those paths which touch at least once the horizontal line defined by z but never cross
it. In our notation the indices in Eq. (I8)) for unmatched spins are useful also for the colorless case to
classify the paths by the level z. Actually the minimum of the values of z which contribute to the sum
appearing in Eq. i8S Zmin = max (0, [%]).
This quantity, i.e. the horizon z, can be seen, therefore, as a quantum number classifying all the

states in the central region C, since for any z the states ]Phj;:/ Z)A ts )> c1,...c, are orthogonal to each
C1,...Cpt

other simply because composed by local spin states, expressed in the canonical orthogonal basis. An
example of this classification is shown in Fig. [3|for the Fredkin and the Motzkin case.

4 Entanglement properties of the Fredkin chain

We will study the entanglement properties of the ground state for the Fredkin model, reviewing the
entanglement entropy after a bipartition, and then calculating the negativity and the mutual information
shared by the two spins at the edges, resorting to the decompositions in Eqgs. (I6), (I7). We will
show that these quantities, particularly the mutual information, revel an unconventional long-distance
behavior. Before to proceed ne need to know the coefficient in Eq. for the Fredkin ground state,
decomposed in two parts, which is the Schmidt number resulting from the product of the normalization
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Figure 3: Examples of Dyck (left) and Motzkin (right) paths to be taken in a central region C' of length
L — (4 — ¢ = 7 after a tripartition, which start at height / = 2 and end at height ' = 3, classified
by touching at least once, but not crossing, the horizontal lines z = 0, 1, 2. The solid blue lines are all
the paths which touch z = 2, that contribute to |77(g?)53, the dashed red lines are all the paths which
touch z = 1, that contribute to \Pg) )ca,e2,24» the dotted green lines are all those which touch z = 0,

that contribute to |732(g)>02’61751,52753.

factors of |77(§f;‘)) and ]P}%_“)), when expressed in the canonical basis, divided by the normalization
factor of |P(L)> and the number of color degrees of freedom for i up-spins [9}/10]

(ba)y(L—La) —h
Ay = Don Drg 4
D)
The coefficient in Eq. (I7), for the decomposition into three parts, analogously to Eq. (I9), is given by

the product of the normalization factors of |73(§2A)>, |P,Si,?f§‘ ~5)y and |77,(f63 )}, when these states are

(19)

expressed in the canonical basis, divided by the normalization factor of |P(%)) and the total number
of color degrees of freedom for (h + h’' — z) up-spins, so that it reads

D[()K;LA)D(KB) <D(L—€A—€B) _ p\L—ta—tp) > qz—h’—h

A . h’0 h—z h'—z h—z—1h'—2z—1 20
hh'z = D) (20)
where
n+h/—h n n
D;:;L)' =q =2 ntlh—r/| | =\ nthtn’ Dn+h+h (2D
2 2 +1

is the number of colored Dyck-like paths (g the number of colors) between two points at positive

heights h and A’ with n steps. We assume D};?, to be zero for negative h or h’ by definition. In particu-

lar we have D(()g) =D = ¢>C (%) pn. Moreover we notice that D(()Z) — ¢ T Jlrl < nnih ) Pnth =
2 2

th,%). The quantity in the brackets of Eq. counts the number of just those paths which touch
but not cross the level z. For example, in Fig.[3] for z = 1 the paths are only those depicted by dashed
red lines.

4.1 Entanglement entropy

In this section we will briefly review the calculation for the von Neumann entanglement entropy
[9.[10]. The reduced density matrix after a bipartition of the whole systems into two subsystems A
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and B, after tracing out one of them, is obtained from Eq.

(22)

C1,y.-+5Ch

hm
pa=Teg [PY) (PO =3y 37 PG, (PO
h

C1,---,Ch

where A, is given by Eq. . Since, for any h, there are ¢” eigenvalues equal to A, the entanglement
entropy is simply

hm X han D(éA)DgL La) (flA)rD(L La)
_ 0 0 0
_ Eh q"Aplog(Ap) = Eh — DL [h log ¢ — log <D(L)>] (23)

. h D(ZA)'D(L_ZA) . . . h .
Since ¢" Ay, = % is a normalized probability, ), ¢" A, = 1, the first term of Eq. (23) is

log g times the average height of the paths at a given position located at distance £4 from the edge

£4) (L)

Oh h0
Z h= i — (24)

which, for large L and ¢4, when the binomial factors can be approximated by gaussian factors and the

~ 2V2 [la(L—La)
o T

sum by an integral, scales as a square root, (h)y, ~ . The second term, instead scales

as % log <M>, therefore, for large systems and for a sizable bipartition one gets

¢ L ¢ 1 Oa(L — ¢
Sy ~ \/é AL = La) logq—|—210g<A(LA)>+O(1). (25)

Notice that this approximation is very good when the bipartition occurs in the bulk while Eq. is
exact for any ¢4 and L. For instance, if £4 = 1, the entanglement entropy, from Eq. (23)), is exactly
S4 = log g, for any L, while Eq. deviates from it.

4.2 Reduced density matrix for the edges

Let us consider the system A U B made by the two spins located at the edges of our spin chains, as
shown in Fig. f] We will study the entanglement properties between these two spins at the edges for
the Fredkin spin chain, tracing out all the spins between the first and the last one described by

[ HA+———————+—+1]

Figure 4: Tripartition of a spin chain in three subsystems A, B, C, where the separated regions, A and
B are made by single spins at the edges.

P& = 119) 26)
PP e = [45) 27)
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so that Eq. (I7), dropping the site indices to simplify notation, reads

) Z 1) <\/~’T10‘7D11 e T Seer/ A [PE) > 14°) (28)

The joint reduced density matrix of the subsystem A U B, after tracing out all the degrees of freedom
of the central part, and keeping only the two spins at the edges, is

pan = Trc [PH) (PO = 37 (A 1) 1) (70 + Auo 1 11) (1 0) - @9)

CC

where the coefficients, from Eq. (20), are

A = DZ()L(;:) (30)
L—2 _ _
w20 %)
The normalization condition is fulfilled since the trace of p4p is
Trpap = ¢ A + ¢* Ao =1 (32)

On the basis ([11) [11), [12) [42) o, [19) 149) , 12 142D, 142) [2) 4o, 110 49, 119) 41),

12 143, [13) [42), ...)t, where ¢ means transpose, we can write the ¢? x ¢? reduced density matrix as

it follows
PAB = ( AlllJ%Xq + Ai10 Lgxq p (in(qQ—q) > (33)
(i®>—q)xq 110 +(¢2—q)x(¢2—q)
where J is a matrix with all elements equal to 1, O a matrix with all zeros and 1 the identity matrix.

4.3 Negativity

We calculate now the quantum negativity which detects the entanglement between two disjoint regions
and can be defined as it follows

1
N = 9 za:(|>‘a| —a) (34)

where )\, are the eigenvalues of the partial transpose of the reduced density matrix with respect to a
region (B, for instance), obtained by transposing the indices related to the degrees of freedom of one
part. The partial transpose of p4p with respect to B, from Eq. (29), is

P = D (A [19) 1) (1] + Ao 1) 1) (1] (47 ) (35)
c,C
Taking the same basis as for Eq. (33), the partial transpose of the reduced density matrix reads
(Ai11 + A110)1gxq Ogx(q2—q)
B _ gx(g=—q
PAB = ( 0(q2—Q)><q Aol (g —Q) (g 2—q) ®A (36)
where the last block is a Kronecker product of an identity matrix and a 2 x 2 matrix
Ao A
A= 37
<A111 At1o 37)

10
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The eigenvalues of pffB are (A111 + Aj10) with multiplicity ¢(¢ + 1)/2 and (A119 — A111) with
multiplicity ¢(¢ — 1)/2, therefore the negativity is greater than zero if A;j11 > A110, namely, if

DUI-2  O(L/2-1)  L+2 -
D) C(L/2)  4(L-1)" q+1

q (38)

which is verified for ¢ > 3, for any finite L. Therefore N’ = 0 for ¢ < 2 (and ¢ = 3 in the limit

L — 00) while
_ (L-2)
No =Y ((qH)D_;),forqzs. (39)

2 DL)

Some values of N as a function of the color number ¢ are reported in Fig.[5} In the large L limit the
negativity does not vanishes for any ¢ > 3 and goes to

(¢—1)(g—3)
N Pavd & . (40)

1.6
14

12 ¢

1t

=2 0.8
0.6

04 |

0.2 ¢

0

1 2 3 4 5 6 7 8 9101112131415
q

Figure 5: Negativity for two spins at the edges of a Fredkin chain with L = 1000, as a function of the
number of colors q.

We found, therefore, that, for ¢ > 3, the negativity A/ does not vanish even at infinite distance
between the two spins at the edges of the chain. This means that the quantum state in Eq. is
surely distantly entangled. On the other hand, for ¢ = 1 the state is separable while for ¢ = 2 the state
described by Eq. is a Werner state with zero negativity, nevertheless it is entangled, is a so-called
PPT entangled state, as we will show in the next section using another entanglement measure. For
q = 3 the negativity is N" = 1/(L — 1), therefore the state is surely entangled for any finite L. Also in
this case we will see that, even if the negativity goes to zero for infinite distance, the state in Eq. (29)
is long-distance entangled, as shown by the following calculation.

4.4 Mutual Information

The eigenvalues of the reduced density matrix pap, from Eq. (33), are (A110 + ¢A111) and A;10, the
latter with multiplicity (¢> — 1), so that the entanglement entropy is

Sap = —(q* — 1)A110log (A110) — (A110 + ¢A111) log (A110 + ¢A111) 41)

11
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with A111 and Aq1¢ given by Eqgs. and . On the other hand, from Eq. , since A1 = q_1
which is the eigenvalue of p 4 (and pp) with multiplicity ¢, we have

Sa=5p=—qAilog(A) =loggq (42)

From these results we can calculate and study another entanglement measure which is the mutual
information
Tap=5Sa+ 5 — SaB (43)

as a function of the size L, being L — 2 the distance between the two disjoint spins in A and B, and
also 74 g as a function the color number gq.

Colorless case : For g = 1, we have Sy = 0 as well as S4 = Sp = 0, therefore Z4p = 0 exactly,
for any size of the chain L. This is due to the fact that the first and the last spins of the colorless
Fredkin model are uncorrelated in the ground state. For that reason one has to increase the size of
the subsystems A and B including further spins, as done in the next section, Sec. where we will
consider two spins at each edge, revealing in this way that there is a long-distance entanglement even
for colorless case.

Colorful case : For colorful cases (¢ > 1), instead, Z4p turns to be finite also for large distances,
namely for large L (L >> 1), as shown in Fig.[6] Actually we can calculate the limit of L — oo, since

0.9 oo 14 e g
0.8 ¢ q=3 [ e ey
07 | q=4 ° ] Lz e 1
06§ : Lt o
s 0S¢, 1 g 087
~ ° ~ o
04 b= ° 06 L v
03t <
04 ¢
02 [, ] E
00 b T et eetttittreereeecncaenesaseeasnsnsnns 4 02 ¢ 4
0 . . . . . . . . . 0 e . . . . . . . . .
10 20 30 40 50 60 70 80 90 100 5 10 15 20 25 30 35 40 45 50
L q

Figure 6: (Left) Mutual information between two spins at the edges of colorful Fredkin chains, as a
function of the size L, for different values of ¢. (Right) Mutual Information at long distance, L — oo,
between two spins at the edges of colorful Fredkin chains, as a function of the color number q.

. . (L-2)
T 4p can be written in terms of DDW only and

. D(L72) 1
2P0 T g “

where lim means the limit of a sequence, therefore 4117 — qu and Ay19 — %, so that

3+¢%) 3+¢%\ | 3(¢—1) 3
Tap — |21 1 1 — |- 45
AB o 0gq + 4q2 og 4q2 + 4q2 0og 4q2 ( )
We show therefore that the two spins located at the edges of the chain, even when the distance is

infinite, are strongly entangled for any ¢ > 1. This behavior is consistent with the violation of the
cluster decomposition occurring in such colorful cases.

12



SciPost Physics

4.5 Entanglement between the two couples of spins at the edges

As we know, for the colorless case, the first and the last spins are completely uncorrelated in the
ground state, since for all the configurations of the spins in the bulk which contribute to the ground
state, the first spin is always up and the last is always down. For colorful case, instead, they are
correlated because of the color matching condition. For that reason we will consider more than one
spin at the edges, studying the entanglement properties of two couples of spins at the borders, namely
A and B made by two spins instead of one, as shown in Fig.

Figure 7: Tripartition of a spin chain in three subsystems, where the separated regions at the edges, A
and B, are both made by two spins.

In this case, for any q the states at the edges are given by

P erer = 15157) (46)
Py 2> |¢L ) @7
Py > =S 148 =1t (48)
P “B 2>=| > ST a6 =11 (49)

c

so that, dropping the site indices to simplify the notation, Eq. reads

) = Voo 1) PE) 1) + VVeAaoo D 1M PG ™) 119) (50)
v Ao 3 111 1P Vare, W2™) + VAo Z [1992) [P s [17217)
+\/E Z [Tere2) |’P{f_4)>82762 |¢52ch1> + \/@ Z ’TCITC2> |73(L—4)> ez e

13
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where the coefficients are

(’D(2))2 pL—4) ) pL—4)

AOOO = ,D(L) =4dq ,D(L) (51)
L—4 L—4
200 = D) =q D(L)
1 p@pt  1p{LY
Ag2o = q7 L) = ; DO A200 (53)
(L—4) (L—4)
1 (Dyy ~ —Dyy
Agz = e ( o0 (54)
(L=4) _ (L—4)
1 (D D
Agor = P ( H D) ) (55)
DEN2 p(L—4)  p(L—4)
Aggo = (P ) = (56)

D(L) D(L)

Let us now consider the colorless case (¢ = 1) for simplicity. The reduced density matrix of AUB,
after tracing out over the states of the central region, is

pap = Aooo [T1) [T4) (T4 (1 + Azo0 [T1) [T (MM 4 Aozo [T4) 1) (1 (L
+v/ AoooAzzz ([T4) 1) (T (WU + [0 1) (T (1)

+ (A220 + A1 + A222) [T1) [LL) (M1 (L] 7
(L—4) _
where (Aggo + Ago1 + A2az) = % and Aggg = Az22 = %-

On the basis (|T1) [T4), [T4) [T4) 5 [T [44) 5 [T4) H@)t the reduced density matrix can be written as

D o 0 0
1 0 D&Y plL—9 0 58)
PAB = <7y _ L—4
PO | o pE- pi g
0 0 0o DY

with Dég%) = D((é%). The corresponding partial transpose matrix with respect to B is

e = Aooo [T4) 1LY (1L (1L + Asgo [11) [14) (T (11 + Aozo [14) [44) (1] (L]

++/ AgooAzaz ([14) |44 (1] (04 + (1) 114 (14 ()
+ (Aa2o + Az21 + A222) [T1) [11) (1] (4] (59

which, on the same basis of Eq. (58)), reads

D o 0 DL
1 0 DL 0 0
i _ 60
Mmoo o o o "
DL 0 0 Dy
(L—4)

. DL DL-1) DY 4 pL—1)
whose eigenvalues are =27, <57 d 2105

negativity is zero, N' = 0.

, and since D%n) > D)\ > 1, the

14
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Tracing out the degrees of freedom of one of the two parts we get p4 = Trppap, or pp = Trapan
which can be written as

1 (DY 4 DY 0
PA= DO 0 DL 4 L= |-
1 (D4 4 Dl 0
PB = i) ( 0 pL= 4 L= | - D

One can notice that D§€_4) + Déé_A‘) = D(()g_z) and DL 4 D(()é_4) = DIL=2) g0 that

1 (D g 1 (pU=2 0
'OA_D(L)( 0 pL-2) | > PB—W 0 D(()572) (62)

which are the same matrices we get after a bipartition of the system, from Eqs. (I9), (22)), with {4 = 2
(or /g = 2), since D(()? = D@ = 1. In the limit L. — oo the reduced density matrices in Eqs. (60),

(62) become

(63)

3
0
PAB 0

_) R
L—oo 16

O = = O
O O~ O
w o oo

0
whose eigenvalues are twice 3/16 and (5 £ v/17) /16, and

1(3 0 1 /10
pAL:;zl(o 1>’ ”BL?024<0 3)’ ©4)

Now one can easily calculate Sap, S4 and Sp, finding as a result the large L limit for the mutual
information

1
Tap — 6 [2\/ﬁarcosh (\/517) — 18log 3 + 151log 2} (65)

which is Z4p ~ 0.01745 using the natural logarithm. We have shown, therefore, that, even for the
colorless case, with the lowest value for the entanglement entropy, the mutual information, shared by
two couples of spins at the edges, does not go to zero but remain finite also for infinite distance.

S Entanglement properties of the Motzkin chain

As done for the Fredkin model, we will study the entanglement properties of the Motzkin model in
the ground state, briefly reviewing the entanglement entropy after a bipartition, then calculating the
negativity and the mutual information shared by the two spins at the edges. We will show that also in
this case the latter quantity reveals long-distance entanglement.
The coefficients in Eq. for the ground state of the Motzkin chain, after a bipartition, analogously
to Eq. (19), are given by [[7,/8]

M(EA)M(L—ZA) —h
_ Mon Mu 4

An MD)

(66)
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while the coefficients in Eq. (I7), after decomposing the state into three parts, analogously to what
found for the Fredkin model in Eq. (20), are given by

M(EA)Mguo (MgbL_ff?':iB) - MgzL—j—Al_IfE)zA) g
A = T (67)

—|h'—h
Ln |2 ‘J

(n) n (26+|h'—h|)

is the number of colored Motzkin-like paths between two points at heights 4 and h’. Moreover M(()Z) =

qh./\/l,%), and ./\/l(()g) =M™ = LE(J) q* <

n

Y ) C'(¢) which is the colored Motzkin number.

5.1 Entanglement entropy

In this section we briefly review the calculation for the von Neumann entanglement entropy for the
Motzkin chain [7H9]]. The reduced density matrix after a bipartition of the system into two subsystems
A and B, after tracing out the degrees of freedom of one of them, is obtained from Eq. and has
the same form reported in Eq. where now Ay, is given by Eq. . Since p4 have ¢" eigenvalues
equal to Ay, the entanglement entropy reads as it follows

M M M M
h _ 0h RO 0h )
_ Eh q"Aplog(Ap) = Eh D [h log g — log ( Yo )] (69)

o : A MUD pEEA) . . 5
Also in this case, since ¢ Ay = % is a normalized probability, ) ", ¢"Aj = 1, the first

term of Eq. is log ¢ times the average height of the paths at a given position located at distance

£ 4 from the edge
M a) M(L €a)

Z h OhM o (70)

which, for large L and £ 4, scales as square root, (h)g, ~ 2‘/\;? ZA(LL_ZA), witho = 2,/q/(2\/q+1).

The second term, instead, scales as %10g (M), therefore, for large systems and for a sizable
bipartition one gets

Sa ~

2v20 [La(L—1y4) 1 Ca(L —Ly)
N 7 log g + - log —

As for the Fredkin case, this approximation is very good when the bipartition occurs in the bulk while
Eq. is exact for any /4 and L.

> +0(1). (71)

5.2 Reduced density matrix of the edges

Let us consider the system A U B made by the two spins located at the edges of our spin chains,
as shown in Fig. d and study the entanglement properties between these two spins at the edges of a
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Motzkin spin chain by tracing out all the spins between the first and the last one described by

(£a=1)

Por™™ e = I01) (72)
P = 105) (73)
PS =) = 1PW) = oy) (74)
Ps =) = [PW) = Jor) (75)

so that Eq (T7), dropping the site indices to simplify the notation, reads

= /Ao 0) [PE72) |0) +\/A1002W )Pl ) [0) +\/«40102|0 P52 14°)
+\/«41102|TT VP )ee 109) +\/«41112HT ) [PE=2)) 1) (76)

The joint reduced density matrix of A U B, after tracing out all the degrees of freedom of the central
part C (see Fig.[4) and keeping only the two spins at the edges, is

pap = Aooo [0} 0) (O] (O] + Auo Z 1) 0) (4] (0] + Aowz 10) [4) 0] (4]

+AHOZW 14°) TTC!(UCHAmZITTC ) (€] (U]

CC

wmz (10) [0) (1] (4] + [1) [4<) (0] (0] ) (77)
where the Schmidt coefficients are given by
Aooo /\//l\/(lL(;) = A (78)
Aoro = ;J&Eﬁ;) (79)
Aioo A;élg(;: | = Ao1o (80)
Ao = 31 (M%QJ)M_(LJ)M(L_Q)> (81)

One can verify that the trace of p4p is one,

Trpap = Aooo + ¢ (A0 + Aoto + A111) + ¢ A11o
1 _ _ _
= iy (MO M Mg+ aMigY) =1 (82)
Writing pap on the basis (0) [0), [f1) [41), ..., [19) [49),]0) [41) , ..., 10) [49) , [41) [0), ...,

19 10), [0 142, 112) [U1),...)" we get

Aooo VA0 A111d1x4 O1xq 01xq O1x(q2—q)
VAoooA111dgx1 A111dgxg + At10lgxg  Ogxg Ogxq Ogx(q2—q)
PAB = 0q><1 0q><q A1001q><q 0q><q 0q><(q27q)
Ogx1 Ogxq Ogxq Aorolgxq Ogx (g2—q)

Og2—g)x1 O¢2—q)xq O@2-g)xa  O(g2—q)xq Allol(qQ—q)X(q2E§)3)
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5.3 Negativity

We can calculate the negativity defined as in Eq. where now ), are the eigenvalues of the partial
transpose of the reduced density matrix with respect to B in Eq.

p'Ps = Aooo [0) [0) (0] <O!+A1002|ﬂ ) [0) (1] <0|+A01OZ|0 ) 119 (0] (]
+AmZm ) 14°) ¢ ﬂ”l(UCIJrAmZITTC FUSECSRS

CC

+v «4000-/4111 Z 10) [4) (4] (O] + [1) 10) (O] (4<) (84)

Expressing this matrix on the same basis of Eq. (83) we can write

-AOOO 01><q 01><q O1><q 01><(q2—q)
0gx1 (A111 + A110)1gxq 0yxq Ogxq Ogx(q2—q)
Py = Og>1 Ogxq A1001gxq V7Aoo Ai11 Lgxg Oy (% o)
Ogx1 Ogxq vV AoooAi11 1gxq Ao101gxq Ogx(q2—q)
O(g2—g)x1 O(g2—g)xq O(g2—g)xq O(g2—g)xq 1 -0 (a®~9) @A
"(85)
where the last block on the bottom-right corner is a Kronecker product of an identity matrix and a
2 X 2 matrix P 4
110 Al11
A= («4111 A110> (86)

where, according to Egs. , Ai111 = Agoo and A199 = Apig. The eigenvalues of pffB are
Aooo with multiplicity one, (Agoo + A110) with multiplicity g, (A100 + Aooo) with multiplicity g,
(Aj00 — Aooo) with multiplicity ¢, (A110 + Aooo) with multiplicity ¢(¢ — 1)/2 and (A110 — Aooo)
with multiplicity ¢(¢ — 1)/2.

Since A0 > Aooo, namely M7, > M™, Vn > 1, the only possibility for having a negativity greater
than zero is when Aggg > A119, which occurs for

(L-2)
q> (M“ —1) — 3 (87)

M(L—2) L—oo

Notice that even if M%_z) and M(~2) depend on ¢ (see. Egs. , , ) their ratio, in the
limit L — oo, goes to 4 from below for any q. As a result, for any finite L, we have

_ (L-2) (L—2)
N:(q21)<(q+1)M - Mu >,forq>3 (58)

M@ M@

and V' = 0 otherwise (¢ = 1, 2), as in the case of the Fredkin model, see Fig.[8] For L > 1, we have
that M%%) — 4ME=2) for any ¢ so that Eq. becomes

(g—1)(g—3) ML
N 2 M@

(89)

18



SciPost Physics

1.2

A"
0.8 t
2 0.6
04 ,

0.2t

0

1 2 3 4 5 6 7 8 9101112131415
q

Figure 8: Negativity for two spins at the edges of a Motzkin chain of size L = 1000, as a function of
the number of colors q.

Also for the Motzkin model we have that, for ¢ > 3, the negativity N/ does not vanish even at
infinite distance between the two spins at the edges of the chain. This means that the quantum state
in Eq. is surely distantly entangled. On the other hand, for ¢ = 1 and ¢ = 2 the negativity is
zero, nevertheless Eq. is a PPT entangled state, as we will show in the next section. For ¢ = 3
the negativity is V' ~ 7/9L, therefore the state is surely entangled for any finite L, but also in this
case we will see that, even if the negativity goes to zero for infinite distance, the state in Eq. is
infinitely long-distance entangled, as shown by the following calculation.

5.4 Mutual Information

The eigenvalues of the reduced density matrix, Eq. (83), are

1
At = 3 {«4110 + (g4 1) Aooo £ v/(A110)2 + 2(q — 1) AgooA110 + (g + 1)2(Agoo)? (90)

together with Ao with multiplicity (¢ — 1), Ajpo with multiplicity 2¢ and A119 with multiplicity
(¢*> — q). The entanglement entropy S4p is, therefore,

Sap = — [)\+ log(A4)+A— log(A—)+(g—1).Aooo log(Aooo)+2q A1oo log(A100)+(g*—4)A110 log(Allo)}

91
with Aggp as in Eq. (78), Ao in Eq. and A;1¢ in Eq. (8I). On the other hand
SA = SB = — [.Ao log(.Ao) + qA1 log(Al)} (92)
with the coefficients (L-1)
M(L—l) M\
Ay="————, A =" 93)
ML) ML)
fulfilling Ag + g.A; = 1. The mutual information that we report here for convenience
Tap = Sa+Sp—Sap %94)

can be calculated for any value of L and ¢ through Eqs. (90), (91) and (92). Z4p as a function of the
size L is plotted in Fig. [9] (left panel) for some values of g. As one can see, increasing L the mutual
information goes to some asymptotic value which depends on ¢. The asymptotic values of Z4 5 have
been calculated and show in Fig. 0] (right panel) for several values of g.
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Figure 9: (Left) Mutual information between two spins at the edges of colorful Motzkin chains, as a
function of the size L, for different values of q. (Right) Mutual information at long distance, L — oo
between two spins at the edges of colorful Motzkin chains, as a function of the color number q.

Colorless case : Let us focus on the simplest case ¢ = 1, in the long distance limit . — oco. The
reduced density matrix, Eq. (83)), becomes simply

1100
1{1 4 0 0

PAB =2 910 0 2 0 ©3)
000 2

whose eigenvalues are twice 2/9 and (5 + v 13) /18. Summing over the right or left spin degrees of
freedom we get

1/1 0

so that the mutual information is given by

5
TaB —O>O 3 [2\/ 3arcosh<\/73

which is Z4p =~ 0.05361, in natural logarithm, as shown in Fig. [9]

) — 16log2 + 5log 3] 97

Colorful case : Here we derive an explicit expression for the asymptotic value of Z4p as a function
of q. For a generic ¢ we can simplify the expression for Z4p, in the limit L — oo, writing it in terms
of only one colored Motzkin ratio

_ o MUETD R (5, 25,2, 4q)
o= A= e = B R (5 ) o
since A; = (1 — Ap)/q and, from Egs. (78)-(81),
- _ 2
Jimm oo = 7, e
li = —F; 1
Jim, Atoo = ﬂq (1
3
lim A0 = 7]—"(] (101)
L—oo q

20



SciPost Physics

where we recognize that M) in Eq. 1| can be seen as 2F1( , TL, 2,4q), an hypergeometric
serie reduced to a polynomial since at least one on the first two arguments is a nonpositive integer
number. Substituting these values in Eq. we get

JT_'Q
AF = lim Ay = 2; <q2+q+3i\/q4+2q3+7q2—6q+9> (102)

L—oo

and, from Egs. (91)), (92) we get, for the mutual information, the following asymptotic exact expression

1 _
Tap — [2(}'{1 —1) log <
L—oo

q}—q> — 2F, log F, + 2.7-"q2(q — 1) log 7,

2

3F2 2F;
+3F;(q—1) log < . ) +4F;\/q log < ) + Aflog Al + A log Ay | (103)

V4

We showed, therefore, that the mutual information shared by the two disjoint spins at the edges is
always finite, even when the separation is sent to infinity, also for the colorless case which, from the
point of view of the entanglement entropy, resembles a critical system. The expression in Eq. (I03),
as a function of ¢, perfectly agrees with the results reported in Fig. [9](right panel) obtained calculating
the asymptotic Z4p for several values of g. As one can see from Fig. [9] comparing it with Fig. [6]
unlike the Fredkin model, because of the greater complexity due to the spin degrees of freedom, Z4p
for the Motzkin model does not monotonically increase with q.

6 Entanglement properties in the bulk

Let us generalize what seen so far considering two disjoint subsystems also in the bulk. This requires
to divide our system in five subsystems with different lengths such that L. = ¢4 + /g +¢c+{p + {5,
as shown in Fig. and the ground state has to be decomposed in five parts

ZD éA eC éB éE
e N
D A C B E

Figure 10: Pentapartition of a spin chain into subsystems A, B, C, D, E.

(Lc)
’P( 1/Ah1h2h3h4 E E |P0 01, -sChy ’Phth Zl)>ch1» €1 ‘thhg Z2)>Ch27 C1
212223 01

C
h1h2h3h4 Chl cq.. Ch3 CLyesChy Clye- ’Ch3
212223 < Chy .. ehy

|Ph3h4(z3)>ch37 €1 ‘P}Mo >6h4,...,61 (104)

€15.,Chy

where the states located in each region is defined as before, see Eq. (I8), and the coefficients depend
on the model.
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6.1 Fredkin model

For the half-integer spin model the coefficients appearing in Eq. (104) are the following
pUp) p(la)  pllc)  pls) plE)

Oh hihoz1~hoh3zo~hshazs ™ h40 3—(h1+ho+hs+h
Ah1h2h3h4 _ 1 17221 2(;)2 3423 4 q21+2’2+23 (h1+ho+hz+hyg) (105)
212223
where (6 (© ©
l / /
‘Chihjz = (Dhi—zhj—z — Dy hj—z—1) (106)

Let us consider the case where both in A and B there is only a single spin (/4 = ¢ = 1). In this case,
using the definition given in Eq. and remembering that non-zero contributions |73,(31j (Zi)> come
from

max (0, [(h; + h; — £)/2]) < z; < min(h;, hj) (107)
and that the difference of the heights is limited by ¢, namely |h; — h;| < £, we have only the following
possibilities for the states defined in A and B

la=1 ¢
‘,Pl(zﬁzyr)l(zl)) _ChprenCl = ‘Tc<hl+1)> 0z1h1 Ocy iy - - - 6Ch1u5h1 (108)
Cly--5C(h1+1)
(£a=1) _
|7Dh1 hi— 1(21)> ~ ChyyeCl = |~Lch1> 5z1,h1—1 501,61 . . -5c(h1_1),6(h1_1) (109)
C15--C(hy—1)
(¢p=1) . _ _ |4¢n _ _ ;
‘,Ph4 1h4(z3)>6(;i4,1),:..761 — |T 4> (5337}14_1 501701 . e 5C(h4—1):c(h4—1) (110)
ClyeesChy
(¢p=1) é 5 ;
\Phﬁm(zg))c(hw), o = WD) 8 O ey - O, (111)
C1,. ch4

Eq. is null for h; = 0 and Eq. if hy = 0, however the coefficients in Eq. take into
account these possibilities when some heights in the argument of the Dyck numbers become negative.
Calling h = hy, i’ = hy, 2 = 27 and the residual spin indices ¢ = ¢, 1) and & = ¢(41) to simplify
the notation, the ground state can be written as

P =2 Z P’ cl""’ch[z Vi 119) ‘Ph-&-lh/ 1)) Fengeer [T)

Wi 2 c C1,...7C(h/71)
Cl Ch/

c f ¢ c f /
+Z Vs 119) |Ph+cl)h’+1( )>?7Chv~:vca N9+ Vb, 4 h>|73 - 1 () Ch=1yeC 1)

C1,...,Cp1,C C1,.. ,c(h/ 1)

+Z hh’ ) |7) 1h’+1( )>C£h*1>""’c} |¢6>]|th0 - (112)

C1,..,Cpt,C
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where, from Eq. Ii and L’,(j,)l 1= D((ﬁ) = q together with 521})171 = D%) = 1, we have

Dy (DYt e = P ) DIE)
e B —2+1 W z b ' o h—h/+1
th’z - Ah(h+1)(h'—1)h/ - D(£D+€C+EE+2) (113)
hz(h'—1)
(KC (ZC) ) (ZE)
Vi _ 4 / (Dh i w—z41 — Pl ) Do o h—h/—1 (114)
itz = An(hrny o = Dol tin12) 1
(e (€c) (E)
! (Dh CZ 1h—2—1"" Dh—CZ—Q h’—z—2> Dh’g 2—h—h +1 (115)
hh/ h hl 1 h/ q
(h ) (h/_i) DUp+lc+p+2)
( ptc) _ ple) ) ple)
h—z—1h'—2z+1 h—z—2h'—z h’0 ’
Vi = Ay i sh=h=1 " (116)
hh!z ( (h2(1) ;/) DUp+c+ip+2)

and where the sums over A is limited by min(¢p, L — ¢p), the sums over &’ is limited by min(¢g, L —
¢r) and the sum over z is defined differently for the four terms according to the different heights of the
borders of the central region as given by Eq. , where z; = z,{ = lc, h; =h+land h; = K’ £ 1.
More importantly, we notice that in Eq. (TT2), for any z, the central states in the first and in the last
term are orthogonal to any other while the central states in the second and third term can overlap, more
explicitly any (z + 2)-th state of the second term coincides with the z-th state of the third term. These
overlaps produce the coherent off-diagonal terms in the reduced density matrix pap.

In order to calculate the mutual information between A and B we have to calculate also p4 and pp.
This can be done exploiting the tripartition of the ground state, Eq. and Eq. (20),

pa=) (thz(f(‘;)m)h 17) (19 + qh’lA,(;?;)L_l)(h_l) 149) <¢CI) (117)
hc

o =3 (A" AR gy 1 T a"AG ) 1) (4°]) (118)
hc

where, using the same notation of Eq. (20),

plp) plle+tp+1)
A . Oh h+1,0 —h (119)
h(h+1)h T DUp+lct+ip+2)
(D) ~(lo+eir+1)
.A(A) . DOhD Dh c1 OE 7h 120
h(h—1)(h—1) — (£D+£c+éE+2) (120)
(z +e +1) (f )
AP Don’1 " Do 1o (121)
(h=D)h(h—1) = D(zD+ec+eE+2) g
(Up+Lo+1) (e )
.A(B) DOhZ—l ‘ D 3 —h—1 (122)
(h+1)hh = D(eD+zC+zE+2) q

Colorless case. Let us consider for simplicity the colorless case (¢ = 1).
From Eq. (IT12) we can derive the reduced density matrix for the joint system A U B after tracing out
the rest of the chain

5= VIO (I + VI D) (I VT IDI GH VDL G a29)
FVX (1) I+ 1) (et )
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which, on the basis (|1) [1), 1) [4), [4) [1), [4) [4))?, can be written as
vitoo 00
o Vi v¥ oo
PAB=| ¢ px pit o |° (124)
0o 0 0 VH
where the coefficients, from Eqs. (TT3)-(T16), are

V="Vl V=3V, vW=Y vl =3 v, (125)
hh'z hh'z hh'z hh!z

and the crossing term
Vhivssa Viz = D l%i/ =1 (126)
which is actually at the origin of the coherence and of the long—distance entanglement between the
spins. One can verify through Eqgs. (T13)-(116)) that
Tr(pag) = VIT+ VP 4 pH =1 (127)

Eq. (123) is indeed the generalization of Eq. and reduces to it for /p = ¢ = 1 since the first and
he last spins are fixed to be up and down respectively. The eigenvalues of p4p are VIT, V| and

VE = 1<V¢¢ Ry \/4(VX)2 (V- WT)Q). (128)
2
From Eq. (123)) and the following reduced density matrices for the regions A and B
pa=AT[) (1 + A (L) (U] (129)
pp = B [1) (1] + B* 1) (4] (130)

where the coefficients, using Eqgs. (119)-(122)), are

B
AT A A=A ey B = A ey B =D A
h

(131)
we can calculate the corresponding entanglement entropies and then the mutual information, Zap =
S+ Sp — Sap exactly, by means of Egs. (T13)-(116)), (T19)-(122)), (125)), (126)), (128), (164), which
is
Zag = VT log VT +VH 1og V1V log VT +V " log V™ — AT log AT— At log AY—BT log BT B log B

(132)
Explicit calculation shows that also for very large system size L the mutual information between two
spins in the bulk does not vanishes, as shown in the left panel of Fig. Actually, its asymptotic value
increases when considering two spins located more and more deeply in the bulk (see right panel of
Fig.[[T). Actually we expected and verified that increasing ¢p and /g, so going in the deep bulk, the
probabilities of getting T and 1 (V1) or T and | (V™) or | and 1 (W*1) or finally | and | (V*) should
become the same and equal to 1/4, since also the probabilities of having one spin 1 or |, both in A
and B, should be 1/2. This means that

0 00

o O

PAB —

1710 1/1 0

24

W
o O O =

11
11
0 0
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Figure 11: (Left) Mutual information between two spins in the bulk of a colorless Fredkin chain at
distances {p = g = 6, 10, 20 from the edges, as a function of the relative distance ¢¢; (Right) Mutual
information between two spins in the bulk as a function of the distance {p = ¢ from the edges for
colorless Fredkin chain with size L = 1000.

and consequently, for large system size L and for £p, /g > 1, deeply in the bulk,
1
Zap — §log2 (134)

which is also the same value, Zop = 0.35, obtained for £ = 0 and £p, £g > 1, as shown by the
first points in the left panel of Fig. [[1). Eq. (I34) is actually the asymptotic value of the curve in the
right panel of Fig.[TT] The staircase effect observed in Fig. [IT] (right panel) is due to the fact that the

numbers D,(fh), are zero for (¢ + h + h’) odd integers. This feature is also present in other ground-state
quantities like the magnetization and the correlation functions [9,21]].

6.2 Motzkin model
For the integer spin model the coefficients appearing in Eq. (I04) are the following

Mél;le)‘C(ZA) £(£C) E(EB) (“E)

Ah1h2h3h4 _ hihoz1 E’(lz;z h3haz3” " "ha0 qz1+z2+zs—(h1+h2+h3+h4) (135)
212223
where (€ (€ )
Ehih]-z = <Mhifz hj—z Mhifzfl hrzq) (136)

As done for the Fredkin chain, let us consider the case where in A and B there are only a single spin
(04 = £p = 1). Proceeding analogously as done for the half-integer case, using Eq. (104)) we get, for
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the ground state of the Motzkin model, the following decomposition

4 ¢ 4 Cpr
Z Z P(D Jer... 7Ch[z me 1) Pl(z-l—cl)h’—l(z)>AE’ChA’""Cl 1) (137)

Wi = Clyuwc(h’fl)

Ch

l ¢ c /
+Z Vil NP i e pe e 1)+ Vil ) 1P () ctnmpyier 1)

Clyeeny ch/,c [SEE 7C(h’ 1)

C K C Z
+Z Vb ) [PEC) o deinnynen [U9) +2 Vi Y PG (o)) e [0)

C1yeensCpytC C1,. vch’

V#SI HLChHPh Lh Z)>C(h Dyeser [0) + hh’ 0) ‘P(h/ 1(z)> ChisesCl \ﬂéh’>

C1yensCpyt €1, 7C(h/ 1)

Y4 é (e (¢
+Z Virz 10) 1P ) onoesen W) 4/ ViR 10V PLE ) v 10} 1P e

h’ c Cly--sCpt

where the coefficients, according to Eq. (135]), since .C;llh) = Mgll) = ¢ and .Cgllh) = M[()%)) =

Egllh)_l = M%) =1, are

_ aqlle) (r)
Vﬂﬁ 4 / L <Mh z4+1h/—2z—1 thz h/fzf2> Mh’O s—h—h'+1 (138)
hh'z h(hzl(),fﬁ_z)l)h MUp+lct+ls+2) 4
Lc) (lE)
Mh z4+1h'—z MEI—CZ h!—z Mh’ /
Vi, = Ao s = o (M2 S ) i g (139
b MUp+Hc+lp+2)
(c) (o) (r)
Vi, = Anh—vyr—vpw = <Mh e M h/iziz) il g " (140)
z (h_l)z(h/_l) M(€D+€C+€E+2)
(Mh Uit = MES) )M;ﬁ‘g)
V,%Z = Ap(h—D) (410 = - (_ZZJ;@CHEH_)Z_ — @Ml (141
(h—1)zh’ M
M) (ML)
Vi, = Ansnwn = Stk - ¢ (142)
hh' z ( Zle’ MUptlot+lp+2)
(¢p) (o) Ve (¢E)
V}lll]?, _ Ah(hfl)h/h/ _ M()h (thzfl h!—z Mh z—2 h!—z— l) Mh’O qz—h—h' (143)
z (h—1)zh’ MUp+Hc+lp+2)
(¢p) (bc) ~ aqle) (E)
Voﬂ ) ) L MOh (Mh—z h!—z—1 Mh—z—l h’—z—2> Mh’O 2—h—h 41 (144)
hh'z — hh(h _1)h - M(£D+EC+EE+2) q
hz(h'—1)
(¢p) (o) _ aqle) (“E)
VOU — 4 ) L MOh (Mh—z h!—z+1 Mh—z—l h’—z) Mh’O s h—h'—1 (145)
itz = SRR ) MEpTc+ipT2) q
J4 J4 4 J4
N MG (M), =My M
Vi = Anpny = q (146)

b MUp+Ho+lp+2)
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Submission

On the other hand the reduced density matrix of a single spin in A and B can be determined performing

the tripartition described by Eq. (I7))

A c c — A
PA = Z’Ahhh ‘0 0‘ + Z ( hA( f)LJrl h ’ﬂ > <ﬂ ‘ + qh 1"42(}171)(

PB—Z hhh’o OH‘Z( " 1“4(5

gy 1) (1T + a" AL 16 (1))

where, using the definitions reported in Eq. (67), the coefficients are

A
A

(4)
Ah(h+1)h

J4 lo+lp+1
MEPME D
MEpHc+ip+2) q

{4 lo+lp+1
M[()hD)Mgl-fl,OE : —h

M(5D+€c+1)M(5E)

MEp+otip+2)

M(ED)Mgfng+1) N

M(ZD+ZO+6E+2)
M(5D+€c+1)M(€E)

q—h

M(€D+£c+2E+2)

0h—1 RO 1-h
MEpHct+in+2)

M(€D+€c+1)M(€E)

0h+1 h0 —h—1

M(ED+ZC+ZE+2)

oy 199 ()

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

Colorless case. As done for Fredkin chain, let us consider for simplicity the colorless Motzkin

model (¢ = 1).

From Eq. we can derive the reduced density matrix for the joint system A U B after tracing out

the rest of the chain

B = VI DI 41+ 20 HD10) (0] + VT 1041 (Ol + VX« (1910) (OI¢AT + o)1) (o] )
PV G R+ V0 0)10) (OKO] + V¥ ) (] + V5 (1910 i + i) e
VX5 (1) (00 + 100} ¢1CH ) + VX8 (10)10) Cle| + i) (0Kl ) + V% [0yl Colcul

F VO 1[0} CUIO]+ VX% (10)4) (LKL + I0) (01 ) + V¥ L) (b
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where, denoting o, ¢’ =1}, 0, |}, the coefficients are defined by

=N Vi (156)
hh'z
V=3 ViV, =V (157)
hh'z
e
Voo = hh! 242 hh’ =V (158)
(2)
VXU = Z Vi?f?’z—i—lvl??t’z = VOO (159)
(3)
yh = Vb Vi =V (160)

Choosing an opportune basis, the reduced density matrix can be written in a block diagonal form as it
follows

yit 0 0 0 0 0 0 0 0
0 Yo yor g 0 0 0 0 0
0 Yor yor g 0 0 0 0 0
0 0 0 ph Yoo it o 0 0
pap=1| 0 0 0 YO poo Pt g 0 o |, (161)
0 0 0 yu pr Yt o o0 0
0 0 0 0 0 (R VA VA (|
O 0 0 0 0 0 VYW Y 9
0 0 0 0 0 0 0 0o pw

We verified that Tr(pap) = 1. Now, together with the reduced density matrices for the single spins in
Aand B

pa = AT (1] + A% [0) (0] + AY [1) (Y] (162)
pp = BU1) (1] + B°10) (0] + B [I) (Y] (163)

where the coefficients, related to Eqs. (149)-(154)), are

_ (4) . (A)
AT = Z Aithann: A= Z A AY = Z‘Ah(h—l)(h—l) ; (164)
h
— — (B)
BT = ZA h=1)h(h—1) Z-Ahhhv BY = ZA(hH)hw (165)
h

we can calculate the entanglement entropies and finally the mutual information, Zap = S4 + Sp —
S 4p, exactly. Examples of the exact results for the mutual information shared by two spins in the bulk
have been given in Fig. @] where it is shown that Z 4 p does not vanish when the distance of the spins
in the bulk goes to zero but it saturates at some values which increase going more and more deeply
into the bulk. Increasing the distances from the edges, {p and /g, we expected and verified that the
probabilities in p o p factorize

Vo ATB7 (166)

and, upon further increasing l D and (g, namely very deeply in the bulk, they become homogeneous,
Voo $and A7 — 1, B . The eigenvalues of pp, in this limit, become 1/3,2/9,2/9,
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Figure 12: (Left) Mutual information between two spins in the bulk of a colorless Motzkin chain at
distances {p = {g = 1,2, 3 from the edges, as a function of the relative distance ¢¢; (Right) Mutual
information between two spins in the bulk as a function of the distance {p = ¢ from the edges for
colorless Motzkin chain with size L = 100.

1/9,1/9,0,0,0,0, so that the entanglement entropy is Sap — glog?) — %log 2. As a result the
asymptotic upper bound for the mutual information between two spins in the bulk is given by

1 4
Tap — §10g3+§10g2. 167)

6.3 General results for any disjoint intervals

The physical explanation of what seen so far, at least for the colorless cases, is the following. Any
state defined on a segment of the chain, \Phh/(z)>, can be defined by two quantum numbers:

i) the magnetization m = (h’ — h) (the number of up-spins minus the number of down-spins),

ii) the horizon z (the lowest level of the paths),

so that we can write [P (.)) = |m, z). Considering the decomposition as depicted in Fig. we
have that the ground state written in Eq. (I04) can be rewritten schematically as

PEY = 3" VA(m, 2) [mp,0) [ma, z4) Imc, 2c) I, z5) [mg, 0) (168)
{m}{z}

where the sum is such that mp + m4 + mg + mp + mg = 0 and is restricted by the request that,
for any set of magnetizations, one has to get a Fredkin or a Motzkin path (therefore, mp has to be
non-negative, as well as any initial sums, for instance mp + m4 + .., as a consequence mg has to be
non-positive). The reduced density matrix of A U C' U B, after tracing over D and F, is

pacs = Trpg [PE) (P1)] (169)
= Z \/'A(ma Z)'A(mlv Z/) |mA7 ZA) ‘mC7 ZC> |mB> ZB> <m/Av Zf4| <m,C’a Z,C" <mlB7 Z/B‘
{mm’}
{z,2'}

where the central magnetizations are restricted by

mc = —(mp +mg +ms +mg) (170)

mg = — (mp + mg + m’y + m’) (171)
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therefore

(M, 20 IMe, 20) = (e, +miy) (matm) 0L zc (172)

namely, the overlap is one if the total magnetizations in A and B are the same. This constraint implies
that there are coherent terms in the reduced density matrix for A and B after integrating over C'. As
a result the reduced density matrix p4p can be written in a block diagonal form, where each block is
defined by a magnetization sector,

Vi

PAB = Ves—i (173)

V_,

S

The blocks V_; are square matrices defined by the maximum total magnetization
Eszmax(mA—i—mB):EA—i—EB (174)

and the index ¢ which runs differently for the integer or half-integer cases, i.e. ¢ = 0,2,4,..., 2/,
for the Fredkin model, and ¢ = 0,1,2,...,2/s, for the Motzkin model, namely there are (¢s + 1)
square blocks for the Fredkin case and (2¢s + 1) blocks for the Motzkin one. The dimension of
papis [(la+1)(¢p+1)] x [(€a + 1)(¢p + 1)] for the Fredkin model and [(204 + 1)(2¢p + 1)] x
[(204 + 1)(2¢p + 1)] for the Motzkin model.

The dimension of the blocks V. and V_j is 1, while the dimensions of the other blocks are larger
for sectors with smaller modulus of the spin. In general terms, V,, is a d,, X d, matrix, with

> Ollp+n—h]Op —n+h (175)
h=—{lx

where the sum runs over h with step 1 for the Motzkin and step 2 for the Fredkin, and ©[n] = 1 for
n > 0 and O[n] = 0 otherwise. Defining

plp) pa) (c) r\és) (¢E)
pmamp Ok Zh(itma) 24 (hima) (Wmp) 2 Z(W=mp) b 25 R0 (176)
hh'zazpz D(€D+€A+ZC+EB+ZE)
where ﬁflh, . 1s given by Eq. lb for the colorless Fredkin model and
(p) p(La) Ze)) (¢B) (e)
ymams Moy ﬁh (h+ma) 24 (h+mA)(h’*mB)Z£(hLmB)h/ 25" MO (177)
hh'zpzpz MUp+at+le+p+LiE)

where Eﬁh/ . 1s given by Eq. li for the colorless Motzkin model, the diagonal and the off-diagonal
matrix elements of V,,, withn = m4 + mp = m4 + mp, on the basis of all possible magnetization
configurations {(m 4, mp)}, are the following

pma,me)(ma,mg) _ Z Vams (178)
zZAzBZ)
hh'{z}
Y(mams)(@ams) — \/V;Thﬁ‘ZiBz ymams (179)

hh!{z}
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For ¢4, {p < £p, £p one verifies that the matrix elements of the blocks lose their dependence on /¢
and become

(a)n(¢B)n(la)y(¢B)
pmamp)(Mmamp) _y \/DmA Dimp Dﬁ"A DrﬁB

T (180)
for the Fredkin model, where
¢ 14
DY = <g+m|> Prim (181)
2
with p, = (1 — mod(n, 2)) which selects even integers, as introduced before, while
(La)pgB) g €a)pg(B)
ymamp)(@ams) \/MmA Mz Me's Me (182)

3latip

for the Motzkin model, where

©_ v k (¢
M’ = > (k+m> <k> Pictm (183)

k=|m| 2

Notice that Dgf) = D,(f,)l +m» for large h, namely for & > ¢, and, analogously, M%) = /\/l,(f,)l 4o fOr

h > ¢. Both quantities are the number of some lattice paths starting from (0, 0) and ending at (¢, m)
without constraints. One can verify that

3 DY — of (184)
m=—/

l

3 ML — 3¢ (185)

which are the numbers of all possible configurations of ¢ %—spins and £ 1-spins, respectively. Remark-
ably, we find that all off-diagonal terms in each block are written in terms of the diagonal probabilities,
therefore these coherent terms persist for any set of lengths. In particular, looking at Egs. (I80), (I82),
we notice that the blocks identifying the magnetization sectors, when deeply in the bulk, become sin-
gular matrices, since any two rows or columns are equal except for a factor. As a result only a single
eigenvalue of a generic block V,, is not zero, therefore, it is given by

LA D(-KA)D(ZB) D(KS)
K3 n—u n

TrVe= ) — 5 =g (186)

i=—l 4

for the Fredkin case, and
I (La)\p(tB) (¢s)
Mi Mn—i Mn
TrV, = E s = s (187)

i=—f 4

for the Motzkin case. We have found, in this way, the non-zero (/s + 1) eigenvalues of the reduced
density matrix pap of A U B in the deep bulk for the colorless Fredkin model and the non-zero
(2¢s + 1) eigenvalues of p4p for the colorless Motzkin model. As a result, the entropy, deeply inside

the bulk, becomes
s DE]ES) DS]ZS)
Sap—— D |5l | g (188)

n=—/g
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for the Fredkin model, and

‘s M r(fs) M S]fs)
Sap == Y | S5 log | 5 (189)
n=—/g

for the Motzkin one. As we will see these entropies are the same of those obtained for a single
subsystem of size {5 = {4 + {p.

Let us consider now the reduced density matrices of the two regions A and B, separately, which
are diagonal matrices with elements obtained by tripartition

Ala) 0 B¢ . 0
e T N R E (190)
0 ... At 0 ... Bts)
where
(¢p)~(£a) (bc+ep+ig) Up+La+c)~(B) ~(E)
- DUp+eatlc+ip+ts) - DEp+latic+ip+is)

for the Fredkin model, and

(D) p 4(£a) (bc+ep+iE) Ep+Latt {4 ¢
Am) — Z on Mhi?—&—thfm,OB "’ Bm — Z M(()/f—mA C)Mgf%h 57,0E) (192)
a - MUp+Heatlo+ip+E) ’ o - MUp+Hatlo+p+E)

for the Motzkin model. Also in this case, for A and B very far apart from the edges, the coefficients
become

m _, D m _, D"
AN — EINE B\'™ — B (193)
M) )
(m) m (m) m
AN — @) B\'™ — ) (194)

for the Fredkin and Motzkin cases respectively. As a result the entanglement entropies of the two
subsystems have the same form of Egs. and (189), namely

ZA DE]ZA) DS\KA) [B DS]EB) Dr(fB)
Sq4— — Z [ 5 log< 50 )] , Sp — — Z [263 log< 50 )] (195)

n=—/p n=—/g

for the Fredkin model, and

Mr(fA) MS\EA) B
a0a log< a0a , Sp — — Z

n=—/g

La

SA—>— Z

n=—/p

MSfB) Mr(fB)

for the Motzkin model. We can easily calculate the mutual information, Zyp = S4 + Sp — San,
shared by two generic disjoint intervals A and B of sizes £4 and {3, from Egs. and for
the colorless Fredkin model and from Eqgs. (I89) and (196) for the colorless Motzkin model. Some
results for the mutual information for the two cases with disjoint regions of same sizes, {4 = {p, are
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Figure 13: Mutual information between two regions of spins deep inside the bulk of a colorless Fredkin
(red bottom line) and Motzkin (blue top line) chain as a function of the subsystem sizes {4 = {p,

obtained from Egs. (188)), (195) and Eqs. (189), (196).

plotted in Fig. For {5 = 2, namely for £4 = {p = 1, one recovers the results in Egs. and
(167).

We have shown that the entropy for A U B behaves as if the two regions compose a single unit
subsystem of size £4 + £p, no matter how far the two regions are. The effect of the off-diagonal
coherent terms in the reduced density matrix is to glue together, through the central region, the two
subsystems.

As a final result, for £ > 1, approximating the binomial factors with a Gaussian distribution and
the sums with the integrals, we get

¢ [p® ()
Dn Dn 1 T
— —1 — ~ =1 1 24/ = 1
g:{ o0 og( 57 )] 5 log + og< \/g) (197)
VIO (0)
Mn I\/In 1 eTm
_ Z_ 3410g< 3 ) ~ 5 log £+ log (2,/3) (198)

therefore, the mutual information, Zyp = Sa + Sp — Sap, from Egs. (I88), (193), (197) and
Egs. (189), (196)), (198)), becomes

1 Lalp ™ .
TaB ~ 5 log <€A n €B> + log <2\/;> , (Fredkin) (199)
Tip~ Slog (A2 ) 11, 2./55) . (Motzkin) (200)
AB ~ 2 g EA + EB g 3 )

for the Fredkin and the Motzkin spin chains respectively. These approximations are in perfect agree-
ment with the results reported in Fig. [I3] Surprisingly, the latter results for the mutual information
have the same form of the logarithmic negativity and of the mutual information for conformal field
theories [26] of two adjacent intervals.
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7 Conclusions

In this paper we have shown that the ground states of the novel quantum spin models under study
exhibit a robust non-local behavior, the long-distance entanglement, in addition to the violation of
cluster decomposition property. Since the mutual information gives a upper bound for the squared
connected correlation functions, our results are in agreement with analytical [9,21]] and numerical [[16]
results on the long-distance behavior of some spin correlators. The strong entanglement shared by any
segments of the spin chains survives at infinite distances either if the subsystems are located close
to the edges or inside the bulk. This anomalous behavior has not been observed previously in the
continuum version of the models [16] while we resorted to an exact calculation in order to reveal
it, taking afterwards the continuum limit. This peculiar non-local behavior takes origin from the
presence of off-diagonal coherent terms in the reduced density matrix which do not vanish in the
thermodynamic limit, but which are missing in the continuum description. Intriguingly, we show that
the mutual information of two disjoint subsystems inside the bulk of these spin chains does not depend
on their distance and has the same form of the logarithmic negativity and of the mutual information
for conformal field theories of two adjacent subsystems in an infinite system. This finding strengthens
the belief that these models, which in spite of being described by local short-range Hamiltonians show
non-local behaviors, can be promising tools for quantum information technologies.
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