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Thermal stability of the topological color code in the presence of a thermal bath is studied. We study the
Lindblad evolution of the observables in the weak-coupling limit of the Born-Markov approximation. The
autocorrelation functions of the observables are used as a figure of merit for the thermal stability. We show that
all of the observables autocorrelation functions decay exponentially in time. By finding a lower bound of the
decay rate, which is a constant independent of the system size, we show that the topological color code is unstable
against thermal fluctuations from the bath at finite temperature, even though it is stable at 7 = 0 against local

quantum perturbations.
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I. INTRODUCTION

The fragility of the qubits in the presence of decoherence
and external noise is the biggest obstacle in realizing a scalable
quantum computer. To overcome such problems, quantum
error correcting codes have been invented [1-9]. The main
idea of the error correcting codes is to encode information in a
many particle system; this many particle system plays the role
of a stable logical qubit. However, error correcting models are
themselves the cause of errors and the error threshold below
which one can perform fault tolerant quantum computation is
very low [10,11].

Topological quantum codes have emerged as the most
promising candidates to achieve fault tolerant quantum com-
putation. In these models information is stored in global
properties of the model, say topologically degenerate ground
states of the system. In particular, this kind of coding is shown
to be robust against local perturbations from the environment
provided they are local in space and time and they occur at
T = 0 temperature. Examples of good topological codes are
Kitaev code [12] and topological color code (TCC) [13]. A
very important figure of merit to assess the goodness of a
topological code is the error threshold. When only qubit errors
occur, the error threshold for the TCC turns out to match the
one by the Kitaev model, namely, 11% [14,15]. However, for
more realistic situations when the measurement process is also
prone to errors, the TCC threshold is 4.5% [16,17], even better
than the one for the Kitaev code, which is 2.9% [18].

Topological color codes have shown very versatile prop-
erties for doing fault-tolerant quantum computation. In 2D, a
TCC can implement the Clifford group of gates in a transversal
way [13]; this implementation of Clifford group with TCC
makes quantum teleportation, distillation of entanglement, and
dense coding possible in a fully topological manner. Moreover,
three-dimensional extensions of TCC can also achieve univer-
sal quantum computation [19]. The first realization of this
model has been done in [20].

An open problem is to find topological codes resilient to
thermal fluctuations from the environment. A first indication
that the behavior of topological codes may be different at
nonzero temperature was advanced in [14,15], and then it
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was confirmed by a rigorous proof in [21,22] within the
setting of the dynamics of quantum open systems governed
by Lindblad dynamics. It has been shown in [21,22] that the
Kitaev model in two spatial dimensions is not a stable memory
in the presence of a thermal bath. Interestingly enough, it is
possible to stabilize topological codes under thermal noise
provided the lattice system can be defined in higher spatial
dimensions. Namely, a thermally robust topological quantum
memory in D = 4 spatial dimensions can be constructed with
the Kitaev code [23], and a fully fledged universal quantum
computer robust to thermal noise can be constructed in D = 6
dimensions with topological color codes [24].

In this paper we address the problem of thermal stability of
TCC in a two-dimensional lattice, based on a mathematically
rigorous analysis of the thermal effects on the model. Accord-
ing to the paper in [25], the color code on a two-dimensional
hexagonal lattice can be mapped to two decoupled Kitaev
models on two-dimensional triangular lattices by local unitary
actions. In the original lattice on which the color code is
defined (hexagonal lattice) qubits lie on vertices of the lattice;
however, on the mapped model the qubits lie on the edges of
the triangular lattices. Although the color code is mapped to
two decoupled toric codes, an error applied from the bath on a
single qubit of the color code corresponds in the mapped model
to errors causing excitations in the two decoupled toric codes,
i.e., the two disjoined lattices. This means that the processes
of creation of excitations in these two disjoined lattices are not
independent from each other; thus, due to the coupling to the
bath, these two disjoined toric codes can be correlated. This
possibility was not taken into account in the previous works
on the stability of Kitaev model and, therefore, by knowing the
thermal stability properties of one toric code one cannot gain
any information about the thermal stability of the color code,
and this problem is not trivial.

The method that we use is similar to the one that is
used in [22]. To this end, we study the dynamics of the
TCC, weakly interacting with a heat bath in the Born-Markov
approximation. The evolution of the observables governed by
Lindblad dynamics and their autocorrelation function in time
is studied as a tool for proving the instability of this model.
We show that all of the observables autocorrelation functions
decay exponentially with a constant decay rate which means
that the model in unstable against thermal noise, although it is
stable against local quantum perturbation at zero temperature.

©2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.94.022306

RAZIEH MOHSENINIA

The rest of the paper is organized as follows. In Sec. II
we review the main features of the TCC. In Sec. III we
provide some basic results of the Markovian approximation
in the weak-coupling limit. Section IV deals with reviewing
the stability and instability conditions of the topological
memories. In Sec. V these conditions are checked for the case
of TCC and its instability is proved rigorously. Finally, Sec. VI
is devoted to conclusive remarks. In the Appendix, we prove
the negativity of the Lindblad superoperator.

II. TOPOLOGICAL COLOR CODE

Topological color code is a class of topological codes
that can be defined on any three colorable lattice, where
by colorable we mean colorable by face or equivalently
by edge [13]. In the present work, we consider a two-
dimensional hexagonal lattice, 2-colex [26], on which the
periodic boundary conditions are imposed on both sides. This
lattice consists of N plaquettes, 2N vertices, and 3N edges. A
three colorable lattice is a lattice on which one can color its
plaquettes with three different colors (red, green, blue [27]) in
a way that the plaquettes with the same color do not share any
links. Each link connects two plaquettes with the same color
and, therefore, one can ascribe every link with this special
color.

The qubits, in this model, live on the vertices. The
Hamiltonian of the model consists of two kinds of plaquette
operators, B; and B;, which are defined as follows:

By =[]owi. By =][]ows: (1)

iep iep

where o, and o, are ordinary Pauli operators and p denotes
a plaquette. Note that B, and B can be defined for all
the plaquettes and thus we have a total of N distinct By
operators and N distinct B}, operators. The Hamiltonian is
given by

H:—JZB;—JZBZ, (2)
p p

where the summation is done over all of the plaquettes.
All of the operators in the Hamiltonian commute with each
other, since they either share two qubits or none. Thus the
Hamiltonian is exactly solvable. The plaquette operators also
square to identity and, therefore, have +1 eigenvalues.

One should note that there are 2N qubits and 2N stabilizers
[28] (for further details about stabilizer quantum codes, please
see [29,30]) in the Hamiltonian. Nevertheless, all of these
stabilizers are not independent, because of these constraints
on the torus:

Hggzl_[B;:HB", o =x,z. (3)

PER peB peG

The number of constraints for each type of plaquette
operators ({B,} and {B;}) is 2; therefore, there are 2N — 4
independent stabilizers in the Hamiltonian and the Hamil-
tonian has 2%;,—2 = 16 degenerate ground states. The ground
subspace of the Hamiltonian is the subspace spanned by the
states which are stabilized by all of the plaquette operators
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FIG. 1. TCC on a hexagonal lattice. The logical operators are
defined on nontrivial loops shown with C;’s. (a) The nontrivial loops
C) and C; turn around the torus once. (b) The nontrivial loops C; and
C, turn around the torus three times and they pass all of the plaquettes
having the same color.

simultaneously (B;|gs) = Bjlgs) = |gs)) and one of these
states can be represented as

lgs) =] (1+ B})I0)®", 4)

14

up to a normalization factor. To construct the other 15
ground states one needs to define the following logical
operators:

Z) = Hﬁz,i, Z, = HUz,i,

iECl iECZ

Zy=[Jow. Za=1]]o0u (&)
iEC3 i€C4

X = HUx,i, X, = HUx,i,
i€C4 i€C3

Xs=[]owi. Xa=]]ows ©6)
ieCy ieC

where C|, C, C3, and Cy4 are four nontrivial loops in the torus
in the sense that they cannot be written as a tensor product of
some plaquette operators (Fig. 1). One should note that there
are only two nontrivial loops for each nontrivial homology
cycles in a torus, the blue loop and the red loop; the third
nontrivial loop (green) can be written as a tensor product of
the red and the blue ones, i.e.,

C,CyCy ~ 1, C.Cp~ C,, (7)

up to some plaquette operators. Using these logical operators,
all of the 16 ground states can be represented as follows:

lit,in,is,is) = X{ X2 X5 X5 |gs), in=0,1,n=12734.

®)
The nontrivial loops can be represented in two ways as shown
in Fig. 1. In Fig. 1(a) they turn around the torus once, while
in Fig. 1(b) they turn around three times (which is a function
of the system size). One should note that the two types of
representing the loops are equivalent in the sense that one can
deform the two representations into each other by using a set
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of appropriate plaquette operators. The second representation
[Fig. 1(b)] will be used in Sec. V.

In a realization of topological color code, information can
be stored in the topologically degenerate ground states of the
system. One can use the ground states to encode four logical
qubits. Due to its topological order, the model is robust against
local perturbations and the only perturbations that may cause
logical error are those with a length equal to the system size.
Moreover, the Clifford group’s generators can be implemented
by this model, which is sufficient for doing quantum distillation
of entanglement without any need to address single qubits and
to braid the quasiparticles [13,19].

III. MARKOVIAN APPROXIMATION IN THE
WEAK-COUPLING LIMIT

Consider a quantum system which is not closed and is
coupled to a thermal bath at temperature 7. One can attribute
the following total Hamiltonian to the system and the bath,
which form a closed system together:

H=HY + Hbath + Him’ Hint — ZSO! ® fas (9)

where H®* is the topologically ordered Hamiltonian of the
system whose stability is being studied and H®*" is the Hamil-
tonian of the bath of which we do not have any knowledge
and H™ is the system-bath interaction Hamiltonian. S,’s are
operators acting on the system and f,’s are operators acting
on the bath, and without loss of generality we can assume that
they are Hermitian [31].
In the weak-coupling limit of the interaction Hamiltonian,
an operator in the Heisenberg picture evolves as follows [31—
34]:
=G0 =T X LX), (0)
where i is the complex imaginary unit and G is the generator of
the evolution, which consists of two parts. The first part is the
normal generator of the evolution of closed quantum systems
and the second one is the Lindblad generator or the dissipative
part of the evolution, due to existence of the bath. The latter
can be given as [31-34]

LX) =) > LawX)

o w=>0

1 ]
= 5 2 2 ha(@)(SL@)X, Su(@)] + [SL (@), X]Sy()

a w=0
+ e PO (@) X, S ()] + e P2 [Se(w), X1S! (),
(11)

where B is the inverse of the temperature of the system
and the factors h,(w)’s are the Fourier transforms of the
autocorrelation functions of f,’s and we have used the
relations hq(—w) = e P°hy(w). In addition, Sy(w) is the
Fourier transform of S, :

Su(@)= Y MaS,Te, (12)

e—e'=w
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where I, is the projector onto the subspace with energy € and
w’s are the Bohr frequencies of the system Hamiltonian. One
can further check that S, (—w) = S;[ (w)and )" Se(w) = S,.

Properties of the Lindblad superoperator

In this section we briefly review some of the essential
features of the Lindblad superoperator needed for our study.

(i) Self-adjointness of L. If we define the Liouville scalar
product as follows:

(X,Y)p = tr(ppX'Y), (13)

the Lindblad superoperator is self-adjoint with respect to it,
ie.,

(X, L(Y))p = (L(X),Y)p. (14)

From here on, in the rest of this paper by scalar product we
mean the Liouville scalar product and we withdraw writing 8
symbol.

(ii) Positivity of — L. The Lindblad superoperator is negative
which means that

—(X,L(X)) =0, VX. (15)

The negativity of L is proved in the Appendix.
(iii) Gap of — L. Because of the positivity of — L, its smallest
eigenvalue different from zero is defined as its gap:

G(~L) := min (—~(X.L(X)) : VX # D). (16)

where [ is the identity operator.

IV. STABILITY AND INSTABILITY CONDITIONS FOR
TOPOLOGICAL MEMORIES

(i) Stability. To prove the stability of a memory at finite
temperature and its capability for coding the information,
one should find an observable as the logical operator for
the logical qubit such that by increasing the system size the
autocorrelation function of the observable does not decrease
in time. More rigorously one should find an observable X and
a decay rate €, such that

(X, X(1) > e (X, X), a7

where € is the decay rate of the autocorrelation function of the
observable X. In the case of a stable memory the decay rate
should decrease exponentially with system size (¢ = e~V%), so
that by increasing the system size the decay rate goes to zero.
This means that the autocorrelation function of an observable,
in the limit of large system size, will not decrease in time
and the memory will be stable and self-correcting [23]. By
substituting X (¢) = e’ X into Eq. (17), the condition for the
stability recasts into the following:

—(X,L(X)) <€, (18)

where € decays exponentially with the system size.

(ii) Instability. To prove the instability of a memory
one should prove that the autocorrelation function of all
of the observables with time decreases faster than an ex-
ponential function, which means that for any observable
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we have
(X, X)) < e “(X,X). (19)

By substituting X(f) = ¢'“X into the above equation the
instability condition of a memory recasts into the following:

—(X.L(X)) = €, (20)

which means that for proving the instability of a memory one
should estimate a lower bound of —(X,£(X)) by minimizing
it over all of the observables. If this quantity is a constant
independent of the system size or is a variable of the system
size that does not decrease with the size of the system, the
memory is unstable, since in finite time the autocorrelation
goes to zero and the encoded information lost (for more details,
please see [22,35]).

Therefore, proving the instability of a memory is nothing
but obtaining the gap of —L, which is denoted by G:

G(—L):=G= rrgn(—(X,E(X)) VX #1). 21

Applying Eq. (A4) (see the Appendix for further details), one
obtains

1
S .
G > 2 minlh()] min (§<[Sa<w>,X],[sa(w>,X]>>.

’ (22)
Moreover, by using Eq. (28) of Ref. [23] which indicates that

D ALSa(@), X1,[Su(@), X1) = Y ([Sa(@), X1,[Sa(@), X1])
! o 23)
and the relation ) S,(w) = S, we obtain

>1 i i 24
G > 2 min(hg(@)min | 3 ([Se, X115, X]) ), (24)

o

which is easier to estimate. One should note that h,(w) is
the Fourier transform of the autocorrelation function of f,,
and it can be supposed that h,(w) does not depend on «’s,
which means that the action of the bath and the strength
of interaction Hamiltonian is uniform in the whole system.
Thus the minimum of /4 (w) is equal to e #2h(A), where A
is the gap of the Hamiltonian and, for TCC, A is equal to
6J. Therefore, the lower bound of the gap recasts into the
following:

1
G > S "*h(A) min (qua,X],[Sa,XD). (25)

o

V. THERMAL INSTABILITY OF THE TOPOLOGICAL
COLOR CODE

Consider a realization of the topological color code, which
is coupled to a thermal bath at temperature 7. Due to this
coupling, errors can be applied from the bath on the system.
The errors usually do not commute with the Hamiltonian and
the system will not remain in the ground states anymore. If
the system is able to correct itself, i.e., it can remove errors to
stay in the ground subspace, it can be considered as a stable
topological memory.

PHYSICAL REVIEW A 94, 022306 (2016)

In the present work, thermal stability of TCC at finite tem-
perature is studied. We assume that the interaction Hamiltonian
between the system and the bath is of the following form:

H™ = (00 ® fri+ 0.0 ® fui). (26)

where o, and o, are applied from the bath on each qubit.
To understand the effect of this Hamiltonian on the system,
consider the ith qubit, for example; o, ; (0, ;) anticommutes
with the three z type (x type) plaquette operators that have this
qubit in common. Thus, if o, ; acts from the bath on the ground
state, because of this anticommutation, the eigenvalues of the
three plaquettes operators become —1 and the system leaves
the ground subspace and consequently the code space.

We can assume that in a plaquette with —1 eigenvalue,
an excitation (quasiparticle) has been created. In TCC the
excitations can move freely and cause logical errors. Therefore,
it seems that the model is not self-correcting. By having this
intuition we present a rigorous proof of the instability of this
model, i.e., we shall estimate a lower bound for the gap of
the Lindblad superoperator corresponding to the model as it is
discussed in the previous section.

A. Excitations

If the operators that are applied from the bath on the system
do not commute with the Hamiltonian, they create excitations.
In this section we introduce the generators for having all
possible excitations in TCC. In this model the excitations
appear in many different ways and not necessarily in pairs;
however, all of them can be generated by the use of the
following two kinds of generators.

(i) Open strings. Corresponding to each color, there is a
global open string as shown in Fig. 2(b). The red global open
string, for example, is obtained by inserting a site at the center
of every red plaquette and then connecting the sites through
the red links which have the same orientation [36] [exactly as
the C, string shown in Fig. 2(b)]. Note that each link of the
global strings corresponds to two nearest neighbor qubits in
the original lattice. Let us refer to the connected subsets of the
global open strings as open strings.

As an example, consider an open string with only one link.
By acting with o, ® o, or 0, ® ¢, on the two qubits that lie

I

Branching point (b;)

FIG. 2. Open strings C,,C,,C, and branching points b,,b, for
creating all kinds of excitations in TCC.
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on the only link of the string, the two plaquettes that are on the
two ends of the string will be excited [Fig. 2(a)]. By increasing
the length of this string one can move the excitations to any
other two red plaquettes.

In this case, excitations appear in pairs. In a lattice with N
plaquettes and 2N qubits, to generate all of the open string
operators, 2N — 6 qubits are needed; these qubits are located
on C,, Cyp, and C, global strings.

(ii) Branching points. In TCC it is possible to have three
excitations in three plaquettes with different colors. It is
impossible to create such excitations by using the open strings;
however, by using a single-qubit operator along with the open
string operators, one can have all kinds of excitations. More
rigorously, by acting with o, on one qubit, which we call
branching point, excitations are created in the three plaquettes
that have this qubit in common [37]. By using open strings one
can move the excitations from these three plaquettes to other
plaquettes with the same color.

One should note that because of the relation (3), an arbitrary
number of excitations for different colors are not allowed and
there are certain constraints on the number of excitations of
different colors. For example, a single excitation with red color
is not allowed.

Therefore, all kinds of excitations can be generated by
applying o, ® o, or o, ® o, on the qubits that belong to the
open strings and also o, and o, on the branching points b, and
b, respectively.

In a hexagonal lattice with 2N qubits, to generate all kinds
of excitations one needs 2N — 6 4 2 = 2N — 4 qubits. Thus
four qubits are left [¢;, g2, g3, and g4 shown in Fig. 2(b)]. This
is consistent with having 16 degenerate ground states and 4
logical qubits.

B. Observables

All of the observables corresponding to a two-dimensional
Hilbert space can be generated by o, and o,. Therefore, the
algebra of the observables for a system consisting of N qubits
may be written as

0=013® &9, 27)

where Q; is the algebra of the observables of the ith qubit
which is generated by o, ; and o, ;. However, one can construct
all of the observables in another way by the use of the
operators present in the Hamiltonian, the logical operators
and the generators needed to create all kinds of excitations.
The latter depends on the form of the Hamiltonian. For the
case of TCC, the generators of the algebra of the observable
are of the following three types.

(i) The x and z type plaquette operators in the Hamiltonian,
B;, B; operators.

(ii) The logical operators defined in Egs. (5) and (6) [38].

(ii) The generators of the excitations: o, ® o, or 0, ® o,
acting on two nearest-neighbor qubits that lie on C,, Cp, and
C, strings (Fig. 2); o acting on b, and o acting on b.

C. Gap of generator of the topological color code

In this section, to prove the thermal instability of the TCC,
we obtain a lower bound for the gap of generator of the
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evolution, due to the coupling to the thermal bath, and show
that it is a constant independent of the system size. To this
end we refer to Eq. (25) which for the interaction Hamiltonian
defined in Eq. (26) recasts into the following form:

1
G > —e P2h(A)min
2 r

x (Z<[ox,,-,r],[ax,,-,r]> + <[oz,,-,r],[oz,,-,r]>).

(28)

The minimization in Eq. (28) is performed over all of the
observables. However, if one wants an observable to be
a logical observable acting on the code space, it should
commute with the Hamiltonian. Therefore, we do not need
to do the minimization over all of the observables on Hilbert
space explained in the previous section; the observables
that commute with the Hamiltonian would suffice. One can
restrict the domain of the minimization even more; the logical
observables Z and X for one logical qubit should anticommute
and square to identity. Therefore, all of the observables of our
interest belong to the following algebra:

0 = (20X} (28 X5) (2 X3) (21 X)) (B @ By).

u; =0,1 and v; =0,1, 29)

where B;, and By, are the algebras generated by all of the z
and x type plaquette operators, respectively, and the mini-
mization is over different possibilities of x;’s and v;’s and also
the two algebras B, and 5. By putting an observable I' € O
(some observable of our interest) into Eq. (28), one finds that

G> %e-“h(m(n;i\_n (Z<[ox,i,rz],[ox,,-,rz]>)

i

+ min (Z([az,,-,rx],[az,i,rx]>>). (30)

I, -
i

Here by I', and I'y we mean operators belonging to the
following subalgebras, respectively:

Oy = (21" 2y 25 7)) B3, (31
O5 = (X' Xy X7 X}') By, (32)
Therefore, we have

G > g + g0 (33)

where g, (g;) comes from o, (o,) part of the interaction
Hamiltonian:

1

gx = ¢ "2h(2) min (Z([ax,i,rz],[ax,i,rz]>>, (34)

g: = ¢ P*h(&)min <Z<[az,i,rx],[oz,i,rx]>>. (35)

i
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By symmetry we know that g, and g, are equal to each other.
Thus the lower bound of the gap reduces to G > g, i.e.,

G > e h(a) min (D[ax,,-,rz], [ax,l-,rzn). (36)
To obtain a lower bound of the gap, one can partition the
algebra of all of the observables into different sectors (different
possibilities of 1;’s) and obtain a lower bound for each sector
and, at the end, perform the minimization over all of the sectors.

1. Sector of T, = 7,113 or I'; = 2,18,

Let us show the minimum of the decay rate in this sector
by G;. By symmetry, we know that the effect of the external
bath on Z IB; is exactly the same as its effect on ZZB;. Thus
itis enough to consider only one of them, say Z,5;,:

G 2> e_ﬂAh(A) rI}l}‘l <Z([O’x‘i,leg;],[Ux,i,zllg;])).

(37)

From now on, we use the notation used in [22], and show
the terms ([ax,i,ZlB;],[axqi,ZlBZ]) as E;i for example.
Therefore, we have

> lowi.21B5).[0v.4.2185))

— 1 _ pl 1 1
N Zﬁx‘i B 'Cx'ql +£Xv42 +L

1 1
VL L,
1 1 1 1
FLLy Lo, F Lo + L
>Lyc,+Lyc,+Lc (38)

where by E)lc,c,, we mean ) ;.. Ei’i and so on. To obtain the
inequality in Eq. (38), we have used the positivity of each term
L,.;, which is proved in the Appendix. Now we calculate the
terms Ly c,, Lx.c,> and Ly ¢, separately as follows:

Lrc, = D (ovinziB; Lo 2153 )

ieCy

= Z <Z] [Ux’i,B;],Zl [Gx,iva;])

iEC],

= Z tr(op [O’x,i,B;]TZIZI [Ux,i,B;])

iEC},

= Z([OX,NB;]?[O-XJ?B;])’ (39)

ieCy
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where the second line is the consequence of the fact that Z;
commutes with all of o, ;,i € Cp, [Fig. 1(b) and Fig. 2(b)],
because the support of Z; and Cp, do not have any common
qubit.

One can further check that the same arguments as above
also hold for E)lc.cg‘ On the contrary, the term L}C’ c, leads to
a different result, since the support of Z; and C, meet each
other and, therefore, Z; does not commute with o, ;’s,i € C,.
However, as shown in Eq. (7) in TCC a nontrivial loop with
a specific color, say red, is equivalent to the tensor product
of two other nontrivial loops that have different colors, green
and blue, but are in the same homology class as the red one.
Therefore, one can write Z;, (denoted as Z,) as the tensor
product of Z, (denoted as Z,) and another logical operator
that is defined on a green nontrivial loop (denoted as Z,), i.e.,

2, ZyZy ~ 1, Zp ~ ZyZy, (40)
up to some plaquette operators. Thus
7,8, = 2,2,5, )

where we have absorbed the extra plaquette operators, in the
algebra of all of the plaquette operators. Because Z,Z; does
notmeet C, at any point, the same resultas E)l(,cg , alsoholds for

the last term E}r ¢, Suppose that A and B have their minimum
values at X, and X,, respectively; since A + B would, in
general, have its minimum at X3 which is different from X,
and X,, one arrives at

min(A + B) > min(A) + min(B). 42)
X X X

By using this inequality the lower bound of the gap of Lindblad
in this sector recasts into the following:

Gy = 3e P2h(A) min L, (43)

Here, I'; € B5,. Obtaining the gap of this new model is simpler,
because by knowing the effect of the bath on this new model
one can map it to a known model so that its Lindblad gap is
known. The new model is nothing but the Ising model. The
reason is that in TCC when o, is applied on one qubit, say
qubit number 1 in Fig. 3(a), it can create three excitations in
three plaquettes that have this qubit in common; by acting
another o, on the next qubit, qubit number 2, two of these
excitations will be annihilated and a new one can be created
in the next blue plaquette [Fig. 3(a)]. On the other hand,
consider another model, one-dimensional Ising model, with
inhomogeneous couplings as follows:

Hlsing =-J Z 02,i0zi+1 — 2J Z 0:,i0z,i+1, (44)

i=odd i=even

03,2

X
X
(

b) @—&—@

1 2

a.
. .1 .

9—©O L )

[} o«—o—©O

FIG. 3. Equivalence of the process of creation of excitation in the blue sublattice in the TCC, as shown in (a), and the inhomogeneous Ising

model, as shown in (b).
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where J is the coupling constant. In this model if o, is applied
to qubit number 1 in Fig. 3(b), it excites two of the bonds;
however since one of the coupling strength is twice the other
one, one can suppose that this external perturbation creates
three excitations with the same energy [the excited bonds are
shown with red color in Fig. 3(b)]. By applying another o, on
qubit number 2 the bond with two excitations is not excited
any more, but another bond with one excitation can be excited.
Thus the process of creation and annihilation of excitation in
the TCC is exactly what happens in the Ising model defined
in Eq. (44). It has been shown in [22] that the Ising model
with arbitrary coupling is not a stable memory against thermal
fluctuations, since the gap of Lindblad superoperator for this
model is a constant independent of the system size. Therefore,
one can conclude that for this sector of observables, the
minimum of the decay rate is the following constant, which is
independent of the system size:

G = 3e_ﬂAh(A)[G(£)]Ising' (45)

2. Sector of T, = BB,

Let us show the minimum of the decay rate in this sector
by G,:

Gy > ¢”#*h(A) min (Z([ox,i,B;],[ax_,-,B;])) (46)
As in the previous case, the terms like ([O’Li,Bf’],[O’Li,B[Z)])
are shown as LJZCY ;- Therefore, we have

> ([owi-By Lo B3 ])

=y L2, =L, +L +L2

X,q4

2
X,q2 + EXJI,%

FLY, L, F L L L
> Lo, + L, + L (47)

By symmetry we know that the three terms Ci Cy ﬁ;cg, and
Ei ¢, are equal to each other. Thus the minimum decay rate
recasts into the following form:

G, > 3¢ P2h(A) min e (48)

which is exactly what was discussed in the previous section
and was equal to the gap of the Lindblad superoperator for the
Ising model defined in Eq. (44). Therefore, we have

Gy = 3¢ PAR(A)G(L)ising- (49)

3. Sector of T, = Z318;, or I'; = Z413;,

Let us show the minimum of the decay rate in this sector
by G3. By symmetry we know that the effect of the external
bath on Z3B;, is exactly the same as the effect of the bath on
Z4BIZ,. Therefore, it is enough to consider only one of them,
say Z3155:

Gy > ¢ /(&) min (Z<[ax,,~,2362],[Ux.wzﬁé]))‘

i

(50)
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In this sector the terms like ([ox,i,ZgB;],[ox_i,Z3B§,]) are
represented by Ei, ;- Therefore, we have

> e PA i 3
Gy >e h(A)n}thEM

+ 03

X,q4

+ 03

X,q2 X,q3

_ A 3 3
—e h(A)n}{n (£, +L

FL AL, AL L L)
> giﬁAh(A)rrlli"n (Lle, +Lic, +L¢)

> e h(a)(min (£ ) + min (£.¢,) +min (£3,c,)).

619
Now we calculate the terms separately as follows:
min £3 ¢, = min (Z ([ax,i,z33;],[ax,,-,z3z3§,])>.
N ) ieC,
(52)

Since Z3’s support is the closed red string and C, is also a red
string, in the other homological class, they do not meet each
other at any point. Thus Z3 and o, ;, i € C, commute with
each other and the above equation reduces to

rrll‘izn Lo = ngn (Z ([ax,i,B;],[ax,i,B;])), (53)

ieC,

which is exactly what was discussed in the first case, and
is equal to the gap of the Lindblad superoperator for the
Ising model defined in Eq. (44). The only quantities left to
be obtained are L, ¢, and L, c,, which by symmetry we know
to be equal to each other. Thus it is sufficient to consider only
one of them:

min L?C ¢, = min
I, b I.

I (CTEA N A ) N

iEC},

We can split the summation ) _, ., in two parts, the qubits that
lie on Z3 loop and the qubits that do not lie on Z3 loop:

3 _
’CX,C/; -

Z ([O’x,[,Z3B;]»[Ux,ia2362])

iGCb,i¢Zg

| 2 (evnzB)[ownzBi ] | 59

iEC;,,i623

We use Lemma 2 in [22] which indicates that a lower bound
of the gap of a superoperator like S that can be written as
summation of two other superoperators, i.e., S = A+ B, is
given by
G(A){ker(A),Blker(A
G(S) > (A)(ker(A), Blker(A)l) (56)
G(A) + 1Bl

We take A and B to be the Lindblad superoperator when
the bath does not have any effect on the qubits lying on C3
and when the bath is applied only on the qubits lying on
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C3, respectively and ker(A) refers to an operator O such that
A(O) = 0. Therefore, for the gap of A we have

G(A) = I]’lllzn Z ([O'X’i,Z3B;],[GX,i9Z3B;])
iEC},,i¢Z3
= min > AlowiBil[owi B . 57
© \ieChigzs

One should note that the expression in the second line is not
the gap of the Ising model, because perturbations from the bath
are not applied to all of the qubits lying on C3. Nevertheless,
one can see that it is the gap of a one-dimensional Ising model
whose qubits are mlssmg at some of the points. The number of
these points is €1, where |C| is the length of C5 defined as the

number of qublts that lie on C3 loop. Note that there are 'C'
distinct blue sublattices in between every two adjacent mlssmg
points. Therefore, using inequality (42), one can expand G (A),

as a summation of % terms, where each term is equal to

the minimum of the decay rate for each of these ‘ZQ Ising
models that are defined on one of the % aforementioned
sublattices. Because the minimum of the decay rate for
these @ Ising models are equal to each other, therefore one

obtains

C
GA) > unll_ll’l Z ([ax,[,B;],[ax,i,B;])

ieCli¢Zs
>0, (58)

where, by C}, we mean that the bath is applying on qubits
that lie on one of these % blue sublattices. The reason that
the lower bound for the gap of one of these Ising models
is zero is that one can find an observable belonging to 5%,
such that the support of this observable does not have any
point in common with the vertices of one of these % blue
sublattices.

Therefore, from Egs. (56)—(58), one finds the following
lower bound for the gap of Ei’ ¢, in the present sector:

Lo, =Ll >0 (59)

Using Egs. (51)-(59), the minimum of the decay rate for this
sector is given by

Gy =Ll + L, +Lic, > e h(B)Giing.  (60)

4. Sector of T, = Z1Z3B; orT, = Z1Z4B; orT, = Zng,B; or
r,= ZZZ4B;

The minimum of the decay rate in this sector is shown
by G4. Using the inequality (42) and the notation E‘ébg, =
> ieCy,, \0nin 21238 ) (041, 21 238} ]) we obtain

Ga > A h(a) (min (£ )

+ min (L3c)+ min (£3c)) (61)
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Now we calculate the terms L7 ., , £ - ,and L]  separately
as follows:

Li,Ch = Z<|:O'x,i,Z]Z3B§],[O’x,i,Z]Z3B;])
iEC},
=Y ([0xi.238).[04.4.2315]). (62)
lECb

where the second line is the consequence of commutativity
of Z, with all of o, ;,i € Cp. In addition, as we proved in
the previous case, a lower bound of this quantity is given by
Eq. (59) and, by symmetry, it is equal to the lower bound of
L} ¢, The only term that remains to be obtained is £} , . One
finds that

Lie =2 llovi 21238 )[04 21238, )

ieC,

= Z O'X,,Z1B

ieC,

= ([0 2225 o 222,55

ieC,

- § lev

ieC,

O’X ,,Z1BZ])

[0x.0.85]), (63)

which is what we discussed in the first case and is equal to the
gap of Ising model. Therefore, a lower bound of G4 is given
by

Gy = e PAh(A)Gising. (64)

To obtain the gap of L it is enough to consider only the above
sectors of the observables, since each of the other sectors
is equivalent to one of the four mentioned cases, and this is
straightforward to check. Therefore, the minimum of the decay
rate in all of the sectors can be obtained by doing minimization
only over these four sectors. Finally, we arrive at our key
theorem

Theorem. The gap of Lindblad superoperator for topolog-
ical color code due to the coupling to a thermal bath is given
by

[G(—L)Irce = ¢ PAh(A)G(—L)lising- (65)

VI. CONCLUSION

In this work, we have studied thermal stability of the
topological color code in the presence of a thermal bath of
the form (26). To this end, we have studied the Lindblad
evolution of the observables in the Heisenberg picture and their
autocorrelation functions. The observables that we studied
commute with the Hamiltonian in order to be regarded as
logical operators acting on the code space. We obtain a lower
bound of the decay rate of these observables as follows:

(X, X(1)) < e (X, X), (66)
where
€ = e PAR(A)G(—L)Tising, (67)

[G(L)]ising turns out to be a constant independent of the system
size [22], and A is the gap of the TCC model which is equal
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to 6J. Our result means that the autocorrelation function of
the observables decreases exponentially in time faster than
an exponential with a constant decay rate independent of the
system size, i.e., by increasing the system size one cannot
decrease the decay rate to make the memory stable. Thus,
in a finite time, the autocorrelation function becomes very
small and the encoded information will be lost. Therefore,
we can conclude that the topological color code is unstable
against thermal fluctuations from the bath at finite temperature,
even though it is stable at 7 = 0 against local quantum
perturbations.

Although the conclusion about the thermal instability of
the color code is the same as that of the Kitaev code, notice
however that the derivation of this result is very different in the
case of color code from the case of Kitaev model. For example,
in Kitaev model excitations appear in pairs as opposed to color
code, in which excitations do not appear necessarily in pairs.
Moreover, in the Kitaev model, to have all possible excitations,
one should apply tensor products of o,’s (0,’s) over qubits
belonging to the subsets of the snake (comb), on the ground
states (for further details, see [22]). This is in contrast to the
color code where, to have all possible excitations, one should
apply a completely different procedure using the concepts of
open strings and the branching points as defined in Sec. V A.
As explained in Sec. V B, the generators of the observables for
any stabilizer Hamiltonian are the stabilizers which are in the
Hamiltonian as well as the generators needed for creating all
kind of excitations. Apart from the difference of the stabilizers
in the two models, because the generators needed for creating
all kinds of excitations in the case of color code are different
from that of Kitaev, one can conclude that the generators
needed to have all observables in the case of color code are
different from the Kitaev. The last distinctive point is that the
process of creation of the excitations caused by the external
bath in the TCC can be mapped to the corresponding process
in inhomogeneous one-dimensional Ising model, in contrast
to the case of the Kitaev model which can be mapped to the
one-dimensional homogeneous Ising model [22].

The impact of these results goes beyond the field of quantum
computation and extends to the new emerging field of topo-
logical orders in condensed-matter system (strongly correlated
spins). In fact, it is known that two-body Hamiltonians in
2D lattices can give rise to topological color codes in the
low-energy sector for certain regimes of the couplings [39,40].
These topological orders are expected to suffer from thermal
instabilities as well.
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APPENDIX: NEGATIVITY OF LINDBLAD
SUPEROPERATOR

Lemma. The Lindblad superoperator is negative which
means that

—(X,L(X)) >0, VX. (A1)

Proof. In order to prove the positivity of —(X,L(X)) we
use the definition of £(X):

— LX) ==Y > LawX)

a w=0
1
=32 Z)ha(w>(52(w)[sa(w),X]
a w>(
+ X, SH(@)]1Sa(@) + ¢ Se(@)[S] (@), X]
+ e PLX, So(@)1S] (@), (A2)
Since %ha(a))’s are positive, we prove the positivity of each
term — (X, L, »(X)):
_<cha,w(x)>
= (X, SH@)[Su(@), X] + [X, S} (@)]1Su(@))

+ e PX, Sy (@)[S] (@), X] + [X,Su ()]SI (). (A3)
Expanding the above equation and using the relation
ppSa(w) = efes, (w)pg, one can find that

— (X, Lyo(X)) = ([Sa(@), X1,[Sa (@), X])

+ e POSH (), X1ISI (), X]).  (Ad)

In order to prove the positivity of ([Sy(®), X],[Sx(w),X]) one
needs to use the explicit form of S, (w), which for x type errors
is as follows.

(i) Annihilation of three excitations. If there are three
excitations in the three plaquettes that have this qubit in
common, o, ; annihilates all of them [Fig. 4(a)]. Thus the
Fourier transform of o, ; is given by

Syilw=06J) =TI_3;0,,;[13,;

- B;)(1-B;)(1 - B;).
(AS)

= %o'x,i(l

Here, p, p/, and p” are the three plaquettes that have the ith
qubit in common, IT3; denotes the projector onto the subspace
with three excitations, and I1_3; denotes the projector onto
the subspace with no excitation in these three plaquettes.

(ii) Creation of one excitation and annihilation of two. If
there are two excitations in two of the plaquettes that have
this qubit in common, o, ; annihilates them and creates one
excitation in the other plaquette [Fig. 4(b)]. Thus the Fourier
transform of o, ; is given by

Sy.ilw = 2J)=M_,0,,;11,
= Jour((1 = By) (1 = B3) (1+ B3)
+(1-8;)(1+ B;)(1 - B;,)

+(1+8;)(1 - B;)(1 - B;))- (A6)
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(a)

(b)

FIG. 4. Two possibilities of creation and annihilation of excitations in TCC due to existence of a thermal bath. (a) Creation and annihilation
of three excitations. (b) Creation of one excitation and annihilation of two, and vice versa.

Here, IT1; denotes the projector onto the subspace with two
excitations and I1_; denotes the projector onto the subspace
with one excitation.

Therefore, we have

S:i(6J) = 00Ty, S!,(60) =0, T3y,

(A7)
SN =0y, S,QI) =0T

All of the above arguments can be done in a similar fashion
for the z type error by substituting o ; for oy ; and By, for B,

It 1is sufficient to prove the positivity of
([Sy (@), X1,[Se(w),X]) for a specific w, say 6J. For
the other w’s the procedure is the same. For this case
([Sy (@), X1,[Se(w), X]) is equal to the following:

tr(pgll3,[X, 0, ;1[0y,i, X1T3))

= tr(l'lzuo,s [X,0x,] [ax,,-,X])- (A8)
e —
Af A
Since I13; is a projector onto a subspace of the system’s Hilbert
space it can be written as

May =) (W) (Wal. (A9)

The thermal state (pg) also can be written as a mixture of
eigenstates of the Hamiltonian, i.e.,

pp = Z)\k|\pk)(‘pk|~

k

(A10)

Therefore, we have

3708 = ) on | W) (Wi . (A1)
m

If we diagonalize matrix A and expand the eigenstates of the
Hamiltonian as a superposition of the eigenstates of A, i.e.,

W) =Y Vmal Win.a), (A12)
we will end in the following:
t(pp T3/ [X,0villo0s XT3 = D Al¥mal®,  (A13)

m,a

which is clearly positive.

These arguments are not particular for TCC. For the other
models w’s and IT’s are different; nevertheless, the procedure
of the proof is the same as above.
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