PHYSICAL REVIEW A 109, 022212 (2024)

Dissipative Dirac matrix spin model in two dimensions
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We generalize the recent work of Shibata and Katsura [Phys. Rev. B 99, 174303 (2019)], who considered a
S = % chain with alternating XX and Y'Y couplings in the presence of dephasing, the dynamics of which are
described by the GKLS master equation. Their model is equivalent to a non-Hermitian system described by the
Kitaev formulation [Kitaev, Ann. Phys. 321, 2 (2006)] in terms of a single Majorana species hopping on a two-leg
ladder in the presence of a nondynamical Z, gauge field. Our generalization involves Dirac gamma matrix “spin”
operators on the square lattice and maps onto a non-Hermitian square lattice bilayer which is also Kitaev solvable.
We describe the exponentially many nonequilibrium steady states in this model. We identify how the spin degrees
of freedom can be accounted for in the two-dimensional model in terms of the gauge-invariant quantities and
then proceed to study the Liouvillian spectrum. We use simulated annealing to estimate the Liouvillian gap and
the first decay modes for large system sizes. We observe a transition in the first decay modes, similar to that in the
work of Shibata and Katsura. The results we obtain are compared to the results we obtained from a perturbative
analysis for small and large values of the dissipation strength.
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I. INTRODUCTION

Open quantum systems afford us the opportunity to study
phenomena such as relaxational quantum dynamics for sys-
tems coupled to a bath [1]. Typically this involves “integrating
out” or eliminating in some way the bath degrees of freedom,
resulting in a dynamics for the system itself in terms of its
reduced density matrix: 0 = Lo, where L is the Liouvillian
operator. At long times, the system relaxes to a nonequi-
librium steady state (NESS); the existence of a NESS is
guaranteed by the dynamics, but under special circumstances
owing to, for example, extra conserved quantities, the NESS
may not be unique.

For noninteracting systems, hybridization with the bath
degrees of freedom still results in a solvable (quadratic) model
[2]. For interacting systems, solvable models are rare, and
numerical approaches are challenging. This is especially true
for density matrix evolution since one must keep track of not
just populations |«){ce| but also the coherences |«)(f| with
a # B, effectively squaring the size of the problem vis-a-vis
the system’s Hilbert space dimension.

Recently, Shibata and Katsura (SK) [3] described a model
of open system dynamics based on the GKLS master equa-
tion [4] which, though interacting, is solvable in the sense
of Kitaev’s celebrated honeycomb lattice Hamiltonian model
[5]. That is, the evolution of o(¢) under the Liouvillian £
is effectively described by a noninteracting dynamics in the
presence of a static Z, gauge field. Although in each gauge
sector the evolution is described by a quadratic, albeit non-
Hermitian, Hamiltonian, there are exponentially many gauge

*jgidugu@ucsd.edu
Tdarovas @ucsd.edu

2469-9926/2024/109(2)/022212(20)

022212-1

sectors to evaluate (which in general have no discrete space
group symmetries), and in this sense the general problem is
intractable. For the Hermitian Kitaev model, often the ground
state may be ascertained with help from a remarkable theorem
by Lieb [6], which provides valuable information regarding
much of the gauge-invariant content of the ground state, i.e.,
the Z, plaquette fluxes. For the non-Hermitian case, however,
we know of no generalization of Lieb’s theorem which con-
strains the gauge-invariant content of, say, the longest-lived
decaying density matrix. Thus, in general one must resort to
numerics if one is interested in the complex spectrum of L.

The Shibata-Katsura construction involves a § = % chain
where each site is coupled to an environmental bath. Within
the GKLS formalism, this results in an effective two leg ladder
system, where one leg corresponds to the bra states and the
other to the ket states of the density matrix, and the rungs
of the ladder contribute non-Hermitian terms which result
from the effective elimination of the bath degrees of freedom.
The ladder is thus threefold coordinated, and the model is
constructed so that it satisfies the Kitaev solvability criteria
(Sec. II C). Our main goal is to introduce and analyze a gen-
eralization of the SK model to two space dimensions, based
on a 4 x 4 gamma matrix generalization of the Hamiltonian
Kitaev model [7,8]. As the dissipative SK model is described
by non-Hermitian Hamiltonian evolution on the ladder, our
model is described by such an evolution on a square lattice
bilayer. As we shall see, while our model is a direct analog of
the SK model, it also entails some important differences—in
particular, an extensive number of conserved quantities lead-
ing to exponentially many NESS [9].

We first discuss various preliminaries, including the
GLKS master equation, its vectorization and description in
terms of non-Hermitian Hamiltonian evolution on a prod-
uct Hilbert space, the Shibata-Katsura model, gamma matrix
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generalizations of the Kitaev honeycomb model, and finally
our extension of the SK model to a dissipative square lattice
model involving 4 x 4 Dirac matrix “spin” operators.

Recently, two analyses of a largely equivalent model ap-
peared [10,11]. These papers and our work discuss models
with different Hamiltonians and Lindblad operators, although
there are some features common to all three, such as the
behavior of the Liouvillian gap at small and large dissipa-
tion, various conserved quantities, steady states and some
approaches toward understanding other modes of the system.
Our model is solvable in the Kitaev sense in that it is equiva-
lent to a noninteracting non-Hermitian Majorana system in the
presence of a background Z, gauge field. While the Hamilto-
nian may be diagonalized within each gauge sector, there are
exponentially many such sectors. We perform a limited search
of the gauge sectors using Monte Carlo methods in an effort to
obtain the smallest relaxation rate to the (highly degenerate)
block of nonequilibrium steady states, i.e., the Liouvillian gap.
Due to the local constraints imposed by the parton representa-
tion of the spin operators in terms of Majorana fermions, some
solutions are unphysical in that they violate these constraints.
As noted in Ref. [11], it is as yet unknown how to assess
which solutions are physical from the gauge-invariant data
alone. In the limits of small and large dissipation, we derive
analytical results which can be compared with the numerics.
In addition to the exponentially many gauge sectors, there are
also exponentially many NESS, and we identify all of them in
terms of conserved quantities.

II. PRELIMINARIES
A. The GKLS master equation

An open quantum system S is one which unitarily coe-
volves with an environment E under a Hamiltonian H = Hg +
Hg + H,,, where H,, couples S and E. The expectation of any
operator O restricted to S is given by (O(¢)) = Tr (eg(?) O),
where og4(?) is the time-dependent reduced density matrix
of §, i.e., og(t) = Trg o (t), where o;(¢) is the full density
matrix describing the “universe” U = S U E. Under certain
assumptions, the dynamics of the system’s reduced density
matrix is described by the GKLS master equation [1,4],

dQ_

R 1
= —i[H, Lol —=-L'L o—=oL'L ).
=il g]+;<a9 : 00— 50 )

2 2
(1

Here and henceforth we drop the subscript S on og. The {L,}
are the Lindblad jump operators, which describe the effects of
the system-environment coupling on o after the environment
is traced out. H is the “Lamb shift Hamiltonian,” which com-
mutes with Hg and includes renormalizations of the system’s
unperturbed energy levels resulting from the environmental
couplings. In the absence of all such couplings, we recover
the usual Liouville evolution ¢ = —i[Hg, 0].

The full GKLS evolution in Eq. (1) is of the form ¢ =
Lo. Assuming £ is time-independent, one may formally
write o(t) = exp(Lt)o(0), which defines for each r a map
®, : 0(0) — o(¢) which possesses the following salient prop-
erties: (i) linearity, (ii) trace-preserving, (iii) Hermiticity
preserving, and (iv) complete positivity [1]. Writing o(¢) =
Zj’k Qjx (t)]) (k| in terms of basis states, we may write ij =

L im Qpy» Where L, is a supermatrix of dimension N?,
where N is the dimension of the single, i.e., not doubled basis,
and (jk)/(Im) are composite indices. Generically £ is not a
normal matrix, i.e., [£, £7] # 0, and its eigenvalues A, may
be complex. However, since the evolution is trace preserving,
one has that § ik is a left eigenvector of £ with eigenvalue zero.

The corresponding right eigenvector is the NESS, Ql'\r'nESS. Un-
der special circumstances there may be more than one NESS
[12]. Positivity entails that Re A, < 0 for each eigenvalue of
the Liouvillian L.

When each jump operator is normal (i.e., it commutes with
its Hermitian conjugate), then from Eq. (1) we have that the
infinite temperature state o o 1 is a valid NESS. Furthermore,
if H as well as all the jump operators commute with a set
of independent projectors {P,} with s € {1, ..., K}, then any
density matrix of the form

K
choﬂ—i—chPs 2)

s=1

is also a valid NESS (subject to normalization). This shall be
the case for the model we investigate below. Thus we shall de-
scribe a system where there is relaxation to a degenerate block
of NESS. While such solutions to GKLS depend on the form
of H and the jump operators {L,}, they are independent of the
various coupling constants (so long as they remain finite), and
we shall consider them all to be infinite temperature states.

B. Equivalent non-Hermitian Hamiltonian

Any density matrix o = Y
sented in vector form as

mon O | M) (1| may be repre-

e —lo)=) 0ulm ®In). 3)

Thus, the bra vector (n | is replaced by the corresponding ket
vector |n), i.e., |m)(n| — |m)® |n). If B is any operator,
then under vectorization, then we have

(n|B=> (n|Blk)(k|

k

—> > |k)(k|B"|n) =B"|n).
k

“4)

The GKLS master equation [Eq. (1)] then takes the vectorized
form

.d _
IE|Q>—W|Q), 6]

where [13]

W=HQ1-1®H'

, |- 1
+zZ<L,®L;‘—EL,‘L,®11—IL®§LIL;‘>. (6)

Note that operators O acting on the |n) component of the
product | m) ® | n) appear as transposes O, since they would
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FIG. 1. The Shibata-Katsura ladder (see text for description).

normally act to the left on (n|. Equation (5) takes the form
of an effective Schrodinger equation, with |o(¢)) evolving
according to the non-Hermitian effective Hamiltonian WV act-
ing on a doubled Hilbert space. For any operator O, we may
compute the trace in the vectorized representation according
to

Tr(Oo)=(110®1]0), (7N
where (1| =", (n|® (n|. The eigenvalues of W, which we

denote by {E_}, are related to those of the Liouvillian by E, =
—iA,.

C. Shibata-Katsura model

The SK model [3] describes a dissipative S = % chain. The
Hamiltonian is

H= Z(‘]x X2n—1X2n + Jy Y2nY2n+l) (8)

and the jump operators are L, = /vy Z,,
we have

with y > 0. Thus,

N,
W()/) = Z(JA X2n—1X2n + Jy Y2nY2n+l - Jx X2n—1X2n

n=1

N
— LY ) +iv Y (2,2, - D), ©)
j=1

where the (X, Y, Z) operators act on the first Hilbert space and
(X,Y,Z) act on the copy. The system is depicted in Fig. 1
and corresponds to a non-Hermitian two-leg ladder. N, is the
number of unit cells, and there are N = 2N, sites on each
leg of the ladder. Note that W*(y) = W(—y), and that if we
define R as the reflection operator mapping one leg into the

other, i.e., (J, j,Z)<—>( i j,Zj)forallj,then

RW(Y)IR = -W(=y) = -W(y). (10)

This establishes that the eigenvalues of WW(y) come in pairs
A% = +E +iT,. Total positivity requires that Im (") < 0.
Any NESS OnEss satisfies W(y) | ongsg ) = 0.

Introducing on each site four Majorana fermions
and expressing the Pauli matrices therefrom,

00. 1,2,3

0pl 092 _ :n0n3
=i0%), v, =%, Z =%}, (1)

with corresponding expression for ( Zj), one may ex-

j? J’
press W(y) as
N,
W()/) = Z {i‘]x[ugnflegnflegn - ﬂ)]('egnflegn]
n=1
+ lJV [Mznggnegn+l /’L2n921192n+1]}
N
—y Y ui0%) - 2iyN,, (12)
where
X — _-91 01 ~ — -él él
Hon—1 W05, 1U2ny  Hop—1 = W, 1Yy,
'U“Zn = _i922n922n+1’ ﬂén = _iégnéZanLl’ I’Li - lej 913’
(13)

are 7, gauge fields on the links of the two leg ladder in Fig. 1.
These gauge fields commute with each other and with the 6°
hopping terms, as well as with the constraints

0n19243 50715253
A _9191610/ =+1, A, _9191919 =41, (14)

which must be imposed at each site in order to guaran-
tee XY = iZ. This is the magic of the Kitaev honeycomb
lattice model, where the link lattice is also tripartite: The
Hamiltonian corresponds to a single species (6°) of Majo-
rana fermion hopping in the presence of a nondynamical Z,
gauge field. The gauge-invariant content of the theory is con-
tained in the plaquette fluxes &,, | = 13, | MU5,05,_ 1 M5
and &, = H’ZnMZn 41 ;Lz”uzn and in the Wilson phases Q =

]_[J 1 Z; and Q ]_[J |
tions, Q0 = ]_[j=1 P,

. With periodic boundary condi-

II1. DIRAC MATRIX SK MODEL

A. Gamma matrix Kitaev models
A Clifford algebra is defined by the anticommutation
relations,

{re, v’y =28 a,befl,..., n. (15)

When n = 2k, a representation of the algebra can be con-
structed by tensor products of k Pauli matrices, viz.,

MN=x1le---®1 M=z --0X
MPr=rele---al M**=z@ze --@Y (16)
=Z®X® Q1 M=z ---®Z
The gamma matrices defined above are all Hermitian. In even

dimensions, we define

F2k+1 — (_l)k Fl 1—*2..'1—‘2](. (17)
Introducing 2k + 2 Majorana fermions 6¢ with indices a €
{0, ..., 2k + 1} satisfying {#¢, 6°} = 26", we define T'* =
i6°6* with i > 0. Analogously to the constraint #°9'9203 =

1 when k = 1, we demand
0001.“92k+1 :ik_l, (18)

The case k = 1 yields the 2 x 2 Pauli matrices, with I'! =
X, ?2=Y,and ' = —iT'I'"? = Z. The case k =2 yields
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FIG. 2. Square lattice Dirac matrix Shibata-Katsura model. See
description in Sec. III B.

the 4 x 4 Dirac matrices, with I'> = —T''T"?I"*I"*. For general
k this yields 2k + 1 matrices of rank 2. One can then form
'Y =qI'*T"Y = if*6" of which there are (2]‘;1) independent
representatives (take u < v), and next I'*"? = —['"*I'"'T'? =
0°9"9"6¢ and T*T'TPT7 = 049676, which yield (*}")
and (2’?1) independent terms, respectively. Proceeding thusly,
one obtains at level k a basis of 4 Hermitian matrices of rank
2k,

Analogs of Kitaev’s honeycomb lattice model using these
higher-level Clifford algebras have been considered, inter
alia in Refs. [7,8], with interactions I'/'T"% along the links.
When the underlying lattice is such that each site lies at the
confluence of 2k + 1 distinctly labeled p links, the “spin”
Hamiltonian is again expressible as a single species (6°) Ma-
jorana fermion hopping in the presence of a static Z, gauge
field. Other generalizations, in which multiple species of Ma-
joranas hop in the same Z, static gauge field and hybridize as
well have also been constructed [7,14].

B. Dirac matrix SK model

We generalize the SK model to a dissipative I'-matrix
model defined on the square lattice, as depicted in Fig. 2. We
regard the square lattice as bipartite, with elementary direct
lattice vectors @, , = & = §. Our Hamiltonian is

2 2
HZZ(Jlrllerlle+x+J2FRFR+ﬁ
R

+ LT Th s + LT Trg), (19)

where R = na, +n,a, with n,, € Z are the A sublattice
sites, which are N, in number. We use the symbol r to denote
a site which may be in either sublattice. Thus, on each site of

o ®) ®

u%%—al u2R+a2
‘ O u}%—al u}2+a2
u%%—al u§2+a2
u%l—al uf 1 u‘}li',-ra.2
YR
O ® 5 7° ® O
u%_az U4R u%z-i-al
. O U}Z—a.z u}:l+a1
u?%—a.z u3R+al
ullli-—a‘2 UR+a,

® O o

FIG. 3. At each A sublattice site in the bottom layer, the gauge
field u$, points along the nearest-neighbor vector § toward a neigh-
boring B sublattice site. A corresponding convention pertains for the
i1, gauge fields in the top layer.

the square lattice, a four-dimensional Hilbert space is acted
on by operators 1,, '}, and T'*", where I'* are 4 x 4 Dirac
matrices, with u € {1, ...,5}.

Following SK, we take the Lindblad jump operators to
be L, = /¥ I'} at each site. The GKLS master equation can
then be written as a non-Hermitian Hamiltonian evolution of a
model on a square lattice bilayer, with each layer correspond-
ing to one copy of the Hilbert space. This Hamiltonian is

4
WHJsh v) = Z st ("“}Se O O — iiig O élg+6>
ReA 5=1

—y Z w00 6° — 2iyN., (20)
reA.B

where § € {x,y, —%, —y} for § € {1, 2, 3, 4}, respectively, and
where (see Fig. 3)

)

Uy = —iOp0% .5, w=—if26>, (21)

a;si = _i‘91§01§+6’ r rr>

are the nondynamical gauge fields in the bottom, top, and be-
tween layer regions. There are SN such gauge fields, but as we
shall see the number of gauge-invariant quantities is 3N + 1,
i.e., there are 2’V *! gauge sectors, where N is the total number
of sites in either layer. Similar considerations which led to
Eq. (10) in the SK model hold for our model as well, hence the
eigenvalues of W(y) come in pairs A¥ = +E, + il,, with
Im(T",) <O0.

1. Conserved quantities

For the original SK model, the product Q =Z, ---Z, is
conserved as it commutes with H and with each of the jump
operators ,/y Z;. This means that both 1 and Q are annihilated
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by the Liouvillian £, and that both
0. =2"1£0Q) (22)

are thus valid NESS, for all y [3].

For our model of Eq. (20), there are vastly more con-
served quantities. With periodic boundary conditions along
both axes, there are N + 1 gauge-invariant quantities, which
are the N plaquette fluxes (see Fig. 2),

21 114 143 32 :
{ T T T Tty ifreA
, =

43 132 21 14 :
F 1-‘r-ﬁ—x 1—‘r-§—x+y 1—‘r-ﬁ-y ifre B

. (23)

where the Z, flux in plaquette r is labeled by the lower left
site of the plaquette [15]. Note that the product [[, ®, =1,
and hence there are N — 1 independent Z, plaquette fluxes.
In addition, we have the two Wilson phases,

13 31 13 31
__FI,IFZ,I -~ T .—IIFN 1

(24)
Wy = _Ffﬁ F?,zz o Fﬁv 1 Fl A

where both N, and N, are taken to be even, and with the
total number of sites N = N,N,. (Note that 3= -1 and
I'? = —I'2; we choose to write the Wilson phases as above
because the repetition of consecutive I'-matrix indices is a
useful mnemonic.) One can readily check that ®, commutes
with both H and with all the jump operators. In addition,
the operator Q = [, I'> also commutes with the Hamiltonian
and with all of the jump operators. However, if we examine
the product of the Z, fluxes over the A plaquettes alone,
i.e., over those plaquettes with an A site in their lower left
corner, then from I'*I'?! = —T'IM131* = ', we conclude
that [Tgea ®x = [, T2 = O, and therefore Q is not an inde-
pendent conserved quantity. Finally, as the jump operators are
all normal, according to Eq. 2 we have a 2V*!-dimensional
subspace of T = oo nonequilibrium steady states, since there
are 2V*! projectors,

L+ W\ /1 +n,W, (140,90,
an‘nyv{nr} = ( 2)( )( 2 1_[ 2 ’

r (25)

labeled by 7,, n,, and {n,}, each taking the value £1, which
commute with A and with all the jump operators L,.. The
prime on the product indicates that the final plaquette with
r = (N, N,) is omitted. The total number of unnormalized
density matrices is (42)Y = 16". That is, any density matrix
of the form

¢= Z Z Z URUMUN, nx UMUN (26)

ne 1y Ao}

w1thTrQ—Z Z Zn .
> 01is a valid NESS

) = =1 and each C )

X

C. Analysis

We define a complex fermion living along each link be-
tween planes of the bilayer, viz.,

=360 +i8)). o =306-i6). @D
and thus
00 =cl+c, 8°=ic —c). (28)

uR UR+g
+a .
R+i@ 0 R+ @
+ .
uR @E UR1q UR Qg =
1 ud
R
RO QORrR+: RO (@)
_ o 4 = ~4
uR ®R uR+a,1 YR QR UrR
® ., O Ry@ @
UR+ta, T Ur-y T
U U
~3 ~1
- UR UR
i—@ O o
5 _ +
UR-& \IIR uR \IJR uﬁﬂ_i

u—@ ®) o

R-& ufk R up R+@

FIG. 4. Associated with each A sublattice site in the bottom layer
are eight square plaquette fluxes: @5, @3 (not shown), U, and Q5.

The non-Hermitian Hamiltonian of Eq. (20) is then expressed
in terms of these complex fermions as

W= ZZ iJs(u

ReA é=1

- “R (CRCR+6 + CR+8CR)

- CR+3CR)}

+iy Y u2cic, — 1) = 2iN,y. (29)
reA.B

+ iJs (uf? + ﬁf;) (c;(c;_Hs

D. Counting degrees of freedom

Associated with each A sublattice site in the bottom layer
are eight square plaquette Z, fluxes (see Fig. 4). These fall
into three groups. First are the fluxes through the (x, y) pla-
quettes. For the bottom layer we have

+ 21 14 43 32
CD uR uR+a uR+a MR - F 1—‘R-Q—x 1—‘R+a 1-‘R-ﬁ-y
4 3 2 14043 3 21
R = Ug UR+a, UR+a, “R =—Tg I'g F R+a, Fgye, (30)

with corresponding expressions involving CDR, 1" and g in
the top layer. Next, the (x, z) plaquette fluxes W3,

+_ 1.5 =1 51 <15 51 XI5
Vg = Uup g, ;iig ”R =Tk Tgie Trys Tr

- 5.3 5 3 35 5335 =53
Vg =ugligup sug = —Tg Tg T 3 Tg e D)
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Finally, the (y, z) plaquette fluxes Qi are given by
Qp = upup gy = TR TR Ty TR
Qp = uplipuy_sup = TR T TR, Taty. (32)
There are also the Wilson phases,
We=ugy (—u5,)ug; (—us) - ”1]vr1,1 (—uiy)
=TT TR
W, = ”%,1 (- ”?,3) "‘%,3 (- "‘?,5) o

_ 24 42 4
=7 e Fl,M_v

u%,Ny—l ( - “?,1)

again with corresponding expressions for WX and Wy. At this
point it appears that we have 4N + 4 gauge-invariant Z, de-
grees of freedom. However, the total flux through each of
the N cubes must be trivial, providing N constraints. There
is an additional constraint [[ ®4®, = 1 due to periodic
boundary conditions; the corresponding expression in the top
layer does not yield new information given the condition on
each of the cubes. Finally, there are two constraints relating
the products of the Wilson phases in each of the layers to
the Q and W plaquette fluxes [see Eq. (41) below]. Thus,
there are N 4 3 independent constraints, and therefore 3N + 1
independent gauge-invariant configurations of the fluxes and
Wilson phases. We must also acknowledge the constraints
imposed by the projectors which enforce A, = A, = 1, with
A, =0960'62030% 07 = —i. Taking the product over all sites,
we obtain [7]

[Ti008° x HuRuR X Hu (34)

This expression includes a product over all the itinerant
fermion parities 2¢c, — 1 as well as over each of the 5NZ,
gauge fields which reside on the links of the bilayer structure.
It thereby constrains the parity of the c-fermions, which are
constructed from #° and ° on each of the interplane links.
Thus rather than N freedoms for the dynamical fermion states,
there are N — 1, and the total number of states in our doubled
Hilbert space is 23V*! x 2¥=! = 16", which is the correct
number of density matrices for an N-site system described by
4 x 4 gamma matrices [16].

E. Choosing a gauge

Given the 3N + 1 independent plaquette fluxes and Wilson
phases, how can we pick a gauge? Let us first consider the
planar fluxes CD;E in the bottom layer and the sketch in Fig. 5.
The coordinates of the A sublattice site in the lower left corner
are r =@x,y)=(1, 1) The Wilson phase fluxes are defined to
be ul 1 = W, and ul | = —W,. We then define the remaining
unass1gned gauge fields as follows:

3 -
Upo = q)l,l ”1,1 U, =0,,

1 _ g— .3 3 oyt ol
U3 =Pr3u5, uz3 =Py 1y,

3 _ ot 1
U3 N—1 = (Dz,zvyfz U N,—2

1 = 3
U N, = cbz,zvy U3 N,—1

1 - 3
Uy N-1= CDI,N‘.fl U N,—2

3 ot 1
U N, = q:)l,N‘.fl Ui N,—1

2

a4 3 4 a— 1 2
U N, = cI31,1 Upuyp, Uz = q’z,m Uy n, Us N,

O

FIG. 5. Labels of the unit cells ®5. The black arrows indicate
u% = +1 in the direction of the arrow. There are N + 1 colored
arrows, which are determined by the N — 1 independent plaquette
fluxes and the two Wilson loops. A corresponding assignment per-
tains to the upper layer with fluxes :151% and gauge fields i, Dotted
lines indicate periodicity boundaries.

and
”;1,2 = <D3+,1 Uy,o = d)&”z
”%.3 = d55 ”2,2 ”? 3= q’?\z,z U, 2
”3,4 = CD;,3 ”;,3 Uy 4 = Py, 4”?,3
u;N,—l = q>3_,N,—1 “i,Ny—z u?,Ny—l = cI>1J\r1x,1vy—2 ullvx,N‘,—z
“i,N, = CD;_,N),—I ué,Ny—l uzlv N, = Py, N, W1 N, -1
Uy = BTy 15y Uy, uf | = —W,. (35)

Thus, we can iteratively obtain all the unassigned Z, gauge
fields u from the plaquette phases and the Wilson phases.
Again, correspondmg expressions hold in the upper layer for
the quantities {uR, dDR, W, W A

Next, we consider the up gauge fields and the plaquette
fluxes {\III‘;L, Qlf}. From Eq. (30) we may iteratively determine

the values of the u>

ek for odd values of k given the value u? =
1:

5 1 =1 g+ 5
Wy g = Uy gty WUy g

5 3 23 - .5
Uz o = U3 Uz F3 4 " Up ke

S TS TSI
Uy = Uz g b3 W3y g

1 -1 + 5
Uy, k= Un 1 iy, 1k W1k U= 1k

s 1«1 - 5
Uy o=ty g iy Wy Uy g (36)
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For even values of k, we have
5 _ 3 =3 g— 5
Wy = Uy g 0y Wy Uty g
s 1 =l + 5
U3 = Uy g by ) Wy Ut g

5 _ 3 3 g 8
Uy = Uy g Wy -t g
5 3

Un, .k = Un, k“N x Yy,

s 1 - 5
Uik = Un i ”Nx.,k \IJNX,k “Uy ke (37)

5
kT UN -1k

To obtain u? k1 from u? > We use the relations

5 _ 2 ) + 5
Uy op = Upop—1 Uy on—1 Sz1,zn_1 C UL o1
5 4 -4 5 (38)
UY gt = U 2 By 2 S27 9+ UT 2
Equations (36), (37), and (38) entail the relations
N, Ny/2
-3
l_[ ‘I’,kq’,k = Hu2m 1k”2m 1k“2m Lk Yom—1k
Jj=1 m=1
(k odd)
N,/2
3
1_[ \Ijjkquk_Hu2mku2mku2mku2mk’ (39)
m=1
*k e\en)
for k odd and even, respectively, as well as
N, Ny/2
- ot _ 2 4 =2 4
1_[ ik = H Ujan—1Ujon—1 Ujon—1Ujon-1
n=1
(j odd)
N, Ny /2
- ot _ 2 4 =2 =4
H $2;, 827, = H Wjon Uj o Wjon Ujons (40)

n=1
(j even)

for j odd and even, respectively. Restricting to the cases j = 1
and k£ = 1, we can relate these products to the Wilson phases
in Eq. (33), viz.,

N,

[[en el =ww,

k=1

ijl VT/-V

We showed previously in Sec. IIID that, considering all
the Z, gauge degrees of freedom, we have a total of 3N + 1
independent plaquette fluxes and Wilson phases. In each layer,
there are N + 1 free gauge fields u, as depicted in Fig 5.
Between the layers, there are N — 1 free gauge fields u, with
u? . = 1. Thus, our gauge assignment accounts for all the

independent gauge-invariant quantities.

(41)

F. Counting the NESS

Referring to Eq. (29), in order to obtain an eigenvalue of
zero, we must have each > = +1 and c/c, = 1. [The case

uw = —1 forall ris impossible since we have, without loss of

r
generality (i.e., up to a gauge transformation), set ”?,1 =1.]
We then must eliminate the BCS pairing terms, which would
allow for the simultaneous annihilation of two neighboring

c-fermions. This is accomplished by setting u}, + i1 = 0 for

all R and é. While this may seem inconsistent with the assign-
ment of the fixed gauge fields (black arrows) in the two layers
as depicted in Fig. 5, in fact we are free to redefine @i}, — —ii5
for the purposes of counting the NESS. Thus, there are a total
of N + 1 independent values of the planar (6 € {1, 2, 3, 4})
gauge fields associated with the NESS block, and therefore
2N+1 degenerate NESS.

It can be seen that for these NESS @i = & and @y =
CIJR, as well as W4 = Wy = —1 and Q = Q = —1, for all
R. Since [ @} P = 1, this accounts for N — 1 freedoms
associated with the plaquette fluxes. The Wilson phases W,
and W, are also free [but W, and W are then fixed by Eq. (41)],
and so again we see that there are 2N +1 NESS.

We numerically verified this counting for the case N, =

=2 (N =4) by choosing the J; couplings to be all dif-
ferent However, when J, = J, = J3 = J, there is an enlarged
translational symmetry, and we find a degeneracy of 162
(see Appendix A for details on constraints and our under-
standing of their implementations in the calculations) rather
than 2¥+! = 32. We also find that these additional degener-
ate states do not satisfy the flux conditions described in the
previous paragraph.

IV. COMPUTATIONAL RESULTS

To calculate the spectrum within a given gauge sector,
we use Prosen’s method for complex antisymmetric matri-
ces [2]. Implementing the field assignments mentioned in
section III E, we calculate the Liouvillian gap g to the small-
est relaxation rate, i.e., the negative of the real part of the
eigenvalues of £, by searching over all the sectors of the £
corresponding to the different plaquette flux and Wilson phase
configurations, for the case N, = N, = 2. For this system
there are N = 4 sites and thus 2!¢ (unnormahzed) density
matrices. We perform calculations to identify two classes
of gaps—one corresponding to an even sum of occupation
numbers and one corresponding to an odd sum of occupation
numbers in Prosen’s Bogoliubov transformation, which we
henceforth refer to as f parity (see Appendix A). We find
that the gap corresponding to the even sum is smaller than the
gap corresponding to the odd sum. We observe a transition
in the first decay modes for the case with the even sum. The
plot showing g as a functionof y forJ; = J, =J3 =Js = lis
shown in Fig. 6 (even sum) and Fig. 7 (odd sum). The gauge-
invariant quantities corresponding to the first decay modes for
the even sum calculation are shown in Figs. 8 and 9.

The results obtained from Ny = N, = 2 system could be
subject to finite-size effects. Hence we proceed to estimate the
gap for higher system sizes, using other methods to optimize
for the gap since it is computationally intensive to examine all
23N+1 of the gauge sectors. We first tried looking at all con-
figurations with a fixed number N, of Z, defects—plaquettes
and Wilson phases whose values are reversed relative to a
given NESS configuration. (A reversed-flux plaquette is a Z,
vortex.) There being N, = 3N + 1 gauge degrees of freedom,

the number of such conﬁguratlons ( ) rapidly becomes com-

putationally unwieldy with growing N and N,. We searched
exhaustively for the smallest nonzero relaxation rates for up
to N, =4 total Z, defects for Ny = N, =4 and only up to
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/I‘ \‘\\
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0.2 / T
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oo — v(2,2)=161

0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

14

FIG. 6. Liouvillian gap g versus dissipator strength y in the
two-dimensional generalized SK model with periodic boundary con-
ditions for N, = N, = 2 and all J; = 1. The f parity is fixed to be
even. There is a transition in the first decay modes at the cusp seen at
y = ¥.(2, 2), depicted by the blue vertical line.

N, =2 for N, = N, = 6 relative to a particular NESS (one
with all gauge-invariant Z, data set to —1). We also performed
Monte Carlo searches using both simulated annealing (SA)
and a genetic algorithm (GA) capable of finding states with
arbitrary numbers of defects. These both yielded similar re-
sults, and below we show data only for simulated annealing
computations when comparing with the N, -limited searches.
Some details regarding SA and the GA are provided in
Sec. C below. We found the results obtained from SA to
be satisfactory both in terms of convergence of the longest
nonzero relaxation rate g as well as the computational run
time for systems up to size 6 x 6 (2'* density matrices). We
cannot estimate the full spectrum of first decay modes through
this method, i.e., enumerating all their degeneracies as in the
2 x 2 case, or claim that it is definitively the first decay mode,
however. The results obtained by taking the minimum value

8 - h1=h=/3=/a=1 ///
///‘,
6 L
> /»"‘
4 o~
e
-
2 -
e
x'/
of #~
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45
Y

FIG. 7. Liouvillian gap g versus dissipator strength y in the
two-dimensional generalized SK model with periodic boundary con-
ditions for N, = N, = 2 and all J; = 1. The f parity is fixed to be
odd. We observe a change in the number of first decay modes at the
following values of y: 1.31, 1.61, 2.66, and 3.26.

FIG. 8. A first decay mode of the two-dimensional generalized
SK model with periodic boundary conditions for N, = N, = 2 and
Ji =J, =J3 =Jy =1 corresponding to the “phase” where y <
¥c(2, 2). For the mode shown in this figure, we have W, = 1, W, =
-1, Wx =—1, Vhi;:v = —1. There are 15 other configurations of the flux
plaquettes and Wilson phases corresponding to the same eigenvalue
as the first decay mode shown here.

from different runs (see Sec. C) of SA are shown in Fig. 10
and Fig. 11. The result for N, = N, = 6 is subject to more
error since we used a fewer number of runs than in the 4 x 4
case. This estimate can be improved by using the decay modes
obtained from SA.

To obtain better estimates, we collect the best config-
urations (i.e., those with the lowest relaxation rates) from

FIG. 9. A first decay mode of the two-dimensional generalized
SK model with periodic boundary conditions for N, = N, = 2 and
Ji =J, =J3; =J, =1 corresponding to the “phase” where y >
¥e(2, 2). For the mode shown in this figure, we have W, = 1, W, =
-1, Wx =1, VT/y = —1. There are 79 other configurations of the flux
plaquettes and Wilson phases corresponding to the same eigenvalue
as the first decay mode shown here.
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DISSIPATIVE DIRAC MATRIX SPIN MODEL IN ...
0.8 N 4 Nx=6, Ny=6 0.7 ™., No=Ny =4 (SA)
’ e N.=4 N,= fpoT 20, -=- Nx=N, =4 (3 regimes)
A o, T 0.6 f \“*e,‘. o Ne=N,=6(SA)
0.6 A -:‘% 0.5 { ‘-\ -~- Nx=N, =6 (3 regimes)
s M, H N
> A m0'4 ! e
a 1 T el
0.4 : A 0.3 t T
A A . H Te——
A A, ! e
02/ fraa,, o2 } ‘
. o1 }
: i
0.0 0.0
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FIG. 10. Liouvillian gap, g, versus y obtained over different runs
of simulated annealing (all J; = 1) for 4 x 4 and 6 x 6 system sizes
and even f parity. We used o = 10, 7o = 100 and a cycle consisted
of 20 time steps. The number of runs was 10 for 4 x 4 and 5 for
6 x 6. Some data points that are present at greater values of g are not
shown in this cropped plot to focus on the features near the cusps in

the plot.

different SA runs, and for different values of y. We then use
this set of field configurations as our pool to be tried for each
value of y in order to obtain an estimate of the minimum
gap, g, by optimizing the relaxation rate gap with respect to
allowed configurations. This yields the curves in Figs. 12—14.
We do this only for even f-parity states, where the behavior
corresponds to our analytical results from Sec. B at small and
large y. For the system sizes we have examined, the g(y)
curves all exhibit a linear behavior at small y, crossing over
to a 1/y behavior at large y, as found by SK for their model
[3]. While the gauge configurations obtained in this manner
can vary from one y value to the next, we found that the
curves are largely unchanged by partitioning the y line into
three regimes, each of which is governed by a particular con-

figuration of the gauge-invariant quantities [17] Note also the
relatively small difference between the 4 x 4 and 6 x 6 results
[18]. Among the configurations obtained in the different runs

FIG. 12. Simulated annealing results for all J; =1 and even f
parity (see text for fuller description).

of simulated annealing, we tried to locate configurations that
were closest to the predictions of the perturbative analysis in
Appendix B. We used those modes to generate the correspond-
ing behavior (i.e., the gap) at small and large . The results are
shown in Fig. 15 and Fig. 16. These or some other degenerate
modes could correspond to the eigenvalues obtained in the
perturbative analysis.
SK found a sharp transition in the first decay modes
between two regimes of dissipation strength, regardless of
system size. (SK examined their model with open boundaries,
but we have confirmed this result when periodic boundary
conditions are applied to their model as well.) We cannot
conclude whether or not this is the case for our model, but
the intermediate regime we find could result from a failure
of simulated annealing to reach the block of true first decay
modes. We then try to investigate the gaps by fixing the
number of vortices. This is addressed in Appendix E.

From simulated annealing, the optimal flux configurations
for the lowest nonzero decay typically contain many defects.
We list some of these configurations in the Appendix Sec. D
below. For example, for the 4 x 4 system with all J; = 1, the
optimal excited state we obtained had 11 defects relative to
the fiducial NESS with all Z, data set to —1. However, since

gl 4 Ne=6, N,=6 N
a
« Ny=4, N,=4 R 016 . .6, N,=6 -
6 N 0.141 --- g=Ay+B, A=2.000,B=0.000 "
A
G 0.12 e
a A~
D4 s 0.10 -
'Y . > ~
0.08 //-/
21, 0.06 ///
) 0.04 ///
0 0.02] «
0.01 0.02 003 004 005 006 007 008

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 45
Y

FIG. 11. Liouvillian gap, g, versus y obtained over different runs
of simulated annealing (all J; = 1) for 4 x 4 and 6 x 6 system sizes
and odd f parity. We used o = 10, Tp = 100 and a cycle consisted of
20 time steps. The number of runs was 10 for 4 x 4 and 5 for 6 x 6.

14

FIG. 13. Behavior at small y for the largest system size we used
in our calculations (6 x 6), with all J; = 1. We obtained this curve
by using the first decay modes we used to explain the small y regime

in Fig. 12.
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©0.003 \\
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FIG. 14. Behavior at large y for the largest system size we used
in our calculations (6 x 6), with all J; = 1. We obtained this curve
by using the first decay modes we used to explain the large y regime
in Fig. 12.

we start the SA from a configuration of random Z, data, it
may well be that a configuration with 11 defects with respect
to a particular NESS might be described by fewer defects
with respect to a different state in the 23¥*+!-fold block of
NESS. Our understanding of the minimal defect content of
the degenerate excited states is very limited. An attempt to
identify trends in this regard is shown in Appendix E where
we study how the gap changes with number of vortices.

We try fitting the g(y) curves to identify their behavior
for small and large values of the dissipation strength y (see
Figs. 13 and 14). The shape of the g(y ) curves is similar to that
found by Shibata and Katsura [3], rising linearly from zero at
small y and decaying as 1/y for large y. In the Appendix B,
we provide analytical support for these behaviors.

We also investigate the behavior of the gap for the case
(1,02, J5,J4) = (3,4,1,2), which breaks certain discrete
translation and rotation symmetries present in the model when

— — A~
030, " MNx=6 Ny=6 7
== g=Ay+B,A=4.000,B=0.000 _~
0.25 ///'
/

0.20 e
) /.//

0.15

///
0.10 e
e
v
0.05{
0.01 0.02 0.03 0.04 005 0.06 007 0.08
y

FIG. 15. Choosing a mode that behaves like g~ 4y at small
y for the largest system size we used in our calculations (6 x 6),
with all J; = 1. We depict the flux configuration corresponding to
this mode by mentioning, relative to the NESS (in which all gauge-
invariant Z, data is —1), where the 41 “defects” (i.e., gauge invariant
quantities) exist: ®7 |, &7, D¢ ,, P15, P35, DF,, O3, PI5, Dy,

- - - ¥ z ¥ = z p ¥ ¥ =z

D¢ 4 q)lgs’ D35, Oyy P55, P35, Py Py Py Q745 €255, Qs
5 357 A

QUp YL Wi Wy Yoy, Wi, and Wi

0.010 \ --e-- Ny=6, Ny=6
\\ --— g=Aly, A=2.000
0.008 \
\\.
o N\
0.006 N
\\
N
0.004 S~
.\\
\\
\*\*
0.002 -
200 300 400 500 600 700 800 900
Y

FIG. 16. Choosing a mode that behaves like g~ 2/y at large
y for the largest system size we used in our calculations (6 x 6),
with all J; = 1. We depict the flux configuration corresponding to
this mode by mentioning, relative to the NESS (in which all gauge-
invariant Z, data is —1), where the 41 “defects” (i.e., gauge invariant
quantities) exist: ®7,, ®7,, @3, Oy ,, Pg,, P33, O, D5, P,
D4 CDZS’ Dy <I>;3, D 4o <I>I4, o, o, D, D, O, L

1,5° 72,60 T4,6° 1,1> 746> ©5,1°
+ ¥ =
D, Q. Wy, We, and W,

all J; are equal. The results are shown in Figs. 17 and 18 for a
2 x 2 system. The study of this for larger system sizes and a
comparison to the J; = 1 case is provided in Appendix E.

V. CONCLUSIONS

In this paper we have described a two-dimensional square
lattice model of interacting gamma matrix “spins” coupled
to a dissipative environment. The density matrix evolution is
described by the GKLS master equation ¢ = Lo, where L is
the Liouvillian, which in general has complex eigenvalues A .
This description is equivalent to Schrédinger evolution under
a non-Hermitian Hamiltonian WV on a square lattice bilayer,
whose eigenvalues are E, = —iA ,. Our model is inspired by,
and a generalization of, the dissipative one-dimensional Pauli
matrix spin model of Shibata and Katsura [3]. It is in the

0.150 Pl N

0.125 e

0.100 yd
©0.075 Py

0.050 s

0.025 Y2 [ U1.J2.J3.J4)=(3,4,1,2)
/s — v2,2)=4.31

0.000

0 1 2 3 4 5 6 7 8 9
Y

FIG. 17. Liouvillian gap g as a function of y for our model with
periodic boundary conditions for N, = N, = 2 and (J,, J», J3, J3) =
(3,4, 1,2), and with even f parity. There is a transition in the first
decay modes at the cusp seen at y = y.(2, 2), depicted by the blue
vertical line. We see a transition in the first decay modes. We have
two first decay modes for y < y.(2,2) and eight first decay modes
fory > y.(2,2).
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1 J2:)3, = 3, 4, 1,2 "
15.0 U1J2.J3.Ja) = ( ) -

_____

12.5 -~
10.0 e
7.5
5.0 -

~
2.5 ~

0.01 ~

FIG. 18. Liouvillian gap g as a function of y for our model with
periodic boundary conditions for N, = N, = 2 and (J, J», J3, J4) =
(3,4,1,2), and with odd f parity. Unlike the even f-parity case,
there is no cusp in the plot. We observe changes in the number of
first decay modes at several values of y.

“solvable” class of models exemplified by Kitaev’s celebrated
honeycomb lattice model [5], equivalent to a single species of
Majorana fermion hopping in a nondynamical Z, background
gauge field. It is solvable in the sense that for any given con-
figuration of the gauge-invariant plaquette fluxes and Wilson
phases, the non-Hermitian Hamiltonian W is quadratic and
solvable by Prosen’s method [2]. However, there are expo-
nentially many such configurations, and when the gauge field
structure is not translationally invariant, the Hamiltonian must
be diagonalized numerically. Furthermore, there is no analog
of Lieb’s theorem [6] to assist us in identifying the longest
lived decaying eigenmodes.

In the infinite time limit, the system approaches one of an
exponentially large number of nonequilibrium steady states,
with a spectrum {—Im E} of relaxation rates. The minimum
relaxation rate g(y ) is typically achieved for different Z, flux
configurations in the small and large y limits, a feature also
observed by Shibata and Katsura.

Other than in Fig. 19, we have not indicated in our plots
the spectrum {Re E,} of the real parts of the eigenvalues of

0.7 s Ny =N, =4 (SA)
‘,;,-'“\_‘ -=—- Ny=N, =4 (3 regimes)
0.6 I -=~- Nx=N, =4 (real part)
| *, e Ny=N,=6(SA
05 ! . x=Ny=6(SA) -
H ool -=- Ny=N, =6 (3 regimes)
0.4 ,‘ “\\ Ny =N, =6 (real part)
o ! -~
03 Ty
. :, “_._‘*-*“
f T
0.2 :
1
01{ !
i
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Y

FIG. 19. Imaginary (g) and real parts of the lowest decay modes
as a function of y for 4 x 4 and 6 x 6 lattices, with (J,, J5, J3, J4) =
(1,1,1,1). Re E, = 0 for the case shown.

W. This is because in almost all cases studied we have found
ReE, = 0 for the first decay mode [19]. When all J's are
different, we find Re E, = 0 for the lowest decay modes, for
all y and all sizes.

Our model can further be generalized to other lattices. The
Kitaev solvability of the SK model is associated with the fact
that their model is equivalent to non-Hermitian Hamiltonian
evolution on a two leg ladder, where each site lies at the
confluence of three distinct classes of links. For the dimen-
sion k Clifford algebra, we have 2k + 1 gamma matrices of
dimension 2F, and a Kitaev Hamiltonian (Hermitian or not)
can be constructed on any lattice where each site lies at the
confluence of (2k + 1) distinct classes of links [8]. Thus, for
k = 2, our square lattice bilayer is fivefold coordinated. A
corresponding model could thus be constructed on the kagome
lattice, leading to a non-Hermitian Dirac matrix Hamiltonian
W on the kagome bilayer. (Further generalizations of this
construction can result in multiple species of hopping and
hybridizing Majoranas in the presence of a background non-
dynamical gauge field, as in Refs. [7,14].) Thus, proceeding to
k = 3 with its seven 8 x 8 gamma matrices, a corresponding
model can be constructed on a cubic lattice (bipartite NaCl
structure) with T'y I’y ¢ interactions on each class § link with
d €{l,...,6} and Lindblad jump operators ,/y I'7 at each
site. Again, there will be an exponentially large block of NESS
density matrices owing to the conserved plaquette fluxes.

Note added. Recently, an analysis of two largely equivalent
models appeared on the arXiv [10,11].
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APPENDIX A: FERMION PARITY

Equation (34) describes the condition on the parity of the
c-fermions for a state to belong to the physical subspace. The
non-Hermitian Hamiltonian in Eq. (20) may be written as

W= 10,40, +W, (A)

where Aisad x d complex antisymmetric, here withd = 2N,
whose elements depend on the static Z, gauge configuration
G = {u%, i%, u2}, and where 9;')+N = 9;), and W, = —2iyN, is
a constant. We follow the method of Prosen [2] to diagonalize
the matrix A.

To diagonalize the matrix A we use the method of Prosen
[2]. We define V as the matrix of right (column) eigenvectors
of A. Assuming there are no zero eigenvalues, which means d
is even, we may write A = VA VT with

0 A 0 A,
A:(_/\] 01>@“'@<—)\,, 0) (A2)
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and

R 0 1 0 1
X=VV:<1 0)@...69(1 0) , (A3)
where n=d/2. The {£A,}, with ae{l,...,n}, are the
eigenvalues of A. When there are zero eigenvalues (there is
always at least one zero eigenvalue when d is odd), then
2n < d and the above expression for A is appended by taking
its direct sum with a d — 2n-dimensional block of zeros, while
X is appended with a d — 2n identity matrix. Here we take
d = 2N even and for simplicity assume no zero eigenvalues.
We may then take ReAy > Rei, | > --- > Rei, > 0.

Defining the operators ¢, = 6, V,,, one has {¢,, ¢} = 2X ;.
One can go on to define

1 l(l’

f; = \/Li §2p71, fp = % §2p, (A4)

with p € {1, ..., N}. These operators satisfy the anticommu-
tation relations of complex fermions,

Up fy =0 =0, £, fiy =36,
but with the important distinction that f;7 # f7, which is due
to the fact that ¢ = 0, V¥ # ¢,.

1 a

_ZZA (f* [ - >+W0

(A5)

(A6)
|

Ahh +Att +1Aht _ Alb
c)<Abb At +lAbt + lAtb

W= %(CT

The condition that there are no pairing terms c] ¢! or ¢, ¢, is
then A" = A" and A" = —A”. These two conditions guar-
antee that the upper right and lower left blocks of the above
2N x 2N matrix A are all zeros. Under these circumstances,

we have
1 l-Abb _ Abt 0
_ (T
W= 2(6 C)< 0 iAbb+Aht +WO
=] M, c,+ W, + AW, (ALD)
where
M, = =LA+ A%) + A% AW, = 1TrAY.  (Al12)

Note that, in general, M € GL(n, C) has both symmetric and
antisymmetric components, i.e., it is a general complex N x N
matrix.

Assuming there are no Jordan blocks, the matrix M may
then be decomposed in terms of its right and left eigenvectors
as

(A13)

n
— PP
= E e, R/ LY,
p=l1

or in braket notation M = Zp &, |RP)(LP]. With no Jordan
blocks, the eigenvectors span, in which case

DORILI =6, Y RLE=s" (Al14)
p=1 r=1

The f parity of a state is defined to be the parity of the

occupation number sum Z[’\,I:l f;f [, in that state.
We can break the matrix A into four N x N blocks with b
(bottom layer) and superindices ¢ (top layer), viz.,

. N bb bt 0
o o 70 A AT\ [0
W—Wy = 2::1 (60 & )(A,b ar )\ A7
where
bb b b
Ars = Ar,s’ Ar: - Ar,s-‘rN’ A;’A - AF+N,S’
Atrts = Ar-&-N,s-&-N' (AS)
Antisymmetry of A then implies
Att — _Aft Ahh _Ahh Atb — _Abl (Ag)
ie., (AT = —AP" (AT = —A" and (A"")T = —A”, all in
GL(N, C). From Eq. (27), one then has
Ahh — A — l'Aht _ Alb
Abb + AT — iATb + iATb + W()v (A10)

(

which are the completeness and orthogonality relations, re-
spectively. We define the operators

g, = (L"|c) ZLr c,, g;t) (c"|RP) ZR
T (A15)
We then have (g, g;} = §,,. We then have
W=D "¢,gg,+W,+ AW, (Al6)

p=1

Furthermore,

ng gP

Z (T IRPY(LP |c) =

p=1

E cle,

(A17)

c|c

and fV;, = ZVL Note that the diagonalized W in Eq. (A6) is
given by

(A18)

Thus in the absence of pairing terms we apparently may iden-
tify

. 1
— T — i — —
g, =1fp S =fi e,=il, AW,= _EZEP'
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From Eq. (18), the local constraint at each site r in each
layer is

6°6'020%6%0° =i, 0°0'626°6,0

r r-r-r

(A20)

Now take the product over all sites r in each layer. One obtains
the relation

[Tox [1®% []w-[]#08 =1.
R R r r

where the products of ®; and @ in each layer are over
half the square plaquettes, i.e., the “white chessboard squares”
only. In the language of Ref. [7], which describes a (Hermi-
tian) square lattice Dirac matrix spin model, the 6° and 67
Majoranas combine to yield a complex fermion at each site
r. The fermion parity is then fixed by the gauge-invariant
plaquette fluxes due to the projection onto the physical sec-
tor. In our model, there are two layers, and the 0,5 and 5‘,5
Majoranas combine to form the gauge fields u) on each link
connecting the planes, while the 60 and §° fermions combine
to form the complex (c,, c;f ) fermions as described in Eq. (28).
Thus the constraint as expressed in Eq. (A21) involves the
gauge-invariant fluxes {®}, ®;}. the fermion occupations
i096° = 2clc, — 1, and the gauge-dependent quantities {1)}.
Apparently, then, there is no way to identify the physical
fermion parity based on gauge-invariant data alone. The prob-
lem is particularly acute when there are pairing terms in W.
Nevertheless, as described in Sec. IV above, we find it use-
ful to classify the eigenstates of W by their f parity, with
11\7 =Y, f3f, even (typically O or 2), or N, odd (typically

(A21)

APPENDIX B: PERTURBATION THEORY FOR LARGE
AND SMALL VALUES OF y

Can et al. [20] considered a model of a random Hermitian
Hamiltonian H in the presence of a single Hermitian jump
operator ,/y L, with both H and L random and chosen from
the Gaussian unitary ensemble. They showed how the spec-
trum of relaxation times could be computed perturbatively in
the small and large y limits, by perturbing in the dissipa-
tor L, = %y[L, [e,L]] or in the nondissipative Liouvillian
L, = —i[H, o], respectively. Thus, at small y, the smallest
nonzero relaxation rate T ! is proportional to y, while at large
y it is proportional to y~!. In this Appendix we perform a
related analysis for our model.

1.y 1

For y <« 1 we write the GKLS equation as a classical
master equation for the projectors P, = |« ) (« |, where « is
an eigenstate of the Hamiltonian A [20]. This classical master
equation is written

P,
=y My By, (B1)

with
Mg = (e TE 1B — N6,5). (B2)

r

Clearly this analysis will lead in this limit to real eigenvalues
proportional to y. What is the coefficient for the smallest such
eigenvalue?

To analyze this, we start with our Hamiltonian,

4

H=iYY Jul 0869 = %Zl 0000, (B3)
ReA =1 rr

. . . . . _ 8 6
where J, ,, is a real antisymmetric matrix with Jg . s = J° up.

The 67 Majoranas are cyclic in H and lead to an exponential
degeneracy ~2Me for each energy level. Including the N — 1
plaquette fluxes and the two Wilson phases, and accounting
for the constraint

[ 100! 6?60t 6 =1. (B4)
which constrains the combined parity of thea =0 anda = 5
species fermions given the gauge fields u,,., we have a total of
4N projectors: 2V*! from plaquette fluxes and Wilson phases
(see Fig. 5), and 2V~! for the parity-constrained a = 0, 5
fermions. This is a subset of the 16" (unnormalized) density
matrices.

Every real antisymmetric matrix can be diagonalized by an
orthogonal transformation. For each gauge field configuration,
the corresponding real antisymmetric matrix J,,, is brought to

block diagonal form by a real orthogonal matrix @, ¢, such that

T, ,_ (0 ¢ 0 N,
QJQ_<_81 d)@...@(_% o)’ (B5)

where {g¢} are the singular values of J [21]. We define a new
set of Majoranas & = 6 O, , and we may associate each s
with a site on the N, x N, square lattice, exactly as is the case
for the r sites. Thus, the s values are divided into A and B
sublattices, and writing S € A we have S + & € B. Each of
the 2 x 2 blocks in Eq. (BS) is then associated with s = S and

s’ = 8 + %, for some S. We now define

é - iSSJDQ)v

(& ch = 3 +ikg,e),
(913 - i9152+fc)’

=0+ 0. ®O

cg =
dp =

[STE ST

which entail

$S+f€ = l(Cé - Cs)v

Op. s = i(dfy — dp). (B7)

Eszcg‘i'cs’
Op = djy + dp,

The Hamiltonian is then H =) ¢ gg (2 cgcs —1). We may
now write

Th =Y {i O8% (c§ + co)(dy + dy)
S

+ OFk (cg — c{)(dy + dp)}

Taie =Y {08% (ci + c)(dg — df)
S

— i QF% (cg — c§)(dg — dp)}, (B8)
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where
AA AB BA
Osr=9sr Y9sg=%%nprs Y958 =Y%r
BB
Osk = Osieris (B9)

Now consider the matrix elements (m,n|Ty|m’,n’) and
(m,n|T3. . |m' n'), where

R+%
lm,n) =] Jehs []@gy=10),

S R

(B10)

where | 0) is the vacuum for ¢ and d fermions. Then

Z!(m,n|F,5|m’,n’)

= Z Z [(Qéfkl)z + (Q?:B,R,)z + (QEfR,)Z + (Q?IB,R,)Z]

| 2

R, S,
X Sum.s, Snw R, (B11)
where we have defined the symbol
S5, = Oy 1-mg X [ | Smgomg- (B12)

S£S,

Inother words, 3, . ¢ = 1 when mg = mg for all § other than
LD

S, where the two occupations are complementary.

When the gauge fields have the periodicity of the lattice,
i.e., when u% = uf?, for all R and R/, translational invariance
allows us to simplify Eq. (B11), in which case

4

an,m’n’ = ﬁ 8d(m,m’),1 8d(n,n’),1 - N(Sm,m’ 8n,n”
where d(m, m’) is the number of locations where the occupa-
tion m differs from m;. The eigenvalues of M are then given
by

(B13)

Ao, ) = ]iv(a1 + ...+ o)y +...+,LLNF)—N,
(B14)
where each o¢ and up are either +1 or —1. When all o¢ and
(g are +1 or all are —1, the eigenvalue is zero, corresponding
to a NESS. When one of the o or u values has a reversed sign,
we obtain A = —4, corresponding to a Liouvillian eigenvalue
of —4y. Numerically, we find that the slope of the smallest
nonzero decay rate —Re A(y) is 2 rather than 4. It may be that
for sectors of M corresponding to nontranslationally invariant
flux configurations, where the Q matrices do not reflect such
a symmetry, that the coefficient for the lowest decay rate is
smaller, but we do not understand how to arrive at a slope of 1.
Another possibility we have not explored is the dynamics of a
restricted class of coherences | )( B |, where o) = |m, n, )
and | B) = |m, n,). There are 25¥/? such coherences, all of
which commute with H, arranged into 2V blocks of size 23V/2.

The generalization of the matrix M in each block is then

Mm,nl My, M N ,N>

=Y ((M.N,|T}|m.n,)(m n,|T3|M,N,)

_NSM,m SMl,nl 8M2,n2)' (BlS)

While the the matrix element products

(N, ldy £dgn,){n,|dy £dg|N,) (B16)

are nonzero only if N and n, have complementary occupan-
cies in the same location R as do N, and n,, the presence
of occupation number dependent sign factors complicates the
analysis.

2.y>1

We start with the Dirac matrices,

00 1 0
L o o0 0 1
P=Xel=1, ¢ o o
01 0 0
00 —i 0
. oo o i
F=Yel=1, o o o
0 i 0 0
01 0 0
- |t 0 o o
P=zexX=y o o (B17)
00 -1 0
0 —i 0 0
. i 0o o0 o
T=zeY=145 o o i
0 0 —i 0
1 0 0 0
s lo -1 0 o
P=28Z=1p o -1 o0
0 0 0 1

We label the eigenstates of s by an index p € {1, 2, 3,4},
with eigenvectors 1,01.(” ) = 8;, and with eigenvalues ¢, =
{1, —1, —1, 1}, respectively. Since Lo =y ), (3ol —
©0), any operator | ){v| is annihilated by L, provided it is
an eigenoperator under the action of I from either the left or
the right, at every site r. There are 8" such operators, since
we can freely choose each of the u, so long as v, = p, or
v, =5 — u,. In general, the eigenoperators of £, are arranged
into sectors Y, where | u){v| € Y, provided ¢, # ¢, atk
locations r. The eigenvalue under £, for any operator in sector
T, is then —2ky .

We label the 8" operators in the TjsectorasA, = [ )(v],
with p, =, if v, =p, and p, =pn, +4if v, =5 —p, at
each site r. We also define the 2N x 8" operators

B, =ilp){vIH —iH |p){vl, (B18)
where [ denotes one of the 2N links (R, R + §) and where
H, = J; Ty Ty For simplicity we shall assume J; =1 for
each of the four types of links, although our method described
below can easily be applied to the more general case. Since
each of the matrices I'""23# anticommutes with I'°, its appli-
cation reverses the I'? eigenvalue, and thus Bﬁ, € Y, forall p
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and links /. We then have

(B19)

LyA,=> B,
1

We wish to analyze the Liouvillian £ = £, 4+ £, when re-
stricted to the subspace Y, U Y;, where Y, C Y, includes
operators | jt ){ v | where there are differences in the I' eigen-
values of the bra and ket states at two sites from the same link.
In other words, we restrict the action of £ to the subspace of
operators spanned by the A, and the Bﬁ,. The total dimension

of this operator space is then (2N + 1) - 8", since there are 2N
values of /.
We now need to evaluate £, B},. We have

[ _ 1
LBl =240 —24,+...,

where Ai, = H, | u)(v|H,, which also this lives in sector Y,
provided | p){v| € Y,,. The remaining terms include oper-
ators in other sectors Y,_, and operators in Y, where the
differences in the I'? eigenvalues of the bra and ket states
are at two sites not connected by a link, thus requiring two
applications of £, to reach from Y. In this basis, the matrix
form of the projected Liouvillian Lis

(B20)

0 —2R, -2R, —2R,, wl 2R, 2R, 2R,
1 —4yl 0 — 0 -1 (w+4y)1 0 0
=11 0 —4y1 - 0 = w—L=]|-1 0 (0 +49)1 0 , (B21)
1 0 —4y1 -1 0 (w+4y)1
where M = 2N is the number of links in the square lattice (with periodic boulldary conditions) and {R,, ..., R} are 8N x 8N
matrices. We can now perform row and column reduction on the matrix w — £ to obtain
[ 28y, 28,4 - 28, ]
-1 (w+4y)l 0 - 0
0 0 (w+4y)1 0
w—L +— 0 0 0 0 , (B22)
— - — (w+4y)1 0
| 0 — 0 (w+4y)1 |

where S, = Zf:l R,, and the characteristic polynomial is

P(®) = (0 +4y)M D0 det(w® + 4yw +2S),  (B23)

where D = 8" and where we define S = S,,. Thus there
are (M — 1)D degenerate eigenvalues with @ = —4y and 2D

eigenvalues,
w;y =2y £ [4y? =2,

where {sj} are the D eigenvalues of the matrix S. In the limit
y > s; we then have w_ ; = —s,;/2y + O(y~2). Regarding
the row and column reduction of w — E starting with the
expression for @ — £ in Eq. (B21), subtract the penultimate
(Mth) block row from the final [(M + 1)th] one. Then add
the last block column from the penultimate block column.
These two operations have the effect of eliminating the left-
most —1 block in the (M 4 1)th block row and replacing
Ry,_, with Ry, _, + R, at the top of the Mth block column.
Iterate this process until obtaining the matrix in Eq. (B22).
To find the spectrum of S, we note that

(B24)

S@p'|p)=Ms,, w,—Z (W [H|pw)(v|H V), (B25)

=1

(

where each p, = p(u,,v,) € {1, ...,
as described above. We find
Z Ap poy

(SA l—sz

8} is a composite index,
(B26)

with

AV =T'@4r!, A =g Fr*. (B27)

(@) (b)

FIG. 20. Finite lifetime modes of the Liouvillian £, with sites
labeled by their g, labels. (a) A configuration with s =4, and (b) a
string defect with s = 4. In both cases, w = —2/y as y — oo is the
relaxation rate.
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FIG. 21. Different runs of simulated annealing and the genetic algorithm for y
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=0.11, N, = N, = 6, and all J; = 1 corresponding to an

even sum of occupation numbers in Prosen’s generalized Bogoliubov transformatlon (a) Simulated annealing (SA) versus the (b) genetic
algorithm (GA). Each color depicts a run with a (a) randomly chosen initial configuration for SA, (b) randomly chosen initial population for
GA. Parameters used: (a) o = 10, To = 100, 20 time steps in a cycle. (b) Population size was 100. (g, refers to the minimum value of the

gap encountered in that particular run.)

For example,

C'A T =THI)(1T! = +13)(3] = +4,
[PAST? = T2 [1)(4]T% = —3)(2| = +4, B28)
[PAT? =T72)(3|T° = —|1)(4] = —A,
DA, T =T [3)(3 |1 = +]4)(4] = -A,

Note that ' = 1 ® X. Since I'! and I'** commute, we may
find a common basis:

1 1 1 1
11 _ |11 |11 _ 11
=111 22=111 %=1 2%=|_1
1 -1 -1 1
(B29)
Imin= 0.231
10 Imin= 0.230
Imin= 0.231
8 Imin= 0.231
Imin= 0.230
o 6
4
2
o — =
0 1000 2000 3000 4000 5000 6000 7000 8000
Time step
(a)

In this basis, we have

A' =diag(+, +, —, —, +, +, —, —)
=diag(+,+, -, —. —. — ++)
s _ (B30)
=diag(+, -+, — — +, — +)
* = diag(+, —, +, —, +, —, +, —).
The eigenvalues of S are thus given by
4 ~ ~
5@r - an) = ) ) (1= A(qp) A(ggys)),  (B3D)

R =1

where each g, € {1,..., 8} and the values Z‘S(q) are given
in Eq. (B30). The g values label the linear combinations of

7 Imin= 0.230
' Imin= 0.230
61 Imin= 0.230
% 9min= 0.230
> Gmin= 0.230
o) 4 ¢
%
31 ¢
v
21 %
1 z
0
0 200 400 600 800 1000
Generation
(b)

FIG. 22. Different runs of simulated annealing and the genetic algorithm for y = 4.06, N, = N, = 6 and all J; = 1 corresponding to an
even sum of occupation numbers in Prosen’s generalized Bogoliubov transformation: (a) Simulated annealing (SA) versus the (b) genetic
algorithm (GA). Each color depicts a run with a (a) randomly chosen initial configuration for SA, (b) randomly chosen initial population for
GA. Parameters used: (a) o = 10, To = 100, 20 time steps in a cycle. (b) Population size was 100. (g, refers to the minimum value of the

gap encountered in that particular run.)
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FIG. 23. Liouvillian gap, g, versus y obtained over different runs
of simulated annealing with (Jy, J», J3, J4) = (3, 4, 1, 2) for system
sizes 4 x 4 and 6 x 6 and even f parity. We used o = 10, T, = 100
and a cycle consisted of 20 time steps. The number of runs was 10
for4 x 4 and 5 for 6 x 6. Some data points that are present at greater
values of g are not shown in this cropped plot to focus on the features
near the cusps in the plot.

single-site density matrices associated with the eight common
eigenvectors of the matrices A%, i.e., (‘f)”) and (5)}), with
index n € {1, 2,3, 4}.

Clearly any configuration with all g, equal will be a
NESS, with S eigenvalue s = 0. In Fig. 20 we sketch the
configurations for two excited (i.e., decaying) modes, with
nonzero eigenvalues of S. Figure 20(a) depicts a configuration
with a single site defect, an isolated ¢ = 2 state in a sea of
g = 1. According to the rules derived here, Fig. 20(a) has
“bad” bonds (labeled with an X) for which A%(g) A%(¢') =
—1, resulting in an eigenvalue s = 4. Figure 20(b) features

gl 4 Nx=6, N,=6 N
A
- Ne=4, Ny=4 o
a
6 Lt
A
a
o A
4 WA
a
2{ &
A
O L)
00 05 1.0 15 20 25 3.0 35 40 45
4

FIG. 24. Liouvillian gap, g, versus y obtained over different runs
of simulated annealing with (Jy, J», J3, J4) = (3, 4, 1, 2) for system
sizes 4 x 4 and 6 x 6 and odd f parity. We used o = 10, Tp = 100
and a cycle consisted of 20 time steps. The number of runs was 10
for4 x 4 and 5 for 6 x 6.
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FIG. 25. SA and the phases are described in the text. Here
(J1,J2,J3,J4) = (3,4,1,2) and the f parity is even. The four
regimes for 4 x 4 are separated by y;" = 0.71, ;" = 0.81, and y5" =
1.26, and the four regimes for 6 x 6 are separated by y;* = 0.11,

v, = 1.06, and y; = 1.26.

two parallel diagonal line defects, there are also two bad
bonds, but with a string connecting them, again giving s = 4.
Both these configurations are highly degenerate. In the case
of open boundary conditions, the string can run to a boundary,
and one has a defect state with s = 2. Numerically, though, we
find s = 2 to be the lowest eigenvalue of S even with periodic
boundary conditions (Fig. 14).

In summary, we have analytical arguments for w < y as
y — 0 and w o y~! as y — oo based on perturbation the-
ory, but the analytical value of the coefficient is twice that
obtained from the numerical analysis. For y — 0, this might
be because the actual first decay mode corresponds to a gauge
field configuration that is not translationally invariant. In both
limits, the discrepancy could also be because the vacuum
state corresponding to the Bogoliubov particles is a linear
combination of both even c-particle parity and odd c-particle
parity states which complicates the implementation of the
parity-related constraint.

APPENDIX C: COMPUTATIONAL PROCEDURE

In our computations, we try to optimize the Liouvillian gap
(corresponding to a given field configuration) g over the space
of all possible field configurations, G = {u, 1. }. We do this to
obtain an estimate of the Liouvillian gap, g = ming g;. Sim-
ulated annealing and the genetic algorithm are two commonly
used optimization techniques.

In simulated annealing, we pick an initial configuration,
G, randomly and in each step, we change the sign of a ran-
domly chosen gauge field. We then accept the change with
the probability e~18¢+D=6ON/T \where T is a temperature that
we keep annealing as given by a cooling function, say once
every 20 steps. After every cycle of 20 steps, we anneal
the temperature as given by the following cooling function:
T =To/(1 + ang,) where T is the initial temperature, « is
a parameter that we can control to set the cooling function
and ngycle is the cycle number [22]. We start with a different
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intial configuration for each run and pick the minimum
value of the gap obtained over different runs as our esti-
mate of the Liouvillian gap. Increasing the number of steps
and adjusting the cooling rate could help reduce the spread
of data.

On the other hand, the genetic algorithm that we use to esti-
mate the was as follows. For a given gauge field configuration
G = {u}, w3} we find the smallest relaxation rate gap g, by
solving for the spectrum of WV using Prosen’s method [2]. In
the genetic algorithm, the fitness function is given by the gap
g and we try to further minimize this by varying over G. We
start with a population of randomly chosen individuals (field
configurations). We find individuals with low values of gap
perform crossovers and mutate by flipping the sign at some
places. We then calculate the gaps for the individuals in the
new population and repeat the same process.

We again do this over different runs, i.e., by starting
with different randomly chosen initial populations. We pick
the minimum g value obtained over different runs to be
the estimate of the gap. Increasing the population size,
letting the simulation run for a larger number of genera-
tions, etc. can be used to reduce the spread of data over
different runs.

We see from a few trials that simulated annealing and
the genetic algorithm give similar results for the even parity
calculation. The runs for a few cases are shown in Fig. 21 and

Fig. 22.

APPENDIX D: SOME FLUX CONFIGURATIONS
FROM SIMULATED ANNEALING

Here we list some flux configurations for first decay modes
obtained from simulated annealing. Relative to the NESS
where all the gauge-invariant Z, data are set to —1, we list
all the 41 defects (i.e., plaquette fluxes and Wilson phases).
As noted in the text, it may be that each of the states listed
here may be describable as having fewer defects with respect
to others among the exponentially many (23V*!) states in the
NESS block.

FOI'NX =Ny =4,J1 =Jz =J3 =J4 =1:

(1) y <0.36: @, ,, CDj(,z, d>f3, o, <I>L, CIDIA,
(URTR P ‘IJL’ W,

+
91,3’

(2) 036 <y < 1.86:9] |, ®;,, D7, D7, D, 7,
Y2

3) y > 1.86: q’1+,1’ Cbgfl, d>;3, <I>3”3, <I>3+,3, ¢Z4, <I>3’,1,
Dy Wy,

FOI‘N)C:Ny:6,J1:J2:J3 :J4=11

(1) y <041: @f |, @), &35, O, O, Oy, O,
s, D5, s ¢;5, Dy 6 P D1 1> Pops Pl s Q4
Vs, Uss, Wi

(2) 0.41 <y < 1.66: ®f |, OF |, Op,, Bf;, Dy, D5,
b, oF,, b7, c1>;5, Dy OT @36, @5, ¢;6, Q2

6,4> ¥24> 35 1,5°

X

3) y > 1.66: CDTJ, Cbiz, CI>3+J, CD;I, <I>3*,3, ¢>£4, d);A,
Dy 4o Pf5. Dy Pis, P P B3y, 2
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FIG. 26. The SA curve and the curves obtained by considering
configurations with a given number of vortices N,, as described in
the text. Here all J; = 1 and the system size is 4 x 4.
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FIG. 27. The SA curve and the curves obtained by considering
configurations with a given number of vortices N,, as described in the
text. Here (J1, J2, J3, J4) = (3,4, 1, 2) and the system size is 4 X 4.
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FIG. 28. The SA curve and the curves obtained by considering
configurations with a given number of vortices N,, as described in
the text. Here all Js = 1 and the system size is 6 x 6.

APPENDIX E: OTHER COMPUTATIONAL RESULTS

This section contains results for larger system sizes for
1,2, I3, J4) = (3,4, 1,2) and an investigation of the spec-
trum by fixing the number of vortices. Figures 23-29 show the
Liouvillian gap as a function of the dissipation strength . The
smallest relaxation rates are shown in Figs. 23 and 24. Figure
25 is obtained from Fig. 23 in the same manner as Fig. 12 was
obtained from Fig. 10, namely the gauge configurations with
the lowest relaxation rates are collected and used as a pool to
obtain an estimate of g(y ). Figures 26-29 examine g(y) for
cases with a fixed number of plaquette vortices.

The N -limited data for the case with all J; = 1 and size
4 x 4 is shown in Fig. 26. (See also Fig. 27 for the case
when all the J; are different.) Note that the N, = 4 results
are in good agreement with the SA results. For the 6 x 6

07 ¢t e Ny =1
0.6 ‘- e Ny=2
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0.5 !
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0.4{ !
> !
03] |
A T
|II - T B SE T =
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0.11
$
0.0
00 05 1.0 15 20 25 3.0 35 4.0 45
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FIG. 29. The SA curve and the curves obtained by considering
configurations with a given number of vortices N,, as described in
the text. Here all (Jy, J», J3,J4) = (3,4, 1, 2) and the system size is
6 x 6.

case, the N, = 1, 2 results in Fig. 28 are quite far from the
SA curve.

The behavior of the gap for the case (Ji,Jz,J3,J1) =
(3,4, 1,2) for larger system sizes (obtained from SA) are
shown in Figs. 23 and 24. SA and the phases are obtained
as described before. While the shape of the curves is similar,
we find two significant differences. First, from Fig. 25 it
appears that SA has not found the lowest decay mode in the
small y regime, where the 4 x 4 and 6 x 6 SA results differ
substantially. Second, as shown in Fig. 27, the N, < 4 sector
does not yield a good approximation to the SA results, as it
did for the case with all J; = 1. We can also see from Fig. 29
that for the 6 x 6 case with (J;,J», J3,J3) = (1,2, 3,4), the
N, < 2 curves are quite far from the SA curve just as we saw
in Fig. 28 for the case with all Js = 1.
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