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General motivation

A well-known one-dimensional model with duality is the
transverse field Ising model

This model is integrable and has a duality.
The self-dual point corresponds to a quantum critical point,
separating an ordered phase from a disordered phase

We want to generalize this to other models with duality but
which have a different symmetry and may not be integrable

The nature of the self-dual point is then interesting to study



General motivation

A family of such models was introduced long ago and some of the
models were studied using mean-field theory and series expansions

The models have Ising interactions involving p neighboring sites
and a transverse field at all sites

Turban, J. Phys. C 15, L65 (1982)
Penson, Jullien and Pfeuty, Phys. Rev. B 26, 6334 (1982)
Igloi, Kapor, Skrinjar and Sélyom, J. Phys. A 19, 1189 (1986)

The transverse field Ising model corresponds to the case p = 2,
summarized in the next two slides

We will then present a detailed study of the model with p = 3.
Similar models can be realized in triangular configurations of
optical lattices with two atomic species



Recall: model with two-spin Ising interaction

Using X, Y, Z to denote the Pauli matrices o*, ¢, o7,
the Hamiltonian for the transverse field Ising model is

L L
He= = Y ZnZus —h) X
n=1 n=1

for a L-site system with periodic boundary conditions

This has a duality: define a dual lattice with coordinates at
the mid-points of the original lattice, and dual spin variables

Xn+1/2 = Zp Zn+1
This gives X, = N,H/z Zn+1/2. Hence the dual Hamiltonian is

L L
Ho = — Z Xoy12 — h Z Zn_1/2 Zni1)2
n=1 n=1



Model with two-spin Ising interaction

Thus the Hamiltonian changes from

L L
He= = Y ZnZut —h) X
n=1 n=1
to
Ho = — Z Xoy12 — h Z Zn_1/2 Zny1/2
n=1 n=1

Effectively, we have mapped h — 1/h

There is a subtlety that, with periodic boundary conditions,
the mapping only works if both [], X112 =1 and [[, X, =1



Model with three-spin Ising interaction

The Hamiltonian is

L L
Ho = — Y ZoZopy1 Zoeo — h Y Xy
n=1 n=1

This also has a duality. The sites of the dual lattice coincide with
the sites of the original lattice

We define

Xn = Zn71 Zn Zn+1

This gives X, = Z,_1 Z, Zs1. Hence the dual Hamiltonian is

L
I:IS = - Z )N(n - hz; Zn—1 Zn2n+1
n=

n=1

which effectively maps h— 1/h



Model with three-spin Ising interaction

L L
H3 = - ZZnZnH Zn+2 - hZXn

n=1 n=1

This commutes with three Z,-valued operators. Assuming periodic
boundary conditions and L to be a multiple of 3, the operators are

L/3
Dy = HXijz X3j—1
=1
L/3
D, = H X3j—1 X3j
=1
L/3
D3 = HX3j72 X3
=1

Only two of these are independent operators since Dy Do D3 = |.
Hence the systemhasa 2, x Z, symmetry



Symmetries

Given the two commuting and conserved Z, operators, the states
of the system lie in 4 sectors in which states have the following
combinations of eigenvalues of the operators (Dy, Do, Ds)

1,-1,-1), (-1,1,-1), (-1,—-1,1) and (1,1,1)

One-fourth of all the states lie in each of these sectors.

Next, translation by one site, T, commutes with H.
We can show that

TD1T71 = D>, TDQT71 = Ds, TD3T71 = D

We can then prove that states |¢) with momentum k, satisfying
Tlp) = %) will come with a 3-fold degeneracy with momenta
k, k+27/3 and k +4x/3 if they lie in the first three sectors,

(1,-1,-1), (=1,1,=1), (=1,-1,1)

and will not be degenerate if they lie in the sector (1,1,1)

)



Energy-momentum dispersion at h =1

We first used exact diagonalization to study this model with
periodic boundary conditions
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The system size L =27. The dispersion is gapless and linear near
k=0, 2r/3 and 47/3. The velocity in those regions is v = 3.44



Four lowest energy levels

For |h| > 1, the ground state is unique and is separated by
a gap from the next three energy levels (which are degenerate)

For |h| < 1, the ground state is separated from the next
three energy levels by a gap which goes to zero exponentially
as L increases. So there is a four-fold degeneracy as L — o

This implies a symmetry breaking phase transition at h = +1
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The fidelity is defined as F(h) = (o(h — 6h/2)[o(h + 5h/2))

We take dh =0.005. Thereisacleardipat h = 1
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Critical exponents

Near a second-order quantum phase transition, various quantities
scale as powers of h— h; as L — oo orpowersof L at h= h,

The correlation length scales as

£~ |h— he|™

The scaling of a quantity O is typically given by

O ~ |h—h|? ~ e for L>¢

~ L% for h=h,



Dynamical critical exponent z

Taking h =1 as the critical field, the dynamical critical exponent
z gives the scaling with the system size L of the energy gap
AE = E; — Ey between the ground state and the first excited state

for h=h.
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Using datafor L = 12, 15, 21, 24, 27 we find z ~ 1.027



Central charge

The factthat z ~ 1 suggests that the low-energy sector at the
critical point is Lorentz invariant and is described by a conformal
field theory characterized by a central charge c.

The value of ¢ can be extracted in two ways

The entanglement entropy between subsystems of lengths /, L— 1/ is

S = In[ésm( )]+C

3
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This gives ¢ ~ 1.064



Central charge

At h = h;, the first two terms in the ground state energy go as
Ve
where « is a non-universal constant, and v = 3.44 isthe

velocity near the gapless points where the dispersion is linear
Cardy, J. Phys. A 19, L1093 (1986)
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This gives ¢ ~ 0.959. We seethat ¢ = 1



Magnetization

Taking the three-sublattice structure into account, we define
sublattice order parameters

3 & 3 3
ma = 7 > Zy o, mg = I > Zy 4, me = I >z
= ; :

We then define a combined order parameter

m = [(mq + mg + mZ)]"/?
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Susceptibility exponent ~

We add a longitudinal field h; in the Hamiltonian

L L
H3 = - Z Zn Zn+1 Zn+2 - h Z Xn - hz Zzn
n=1 n=1 n=1
At the critical point h = h., the magnetic susceptibility
x = (0m/dh;)p, o scalesas LV/¥
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We find that v/v ~ 1.788



Weak universality

Thefactsthat z = 1, ¢ = 1, and 8/v and ~/v are close to
1/8 and 7/4 suggest that the critical point of this model lies on
the Ashkin-Teller (AT) line of critical models which exhibit

weak universality

Conformal field theories with ¢ = 1 have a marginal operator
which can give rise to a line of critical points on which v, 3, ~
can vary continuously but the ratios 3/v, v/v do not change
along the line



Weak universality
The Ashkin-Teller line is described by a Hamiltonian of the form

Har = Z(O’; + 75+ AopTX
n

z _z z_z z_z _z z
+ In0n1 + TnTn+1 + )‘UnTnan+1Tn+1 )

where o2, 72 describe two spin-1/2 objects at each site,
and X is a parameter which varies along the line

Two special points on the AT line correspond to two copies of the
transverse field Ising model (A = 0, » = 1) and the four-state
Potts model (A = 1, v = 2/3). ltis known that

’
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For our model, we can extract v from the energy gap A at
h = h; for different system sizes

d(AL?) 1/
ah ek

G 4.4
---- y=1.33x-0.1 .
e Data points o
<40 e
& .
> 3.6 .
o e
3207
25 27 29 31 33
log(L)
We find that v ~ 0.754

DA



Correlation length exponent v

Given the Ashkin-Teller line of Hamiltonians

X X X __X
Har = E (op + 717 + NopT,,
n
z _z z_z z_z _z z
+ In0n1 + TnTn+1 + )‘UnTnan+1Tn+1 )

and the expression

]
2 — % [arccos(—A)] !

Vv =

the value v ~ 0.754 implies that A ~ 0.827

However this disagrees with results that we get from the
Binder cumulant



In our model, the Binder cumulant is defined as

5| (0 R+ (R

U, is defined in such a way that it approaches 1 and 0 as
h approaches 0 and oo respectively

DA



Binder cumulant U

(a) Hs model
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We see that the Binder cumulant is non-monotonic both for our model
and the four-state Potts model, but is monotonic for the transverse
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field Ising model (A =0) and A ~ 0.827



Binder cumulant U

The Binder cumulant suggests that our model lies close to the
four-state Potts model (A = 1) rather than near A ~ 0.827
on the Ashkin-Teller line

It is known that there are significant log corrections at the critical
point of the four-state Potts model. These may make estimates
of critical exponents from exact diagonalization of small systems
unreliable

We therefore studied the system using the density-matrix
renormalization group (DMRG) method which can go up to
much large system sizes, but with open boundary conditions



DMRG studies

Including log corrections, we use the expressions

Alp L
|hel In(L)

A(h)L = F(A(h— ho)L3?(In L)=3/%)

as where F is a universal function, to fit the DMRG data

We find that the DMRG data for our model is consistent with
the four-state Potts model with A\ = 1 and A = 2



DMRG results
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Why does the four-state Potts model appear?

The Hamiltonian on the Ashkin-Teller line

Ha = E (op + 70 + Nopt)
n
zZ Z zZ,_Z zZ,_Z _Z z
+ 000h1 + TaTapr + AORTR0n1Th )

hasa Z, x Z, symmetry for all . But for the four-state Potts
model with A = 1, the low-energy sector has an enhanced
symmetry given by the permutation group of four objects

Dijkgraaf, Verlinde and Verlinde, Comm. Math. Phys. 115, 649
(1988)

Why does this symmetry appear at the critical point of our
three-spin model?



Why does the four-state Potts model appear?

Qualitative argument: Consider the Hamiltonian

H3 = - ZZnZnH Zn+2 - hzxn
n n

Inthe limit h < 1, this has four ground states given by the spin
configurations

(Zsj—2, Zgj—1, Z3j) = (1, 1 D, (&L D, G D, W L1

for all j. Hence the three sublattice magnetizations can take
four possible values

(<mA>’ <mB>7 <mC>) = (1’171)(1’_17_1)7 (_1717_1)7 (_17_1’1)

These define the corners of a tetrahedron, and the symmetry group
of a tetrahedron is the permutation group of four objects



Energy level spacing distribution

To probe the integrability or nonintegrability of the model, we studied
the distribution of the energy level spacing in a particular symmetry
sector of the model

Sp = En+1 - En
2 min(Sp, Sp—1)
~ max(Sp, Sp_1)

We find that the average value of 7 is 0.533 which describes
the Gaussian orthogonal ensemble (GOE). Hence the model
seems to be nonintegrable

We also find that the probability distribution P(F) is in good
agreement with the Wigner-Dyson distribution

27 r+4 r?
PO = avrrrpr®l =0




Energy level spacing distribution

—— P(F) from GOE

Probability distribution of 7 in the symmetry sector with
(Dy,D5,D3) = (1,—1,—1) foran 18-—site system with
open boundary conditions, for h = 1 (the plot does not
vary much with h)



Zero energy states

For Hy = =", [Zn Zot1 Zns2 + h Xp], the operator C = H,L,:1 Yn
anticommutes with Hs. This implies that the energies must appear in
+ E pairs. If L is even, there are also zero energy states for any

value of h. The number of such states grows as 1.43-

I0g(Ne=0)
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This is consistent with an index theorem which says that the number
of zero energy states must grow at least as fast as (v/2)*

Schecter and ladecola, Phys. Rev. B 98, 035139 (2018)



Zero energy states

It turns out that the zero energy states are of two types
Writing Hs =Z + h X, where

Z=-> ZZn1Zpy2 and X = — > X,
n n

we find that there are type-| states |¢) which satisfy Z ) = 0
and X |¢) = 0 separately, while type-Il states |¢) satisfy
Hz |y = 0, butnot Z|¢) = 0 and X |¢)) = 0 separately

Hence type-| states do not change at all as h is varied.
Further, they have very low entanglement entropy between
two halves of the system

Hence they qualify as many-body scars which violate ETH



Type-| zero energy states

Half-chain entanglement spectrum for all the energy states of
systems with 12 and 18 sites. The red points denote type-|
scar states



Type-| scar states

We have analytically found some scar states built out of products
of singlets (these form a subset of RVB states)

Some scar states for an 8— site system. The number of these
states grows linearly with L. There are also scar states involving
products of singlets and triplets



Autocorrelation functions near one end of the system

In an attempt to see if there are strong zero modes, we have
looked at the infinite-temperature autocorrelation functions

AP(t) = op THloF (1)o7
AR = o THlof (1o

for sites / close to one end of the system
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A% autocorrelation at sites / = 1,2, ---, 6 for (a) h=0.2,
(b) h=1, (c) h=>5. We see long-lived oscillations (note the
log scale for time)



Autocorrelation functions near one end
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A¥ autocorrelation atsites / = 1,2, ---, 6 for (a) h=0.2,
(o) h=1, (c) h=>5. We again see long-lived oscillations

The oscillations can be understood using perturbative arguments
for h < 1 and h > 1. Butthe decays at very long times are
not understood analytically

The anomalous behavior at very long times for / = 2 and
h = 0.2 is also not understood



Summary

We have studied a one-dimensional model with three-spin Ising
interactions and a transverse field. The model has duality, and
there is a quantum phase transition at the self-dual point

The model has a 2 x Z, symmetry, giving rise to four different
symmetry sectors. Three of these sectors are degenerate in
energy, while the fourth sector is non-degenerate

The quantum critical point seems to lie in the universality
class of the four-state Potts model

The energy level spacing distribution indicates that the model
is nonintegrable

The model has an exponentially large number of zero energy
states. A subset of these are scar states.
How does the number of scar states grow with system size?

The autocorrelation functions near one end of the system show
anomalous relaxation with time. Why does this happen?
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