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We present an analytical study of the quantum phase transition between the topologically ordered toric-code-
model ground state and the disordered spin-polarized state. The phase transition is induced by applying an external
magnetic field, and the variation in topological order is detected via two nonlocal quantities: the Wilson loop
and the topological Rényi entropy of order 2. By exploiting an equivalence with the transverse-field Ising model
and considering two different variants of the problem, we investigate the field dependence of these quantities by
means of an exact treatment in the exactly solvable variant and complementary perturbation theories around the
limits of zero and infinite fields in both variants. We find strong evidence that the phase transition point between
topological order and disorder is marked by a discontinuity in the topological Rényi entropy and that the two
phases around the phase transition point are characterized by its different constant values. Our results therefore
indicate that the topological Rényi entropy is a proper topological invariant: its allowed values are discrete and

can be used to distinguish between different phases of matter.
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I. INTRODUCTION

There are states in quantum many-body physics that cannot
be described in terms of local order parameters and the Landau
paradigm of spontaneous symmetry breaking. These states
exhibit a subtler kind of order called topological order [1].
Topologically ordered states include fractional quantum Hall
liquids [2] and quantum spin liquids [3], which are at the
forefront of research in condensed matter theory. Moreover,
such states are of great interest in the field of quantum
computation because one can encode quantum information in
the topological degrees of freedom, and this way of encoding
is intrinsically robust against decoherence [4,5].

Since topologically ordered states cannot be characterized
by local order parameters, there has been an intense effort to
find nonlocal quantities that can detect topological order in a
wave function. A series of papers suggested that topological
order can be detected through a component of quantum
entanglement that contains a topological constraint. This
constraint manifests itself as a universal negative correction to
the boundary law for the entanglement entropy: the so-called
topological entropy [6-9]. Recent works have showed that this
component of quantum entanglement is indeed long ranged
and so it cannot be destroyed by time evolution with a local
Hamiltonian. Equivalently, the components corresponding
to the long-range entanglement and the usual short-range
entanglement are adiabatically disconnected [10].

These results suggest that the topological entropy is to some
extent a nonlocal order parameter for topologically ordered
phases. To make a more precise statement about the extent
of its applicability, one needs to investigate its robustness
against perturbations. If the topological entropy is to detect
topologically ordered phases, it needs to be nonzero within all
such phases. In other words, it should vanish only at quantum
phase transitions to disordered phases. If it is to distinguish
different topologically ordered phases from each other, it needs
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to be constant within each phase. In other words, it should
change only at quantum phase transitions [11].

Recent numerical studies on small systems have found
evidence that the topological entropy takes discrete values [3]
and changes only at quantum phase transitions [12]. On the
other hand, analytic corrections to the topological entropy are
extremely hard to obtain because one needs to consider the
entanglement entropy of a many-body wave function [13].
Such a treatment for the topological entropy in the case of a
finite correlation length can be found in Ref. [14]. Remarkably,
it has been recently shown for an exactly solvable two-phase
system that the topological entropy is constant within the entire
topologically ordered phase [15].

Given the difficulties, it is important to find other entropic
quantities that possess a topological component capable of
detecting topological order. One potential candidate is the
Rényi entropy of order «, which is a generalization of the
usual (von Neumann) entanglement entropy. It is important
that the Rényi entropy coincides with the entanglement entropy
in the special case of @ = 1. It has also been shown that the
ground-state Rényi entropies of different order « all contain the
same topological component at the fixed points of nonchiral
phases [8]. Such phases typically appear in string-net models
[16] and quantum double models [17].

In this paper, we consider the Rényi entropy of order
2 and argue that it is a good probe of topological order
because its topological component can change only at quantum
phase transitions. In particular, we apply the concept of the
topological Rényi entropy to the toric-code model (TCM) [4]
in the presence of an external magnetic field. This model is,
to paraphrase Goldenfeld [18], the Drosophila of topological
order. Although it is a simple toy model, it contains all the
elements that make topological order interesting: there is no
local order parameter, there is a topology-dependent ground-
state degeneracy that is robust against local perturbations, and
there are excitations with anyonic particle statistics. Indeed, the
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TCM is another beautiful example of the crucial role played
by toy models in statistical mechanics.

To show that the topological Rényi entropy is a good probe
of topological order, we demonstrate that the disordered and
the topologically ordered phases of the TCM with external
magnetic field are characterized by its distinct values. We also
study the Wilson loop as a probe of both topological order and
gauge structure. Concentrating on two different variants of the
problem, we establish an exact treatment in the computation-
ally simpler (exactly solvable) variant and supplement it with
perturbation theories in both variants. The results obtained
with the two methods for the two probing quantities in the two
variants are highly consistent with each other.

II. GENERAL FORMALISM

We consider the TCM with an external magnetic field in
the +z direction. The system is an N x N square lattice with
periodic boundary conditions, and 2N? spins are located at the
edges of the lattice [4]. In general, the spins on the horizontal
(h) and the vertical (v) edges experience different magnetic
fields: A on the horizontal and « A on the vertical edges (¢ > 0).
The Hamiltonian of the system takes the form

I:I——ZA —ZB,,—AZU —K)»ZO’l,

ich iev
A ~x A s
AS:”Ul B,,:llal

ies iep

(1)

where the indices s and p refer to stars and plaquettes on
the lattice containing four spins each. For an illustration of
this, see Fig. 1. Note that the four sums in Eq. (1) all contain
N? terms, and that only N? — 1 star " (plaquette) operators are
independent because [, A, = =TI, B, =1

The TCM with zero external ﬁeld (A = 0) is exactly solv-
able because the stars A, and the plaquettes ép all commute
with each other. The ground state is fourfold degenerate: there
are four linearly independent states with A, = (A,) = +1 and
B, = (Ep) = +1 for all s and p. These degenerate ground

FIG. 1. (Color online) Illustration of the square lattice with the
physical spins located at the horizontal (black circles) and the vertical
(white circles) edges. Examples of a star (red cross labeled s) and a
plaquette (blue square labeled p) are included.
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states are distinguished by the topological quantum numbers
Zy ==1 and Z, = %1, which are expectation values for
products of ; operators along horizontal and vertical strings
going round the lattice. The ground state with Z| = Z, = +1
can be written as

0)=NT[a+ A ). )

where A = 1/+/2V°+1 is a normalization constant, and |} )
denotes the completely polarized state with all spins pointing
in the +z direction (o7 = +1 for all i).

The TCM with finite external field (A > 0) is not exactly
solvable because the magnetic fields 6 do not commute with
the stars AS. On the other hand, they commute with the
plaquettes 3,, and the topological operators Z 1,2; therefore
there are four independent lowest-energy sectors with Z; , =
£1 and B, = +1 (VY p). In the rest of the paper, we consider
the lowest-energy eigenstate [2(A)) withinthe Z; = Z, = +1
sector. This state becomes | f}) in the limit of A — oo and
|0} in the limit of A = 0. Between the two limits, numerical
studies reveal a quantum phase transition at a critical magnetic
field A = A¢ [12,19]. Since |Q2(A)) is a ground state at the
fixed points of both limiting phases, the adiabatic theorem
guarantees that it is the unique ground state in the disordered
phase at & > A¢ and one of the four degenerate ground states
in the topologically ordered phase at A < Ac.

If we consider only the states with Z; = Z, = +1 and
B, = +1 (Y p), the dimension of the effective Hilbert space is
reduced from 22V to 2V'~1. The states within this reduced
Hilbert space can be written as superpositions of loop
configurations on the dual lattice: in each loop configuration,
the spins on the loops have ¢f = —1 and the remaining
spins have o = +1. This implies that the reduced model is
equivalent to a Z, lattice gauge theory, and the phase transi-
tion at A = A¢ corresponds to a confinement-deconfinement
transition [12,19]. Furthermore, since each loop configuration
can be characterized by the values of the N> — 1 independent
stars A; = =1, it is convenient to introduce a corresponding
representation in which quasispins A; are located at the stars
[20]. This quasispin representation is particularly useful in the
A < 1 limit because |Q2(A)) is then close to |0) which is a
product state with A; = 41 (V s). Up to an irrelevant additive
constant, the Hamiltonian in Eq. (1) becomes

H=— ZAZ A Z AT A, — iea Z AT A%, (3)

(s,8")eh

where (s,s’) means that the summation is over horizontal
and vertical edges between nearest-neighbor stars s and s'.
Note that AZ = A; measures and A* switches the quantum
number Aj; therefore the quasispin operators A§ and Af?‘ satisfy
the standard spin commutation relations. In the quasispin
representation of Eq. (3), the TCM with external magnetic
field is equivalent to a two-dimensional (2D) transverse-field
Ising model (TFIM) in which the coupling strengths on the
horizontal and the vertical edges are different in general.

III. MEASURES OF TOPOLOGICAL ORDER

We aim to describe how the topological order in the
ground state |€2(A)) changes as a function of A between the

062330-2



PROBING TOPOLOGICAL ORDER WITH RENYI ENTROPY

topologically ordered limit at A = O and the disordered limit
at A — oo. To quantify topological order in an analytically
tractable manner, we consider two measures: the Wilson loop
and the topological Rényi entropy.

A. General properties

The Wilson loop for a region R on the dual lattice is defined
as the expectation value Wy of the operator

We=[]6 =]]AL 4)
icdR SER
where dR denotes the boundary of R. If the region R is
macroscopic with linear dimension D >> 1, the Wilson loop
follows a perimeter law Wy o exp(—BD) in the presence of
topological order and an area law Wy o exp(—BD?) in the
absence of topological order [12]. In this paper, we assume
that the region R is a D x D square (see Fig. 2).
The topological Rényi entropy is based on the paradigm of
quantum entanglement. The Rényi entropy of order « between
two complementary subsystems A and B = A reads

AB __
AP =

log, Tr[p5]. (5

where p4 and pp are the reduced density operators for A
and B. The topological contribution to the Rényi entropy
can be extracted by taking a suitable linear combination of
Rényi entropies that are calculated for different choices of the
subsystems A and B [7]. In fact, the standard definition for the
topological Rényi entropy of order « is

ST = =50 + 5P + 59— 50, (©)

where S = SA8 in the four cases (m) of partitioning the
system shown in Fig. 3. The characteristic linear dimensions
are the extension D and the thickness d of the subsystem A in
all cases. To obtain a meaningful topological measure, these
dimensions need to be macroscopic (D > d > 1).

The topological Rényi entropy S! is nonzero if and only
if the given state exhibits topological order [7,8]. For the
TCM with external magnetic field, S(f = 0 for the disordered
ground state | 1) and ST =2 for the topologically ordered

e 1
1 —a 10g2Tr[PA] = —a

D
. S U S
SRR
oyt AP
- '"gaﬁﬁ'

FIG. 2. (Color online) Illustration of the Wilson loop for a square
region with D = 3. The region R contains D? stars (red crosses) and
the boundary o R (dashed line) contains 4D spins (yellow circles).
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FIG. 3. Illustration of the subsystems A and B in the four cases
(m) that are used to calculate the topological Rényi entropy. Each
subsystem A has extension D and thickness d with D > d > 1.

ground state |0). In this paper, we demonstrate that S/ detects
the presence of topological order in the entire topologically
ordered phase at A < Ac. Note though that S! is independent
of « at the fixed point of a generic nonchiral phase [8]. Since
the fixed points of different topologically ordered phases do not
necessarily have distinct values of S7, the topological Rényi
entropy is unable to provide a complete characterization of a
topologically ordered phase.

B. Z, lattice gauge theory

Since the TCM is perturbed with external fields 6 that
commute with the plaquettes B » and the topological operators
21,2, the ground state |2(A)) belongs to the lowest-energy
sectorwith Z; = Z, = +1and B, = +1(V p) forall values of
A. If we consider only this sector, the gauge structure constraint
B »|W) = |W) is enforced on all states |\W); therefore the model
is equivalent to a Z, lattice gauge theory.

An arbitrary state |W) within the gauge theory can be
expressed as a superposition of loop configurations. Each
configuration is a finite set of closed loops on the dual lattice,
and the spins on the loops are flipped with respect to the
remaining ones. These properties motivate us to introduce a
modified definition for the topological Rényi entropy in which
the subsystem A is substituted by the boundary d A between A
and B in each case (m) of partitioning the system. This means
that S = §94.94 = §94 in Eq. (6). Formally, we define C as
the set of star operators acting on both subsystems A and B,
and 0A as the set of spins that are acted upon only by stars
in C. For an illustration of this, see Fig. 4. The boundary 9 A
is always a finite set of closed loops on the real lattice: the
number of loops is n = 2 in the cases (1) and (4), while it is
n = 1 in the cases (2) and (3). Since a loop on the real lattice
and a loop on the dual lattice can intersect only at an even
number of points, there are an even number of spins flipped
on each loop of dA. This topological constraint ensures that
the modified S! has similar properties to the standard one.
For example, it is still true that S7 =0 for | 1) and S! =2
for |0).

The calculations in the rest of the paper are immensely
simplified by using the modified definition for S7. Since the
group generated by the star operators acting exclusively on the
boundary subsystem d A contains only the identity, the reduced
density matrix py4 is diagonal in the basis of the physical
spins o;°. Each diagonal element (0y4)x 5 gives the probability
that |W) realizes a given spin configuration {X7 = %1} in
dA. Equivalently, if we choose a random loop configura-
tion according to the probability distribution given by the
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FIG. 4. (Color online) Illustration of the subsystems in case (1)
with dimensions D = 6 and d = 2. Spins are either in subsystem A
(black circles) or in subsystem B (white circles). Stars in the set C
are marked by red crosses, and spins in the subsystem d A are marked
by blue rectangles. The boundary contains n = 2 closed loops on the
real lattice with a combined length L = 32.

state |W), the probability of the spin configuration {X}} in
0A is P[{27}] = (psa)sx. If we then choose two random
loop configurations according to the same distribution, the
probability of them having the same spin configuration in d A
is

P=Y PZ =Y (oks =T[pL]. D
) z

This result motivates us to consider the topological Rényi
entropy of order 2. In terms of the probabilities P in the
four cases (m) of partitioning the system, this quantity takes
the form ST = log, [PWPW /PAPE],

We can now develop an intuitive understanding of the
phase transition by considering the two limiting cases. In the
topologically ordered ground state at A < 1, the spin loops
are deconfined and all possible loop configurations are equally
probable. This means that the allowed spin configurations in
the subsystem d A also share the same probability: the inverse
number of allowed spin configurations. It is important that the
number of boundary loops is n = 2 in the cases (1) and (4),
while it is n = 1 in the cases (2) and (3). The cases (1) and
(4) are therefore more constrained and have fewer allowed
spin configurations in dA. This implies that P P® >
PP, PO and ST > 0. More precisely, since the constraint
on each boundary loop reduces the number of allowed spin
configurations by a factor of 2, the topological Rényi entropy is
given by ST = nV —n@ —n® 4 n® = 2. In the disordered
ground state at A >> 1, the spin loops are confined and only
the loop configurations with small spin loops have significant
probabilities. On the other hand, the small spin loops in these
loop configurations correspond to local disturbances (nearby
spin flips) in the spin configurations of the boundary subsystem
dA. This means that the probability P in each case (1) can
be written as a product over the small sections of the boundary
loops; therefore log, P is proportional to the length of the
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boundary. Since the combined boundary length of the cases
(1) and (4) is equal to the combined boundary length of the
cases (2) and (3), the topological Rényi entropy vanishes:
ST = log,[PYPW /PpOPI] = 0.

C. Formula for the Rényi entropy

Now we capitalize on the simplifications described above,
and derive the Rényi entropy SgA for an arbitrary state |W)
within the gauge theory. In the most general case, d A consists
of n closed loops on the real lattice, and the loops have a
combined length L. This means that they contain L spins
and L stars acting on these spins (see Fig. 4). Since there is
a constraint on each loop due to the gauge structure, only
L —n spins are independent. If we label these spins with
1 <i <L —n, the 257" nonzero diagonal elements of pj4
give the probabilities of |W) realizing the 2°~" respective spin
configurations {X7}. Since the projection operator onto the
spin configuration {7} is given by 2"~ L [],(1 + £767), the
corresponding diagonal element reads

1 L—n
= M[H (1+ E%ﬁ)}l\m. ®)

i=l1

(paa)ss

When expanding the product in Eq. (8) and summing the
squares of the resulting expressions for (py4)ss, the cross-
terms cancel each other, and we obtain

1 Lon .
Tpia) = 50 D <\If|[]‘[(&f)"}|w>2, ©)

{q:=0.1} i=1

where the sum is over all the 25" configurations {g; = 0,1},
and hence over all possible products of the L — n independent
spin operators 6;. If the edge occupied by the spin i connects
the stars s; ; and s; », the corresponding spin operator becomes
6f = Aj{ ; Af’ ,- In terms of the quasispin operators Af , the
Rényi entropy then takes the form

L—n
§34 = (L — n) — log, Z <qj|[]_[ (Ag_l/&;z)""}\y)z.

{gi=0.1} i=1
(10

This expression has an entirely precise notation, but it is
cumbersome to use for calculating S34. To derive a more
intuitive expression with a less precise notation, we expand
the sum in Eq. (10) around the trivial configuration {g; = 0}.
Exploiting (Ajf)z = 1, the Rényi entropy then becomes

§24 = (L —n) — log, [1 + Z(‘Plfifl AL |w)?

51,52

+ <\D|A§,A§2f‘§3f‘§4|\v>2+-~} (1)

51,82,53,54

where the sum inside the logarithm contains all 25" possible
products with an even number of quasispin operators Af
chosen from each closed loop of the subsystem 9 A.

To understand how Eq. (11) works, we consider the two
limiting ground states | {}) and |0). In the first case, we
have (f [AY AY -+ AT | 1) = ( 16767671 1) =1 for
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all expectation values because | {}) has of = +1 for all
i. The sum inside the logarithm becomes 2L=n and the
Rényi entropy S5# vanishes, as expected for a product state.
In the second case, |0) has AZ = +1 for all s; therefore
(O|Aj_‘l Ajz e Afh |0) = O for all expectation values. The only
exception is the trivial one: (0|0) = 1. The sum inside the
logarithm is 1, and the Rényi entropy is Si4 = L — n. When
extracting the topological contribution, the terms proportional
to L cancel because LV + L™ = L® 4 L® (see Fig. 3). On
the other hand, the cases (1) and (4) have n = 2, while the
cases (2) and (3) have n = 1; therefore the topological Rényi
entropy is finite: §7 = 2.

IV. PHASE TRANSITION IN THE QUASI-1D CASE

In this section, we set k¥ < 1 in Eq. (1): this means that the
spins on the vertical edges experience much smaller magnetic
fields than those on the horizontal edges. The magnetic fields
on the vertical edges become important only in the & >> 1 limit,
and therefore the phase transition between topological order
and disorder at A ~ 1 occurs due to a competition between
the star operators A§ and the magnetic fields on the horizontal
edges. When investigating this phase transition, the magnetic
fields on the vertical edges can be neglected (¢« — 0), and the
quasispin Hamiltonian in Eq. (3) becomes

H=-Y Ai-n1 ) AAL (12)
s (s,s"yeh
Since there are only Ising couplings on the horizontal edges,
this Hamiltonian is the direct sum of N independent 1D TFIM
copies along the horizontal chains of the lattice [21]. The
system is therefore exactly solvable for all values of A.

If we consider any of the independent 1D horizontal chains
and label the N stars on the chain with 1 <[/ < N, the
Hamiltonian of the corresponding 1D TFIM reads

N

A== (A; + 247 A} ), (13)

I=1
where the periodic boundary conditions are taken into account
by Ap = Ay. This Hamiltonian can be solved by following
a standard procedure [22]. We first map the quasispins A; to
fermions via the Jordan-Wigner transformation
-1 1

Ar=1-2cle, A7 = (A =cfe™ S, (14

where c;[ and ¢; are standard fermionic creation and annihi-
lation operators. The translational symmetry is then exploited
by the Fourier transform

1 ikl
g =— ey, (15)
] N Ek k

where the sum is over the momenta k,, = w(2m — 1)/ N with
1 < m < N.We finally introduce new fermionic operators via
the Bogoliubov transformation

¢ = cos Oy + i sin Qkyik, (16)

and the Hamiltonian in Eq. (13) becomes

A=Y M@yly— 1, (17
k
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where y,j and y; correspond to independent fermionic quasi-
particles. The energies of these quasiparticles are propor-

tional to Ay = /€ + A2sin k with €, = 1 — A cosk, and the

mixing angle appearing in the Bogoliubov transformation is
O = tan~'[Asink/(ex + Al

The ground state |2(A)) of the Hamiltonian in Eq. (12) is
the direct product of N independent copies of the 1D ground
state |2g). The 1D ground state is defined by y4|€20) = Ofor all
k; therefore its two-operator expectation values in the position
representation are given by

1 (1) oz
(QolcferlQ0) = — D~ e Qo lefer|0)
k,k'

1 . N
- Z ek gin2 g
k

1 : o
i —ik(-1") 2
cc)) = — e cos” O, 18
{cicy) N Ek k (18)

(cler)

i T
(ciep) = 5 Ze"k(’_’ ) sin 6 cos O,
K
P i k(=1 -
(clely = -5 > e sin by cos .
K

To calculate the Rényi entropy, we need to evaluate the
quasispin expectation values appearing in Eq. (11). These
expectation values are products of independent 1D expectation
values (QolAfl A}; e A;‘ZHAZJQO), where each pair of Alx
operators can be expressed in terms of the fermionic operators
as

I'—1
ArAL = + e[ —2ckepc) +e). (19
j=I

Similarly, the quasispin expectation value in the Wilson loop
for a D x D square region R becomes

D D
Wi = (R0l [ [ Aj120)” = (@0l [ (1 = 2¢[enI0)”.  (20)
=1 =1

Using the identity 1 —2c/c; = (c] + ¢/)(c] —¢)), the qua-
sispin operator products appearing in both the Rényi entropy
and the Wilson loop can then be written as simple products of

c; = ¢; operators. On the other hand, the expectation values of
these products can be reduced to the two-operator expectation
values given in Eq. (18) by using Wick’s theorem [23].

The exact dependence of the topological Rényi entropy
on the magnetic field is plotted in Fig. 5. There are two
phases: a topologically ordered phase at small A and a
disordered phase at large A. These phases are separated by
a clear phase transition at A = A¢ = 1, which coincides with
the well-known critical point of the 1D TFIM [22]. If we
gradually increase A, the topological Rényi entropy drops to
zero around A¢. This transition becomes sharper if we increase
the system size N as well as the dimensions D and d of
the subsystems; therefore we argue that S7 is discontinuous
in the thermodynamic limit. The topological Rényi entropy
is then constant in both limiting phases: the topologically
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FIG. 5. (Color online) Topological Rényi entropy ST as a function
of magnetic field A below (a) and above (b) the critical pointat Ac = 1.
Five system sizes are plotted with d = D/3 for each: N = 40 and
D=6 (i); N=280 and D =12 (ii); N =120 and D = 18 (iii);
N =160 and D =24 (iv); N = 200 and D = 30 (v).

ordered phase at A < A¢ is characterized by S = 2, while
the disordered phase at A > Ac is characterized by ST = 0.

The analogous exact behavior of the Wilson loop is
illustrated in Fig. 6. In the topologically ordered phase at A <
Ac, the reduced Wilson loop Wy = W,le/ b approaches a finite
constant in the D — oo limit. This implies Wg o exp(—BD)
and the presence of topological order. In the disordered phase
at A > Ac, Wy decays exponentially with D. This implies
Wi o exp(—BD?) and the absence of topological order. By
looking at the dependence Wy()) for a sufficiently large value
of D, we can establish that the critical point separating the two
different behaviors is indeed at Ao = 1. The results obtained
for the topological Rényi entropy and the Wilson loop are
therefore consistent with each other.

V. PHASE TRANSITION IN THE ACTUAL 2D CASE

In this section, we set k = 1 in Eq. (1): this means that
the spins on the horizontal and the vertical edges experience the
same magnetic field. Up to an irrelevant additive constant, the
quasispin Hamiltonian in Eq. (3) becomes

A=Y (1-A)-xr> AlAy, Q1)
(s,8")

s

06"
04+
12
02}
00— L~
0 20 40 09 1.0 11
D A

FIG. 6. (Color online) (a) Reduced Wilson loop Wj as a function
of region size D for . = 0.9 < A¢ (red dashed line), A = 1.0 = A¢
(black solid line), and A = 1.1 > A¢ (green dotted line). The system
size is N = 500. (b) Reduced Wilson loop W, as a function of
magnetic field A for system sizes N = 5D = 100 (dotted line) and
N = 5D = 500 (dashed line). The solid line is the result in Eq. (30)
for the thermodynamic limit.
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and the system is equivalent to the standard 2D TFIM.
Since the Hamiltonian in Eq. (21) is not exactly solvable
in general, we use perturbation theories around the exactly
solvable limits at A =0 and A — oo. The corresponding
calculations are most efficiently performed by the method of
perturbative continuous unitary transformations (PCUT). The
general method is discussed in the literature [20,24] and we
illustrate its use by the example of our particular problem.

A. Perturbation theory at small magnetic field

In the limit of A < 1, it is useful to work in the quasispin
representation because the unperturbed ground state |0) is then
a product state. The perturbation theory is based on Eq. (21),
where the second term is treated as a perturbation in the small
parameter A < 1. Using the PCUT procedure described in
Appendix A 1, we obtain corrections to the Rényi entropy 54
for each case of partitioning in Fig. 3 and the Wilson loop Wg
for a square region R. The Rényi entropy after the first three
corrections reads

, L [x2  632* 503)°
S =(L—n)— —| =+ —" ot
2 ( n) n2 [ 2 + o1 + 9% + O( )i|
K [272# N 73718 + 008 22)
In2| 64 256 ’

where the boundary dA contains n closed loops with a
combined length L and a total number of K corners that
are sufficiently far away from each other. The analogous
expression for the Wilson loop after the first three corrections
is

114 = + a + 76977 + 005
=expy —L|l—+—+ ——
R = %P g "2 " 3072

+K 3 + 892 + 00 (23)
32 128 ’

where the square region R has a boundary length L = 4D and
a corner number K = 4.

Since K is merely an O(1) constant, the corrections
inside the exponential of Eq. (23) are linearly proportional
to the region dimension D. The Wilson loop has therefore a
functional form Wx o exp(—fB D) that shows the presence of
topological order. Since the corrections to the Rényi entropy
are all linearly proportional to either L or K, the corrections to
the topological contribution proportional to n vanish. When
calculating the topological Rényi entropy, the corrections
proportional to L and K cancel because the combined values
of L and K in the cases (1) and (4) match those in the cases
(2) and (3) (see Fig. 3). The topological Rényi entropy is
therefore constant up to the third correction: SZT =2+ 01
in the A < 1 phase.

B. Perturbation theory at large magnetic field

In the limit of A >> 1, it is useful to return to the physical
spin representation because the unperturbed ground state | 1)
is then a product state. Up to an irrelevant additive constant and
an overall multiplicative factor !, the 2D TFIM Hamiltonian
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in Eq. (21) becomes
A=Y (1-67)-2"Y []s" (24)
i s ies
The perturbation theory is based on Eq. (24), where the second
term is treated as a perturbation in the small parameter A~! <

1. Using the PCUT procedure described in Appendix A 2, the
Rényi entropy after the first three corrections is

g _ L )\—2+ A4 11517¢ + 00
2 T 2| 32 " 1024 ' 2359296
K[ 35.°°
—— | ==+ 007Y]. 25
1n2|:4718592+ ( )} 25)

Since the corrections to the Rényi entropy are all linearly
proportional to either L or K, the corrections to the topological
contribution proportional to n vanish. The topological Rényi
entropy is therefore zero up to the third correction: S =
O(17%) in the A > 1 phase.

To obtain a nonzero result for the Wilson loop expectation
value (Q(k)|WR|Q(A)) we need to consider higher orders of
perturbatlon theory. Since Wy, is a product of D? star operators

A%, the first nonzero contribution to Wy, appears at order D*/2
in perturbation theory. At this order, W links order D?/2
states to each other; therefore Wy oc A~P ?. This result can be
rearranged into the form Wy o< exp[— In(}) D?] which shows
the absence of topological order.

C. Discussion of the phase transition

The results of the perturbation theories indicate two distinct
phases around the limits A =0 and A — oo. The phase at
A < 1 is topologically ordered because the topological Rényi
entropy is nonzero and the Wilson loop follows a perimeter
law: Wg o< exp(—pBD). Conversely, the phase at A > 1 is
disordered because the topological Rényi entropy is zero and
the Wilson loop follows an area law: Wy oc exp(—BD?).

The topological distinctness implies at least one phase
transition between the two limiting phases, and we argue that
there can only be one phase transition. Recall that the TCM
with external field is equivalent to the standard 2D TFIM
when « = 1. In particular, the quantities S2T and Wx that
describe topological order can be expressed in terms of the
2D TFIM correlation functions. A phase transition is therefore
possible only at the critical point of the 2D TFIM, which has
been determined by various numerical methods [25] to be at
Ac = 0.33. This critical field is also consistent with previous
numerical studies on the TCM with external field [12,19].

Itis clear that the perturbation theories around the two limits
need to break down at A = A¢. On the other hand, the results
of the perturbation theories hold because the expansions in
Egs. (22), (23), and (25) have particular structures: they each
contain two power series in A that are proportional to the
boundary length L and the corner number K. It is plausible
that higher-order corrections preserve this form and only add
further terms to the respective power series. Terms that are
not linearly proportional to either L or K appear only when
the order of the perturbation theory exceeds the dimensions
D and d of the subsystems (regions). Since these dimensions
are macroscopic in the thermodynamic limit, the perturbation
theories can break down only at infinitely large orders. These
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TABLE 1. Estimates for the critical field A obtained from the
power series of Egs. (22), (23), and (25).

Estimates for A¢ Jai/as Jaz/as
Equation (22) Series o< L 0.504 0.433
Series o« K 0.383
Equation (23) Series o< L 0.500 0.447
Series o« K 0.367
Estimates for A¢ b2 /b, b3/bs
Equation (25) Series o< L 0.177 0.223
Series o« K

in turn become important at the radii of convergence where the
series actually diverge. If we write the power series in Egs. (22)
and (23) as Y o, axA%* and those in Eq. (25) as Y=, bpd =,
the critical field A¢ is given by

biy1
by

= lim

)‘-C = lim
k—00

k— 00

Afe4-1

(26)

Although it is not possible to determine these limits from
a finite-order perturbation theory, we can give estimates for
the critical field by looking at the first couple of terms and
calculating analogous quantities. The resulting estimates are
summarized in Table I: they suggest 0.2 < A¢ < 0.5. This
range is fully consistent with A¢ = 0.33.

The most remarkable result of this section is that the
topological Rényi entropy is constant in both limiting phases:
ST =2 in the topologically ordered phase and S7 =0 in
the disordered phase. This happens because the perturbative
corrections to SQA do not contain any topological contributions
proportional to n in Egs. (22) and (25). The topological Rényi
entropy is therefore an exclusive function of the phase: it can
change only if a phase transition takes place. We argue that
ST is a good probe of topological order with the potential to
characterize topologically ordered phases.

VI. COMPARISON AND DISCUSSION

A. Perturbation theories in the quasi-1D case

Although the quasi-1D case is exactly solvable, it is
instructive to treat it with perturbation theories as well: the
results obtained this way are directly comparable with those in
the actual 2D case. Using a modified version of the PCUT
procedures described in the Appendix, we find analogous
expressions to those in Egs. (22), (23), and (25). Without
including the detailed calculations, the Rényi entropies after
the first three corrections in the two limiting regimes are

= (L ) L + L + 5 + 005
" 2 64 ' 96
504 3,\6
o0 kD, @)

+_ 64 ' 32

In2

L' a2 % 47t
A -8
— 00
2 ln2|: T3 T T )]
. 7 - L o i +007%)
In2| 8 128 3072

>0, (28)
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TABLE II. Estimates for the critical field A~ obtained from the
power series of Egs. (27), (28), and (29).

Estimates for A¢ Jai/a; Jaz/as
Equation (27) Series oc L' 1.512 1.449
Series o« H' 0.913
Equation (29) Series o< 1 1.414 1.225
Estimates for A¢ Vb2/by Vb3 /b,
Equation (28) Series o¢ L’ 0.500 0.700
Series o« H' 0.661 0.798

where L’ is the combined horizontal length of the boundary
0A, and H’ is the number of horizontal sections with a
nonzero length contributing to L’. Since the corrections to
the Rényi entropies are all linearly proportional to either L’
or H’, there are no topological corrections proportional to
n. The topological Rényi entropy takes the constant value
S2T =24+ 0% at A « 1 and the constant value SZT =
O ¥atr> 1.

When taking into account the first three corrections, the
reduced Wilson loop in the A < 1 regime becomes

)\‘2 4 )\‘6 8
Wy = —|—=—+=+—=+00 , 29
0 eXP{ [4+8+12+()” (29)
which indicates Wy o exp(— B D) and the presence of topolog-
ical order. In the A > 1 regime, the first nonzero contribution
to W, appears at order D/2 in perturbation theory. This
contribution is Wy oc A~ = exp[— In(X) D], which indicates
Wi o exp(—BD?) and the absence of topological order. Note
that the power series inside the exponential of Eq. (29) suggests
that W, takes the exact form

o 2k
Wo = exp < - Z E) = (1 =) (30)
k=1

in the thermodynamic limit. This result is consistent with the
critical field Ac = 1 obtained from the exact treatment.

The perturbative expansions in Eqgs. (27), (28), and (29)
each contain at least one power series in A. The critical field
Ac marks the breakdown of the perturbation theories, and
it is again related to the appropriate radii of convergence.
The estimates obtained with the method of Sec. VC are
summarized in Table II: they suggest 0.5 < A¢c < 1.5. This
range is fully consistent with A¢ = 1.

B. Comparison with the actual 2D case

When discussing the phase transition in the actual 2D case,
we argued that it occurs at the critical point A¢c =~ 0.33 of
the equivalent 2D TFIM and that the two limiting phases are
characterized by different constant values of the topological
Rényi entropy. The argument referred only to the perturbation
theories and the equivalence with the 2D TFIM. On the other
hand, the quasi-1D case is more versatile because an exact
solution is available. The exact treatment of the quasi-1D case
suggests a behavior that is entirely analogous to our claims for
the actual 2D case: the phase transition occurs at the critical
point Ac = 1 of the equivalent 1D TFIM, and the topological
Rényi entropy is constant in the two limiting phases.
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A direct comparison between the respective perturbation
theories also provides evidence that the 1D and the 2D
systems are similar in terms of their phase transitions.
The behaviors of the Ac estimates and their relations to the
actual A are entirely analogous in the two cases. First, the
estimates are all reasonably close to the actual A¢. Second,
the estimates converge towards A¢ as the order is increased.
Third, the estimates from the A < 1 series generally overes-
timate while those from the A >> 1 series underestimate Ac.
These similarities suggest that the phase transitions in the 1D
and the 2D cases are analogous; therefore the conclusions
drawn from the exact treatment in the quasi-1D case are
applicable to the physically more interesting actual 2D case as
well.

VII. CONCLUSIONS

In this paper, we investigated the quantum phase transition
between the topologically ordered and the disordered phases
of the TCM with external magnetic field. The variation in
topological order was probed via ST : the topological Rényi
entropy of order 2. We determined the exact field dependence
of S] in the computationally simpler case (quasi-1D case)
and established perturbation theories in the physically more
interesting case (actual 2D case). It was demonstrated that SZT
takes distinct values in the two phases and has a discontinuity
at the quantum phase transition. We therefore argue that ST
is a good probe of topological order that can effectively
characterize topologically ordered phases.

The equivalence between the quasi-1D case of our problem
and the exactly solvable 1D TFIM is a quite remarkable tool
for obtaining exact results. So far it has provided us with an
exact treatment of the quasi- 1D case and a corresponding exact
ST (%) dependence. In perspective, such an exact treatment
also makes it possible to search for critical exponents that
can reveal the topological character of the quantum phase
transition. Moreover, the exact time dependence of the system
far away from equilibrium can be studied, as for example, in
the case of a quantum quench [26,27].

It is important to point out that the Hamiltonian in Eq. (1)
preserves the Z, gauge structure of the bare TCM for all
values of the magnetic field A. This gauge structure justifies
the simplifying step of substituting the subsystem A by its
boundary dA when calculating S7 (thin subsystem). Indeed,
as long as the gauge structure is preserved by the perturbation,
the ground state can be expressed as a superposition of loop
configurations. For such a system, all the relevant topological
constraints are necessarily connected to the subsystem bound-
ary 0 A. For example, in our Z, gauge theory, the topological
constraint manifests itself in the fact that there are an even
number of spins flipped on each boundary loop of dA. On
the other hand, considering only the boundary is the essential
simplification we need for deriving the Rényi entropy formula
in Eq. (11), which in turn makes the exact treatment in the
quasi-1D case and the perturbation theories in the actual 2D
case possible. The gauge structure also explains why the
topological Rényi entropy is conserved during a quantum
quench with a gauge-preserving Hamiltonian [27].

For a more generic Hamiltonian, the Z, gauge structure is
broken. This means that the spin configurations with an odd
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number of spins flipped on a boundary loop of 9 A are allowed;
therefore the topological constraint is no longer connected to
the subsystem boundary d A. Note that we can also achieve an
effective gauge structure breaking by drawing the boundary
loops of dA on the dual lattice rather than on the real lattice
(see Fig. 4) because they can then intersect with the spin loops
on the dual lattice at an arbitrary number of points. To recover
the robustness of S7 in such a non-gauge-preserving case,
one needs to calculate it by using the original subsystem A
(thick subsystem). This complicates the situation because the
reduced density matrix p4 is not diagonal and so Eq. (11)
becomes invalid. However, we believe that if a generalization
of the Rényi entropy formula is found, the results in this paper
can be extended to the more generic non-gauge-preserving
case as well. This further step is crucial for verifying the
robustness of the topological Rényi entropy against generic
perturbations and hence proving its applicability as a nonlocal
order parameter for topologically ordered phases.
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APPENDIX: DETAILED DESCRIPTIONS OF THE PCUT
CALCULATIONS IN THE ACTUAL 2D CASE

1. PCUT calculation at small magnetic field

When considering Eq. (21) in the A < 1 limit, we can use
the PCUT procedure to relate the eigenstates of the perturbed
Hamiltonian A with A > 0 to those of the unperturbed
Hamiltonian A, with A = 0. This method relies on the concept
of elementary excitations. In the case of ﬁo, these excitations
are flips of stars (quasispins) A% with an energy cost of
2 for each. They appear pairwise when switching on the
perturbation, and the perturbed Hamiltonian can be written
as

H=20+T,+T+ T, (A1)

where Q counts the number of excitations, and T,, is the
component of the perturbation that changes the number of
excitations by n. It can be verified that [Q,T,,] = nT,, and that

TT T_n The explicit forms of the terms in Eq. (A1) are
N 1 N
0= 5Z(l—A§ , To= —,\ZA A;

s
To= -2 (AFA; +ATAY)., To=-2) AFAY
(S,S/> (S,J’)

(A2)

where A = (A* +iA})/2 are the standard spin raising and
lowering operators. In the basis of the H, excitations, the
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term O is diagonal, while the terms T, are nondiagonal. The
application of the PCUT involves an iterative sequence of
steps to construct a unitary basis transformation U (/) such that
the transformed Hamiltonian H (/) = UT(HHU (1) changes
continuously from H at [ =0 to a block-diagonal form at
I — oco. The blocks in the asymptotic form H' = H(oco)
correspond to subspaces of constant excitation number, and the
excitations can be found by solving the blocks. Note that these
excitations belong to the perturbed Hamiltonian H; therefore
they are not the same as the original H, excitations. To avoid
confusion, we refer to them as quasiexcitations.

According to the standard procedure of the PCUT [20,24],
we write H(l) = 20 + T»(1) + To(l) + T_»(1) asin Eq. (A1),
and define /() = T,»(1) — T_»(1). If we then require U(l)
to satlsfy the equatlon a0 = —UDA), it follows that
81H(l) = [n(l) H(l)] In terms of the components T (D), this
equation for H (/) becomes

aTo) = 2T (1), T2(D)],
T2l = =4T12() + [T4(D), To()],
T o(l) = =4T () + [To), T2 (D).
The last two equations show that ﬁz(oo) = 712(002 =
which is consistent with the block-diagonal form of H(c0).

To solve the equations for U () and f,, () iteratively, we write
these quantities in a series as

(A3)

oo o0
on=>Y 0%, T,0=>TO0. (A4
k=0 k=1
The equations for U () and T, (1) then take the forms
aUuPW) = Z OOO{TE W) - 1% W),
k—1 A '
afPa =23 [FR0. 1% 0] (AS)
j=1

k—1 ) )
aT Q1) = 419w+ [T 0. 75 1),
j=1

and the corresponding starting conditions at [ = 0 become

U(k)(o) — { 1 (k = 0),

0 (k=1,

. (A6)
£00) = { T, k=1,

0 (k=2).

If we apply the PCUT up to second order in A, the relevant
terms in the series of Eq. (A4) are

000 =1, 000 = -3 - T —e™),
U2 = 35(Tea = T2’ (1 — ¥

— e [T+ T, Tl — (1 + 4D e,
70 =Ty, T2(0) = LT T0)(1 — e,

(AT)
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THW) =T e™, TEW) = £(Tw, Tolle™,
the basis transformation U = U (c0) becomes

U=1+100-Tn) + £(T0.T0] — [T42. 1))

| A P PR P
t3 (TpaTyo + T 2Ty — ToT, = T 5Ty2) ., (A8)
and the asymptotic Hamiltonian takes the form
A =20+ Ty + i[T2.T2], (A9)

which indeed conserves the number of quasiexcitations. The
same procedure can be continued to arbitrary order in A, but
the calculations quickly become cumbersome.

Since the ground state |€2())) of H is the only state with no
quasiexcitations, it has its own block in H’. To express this state
in terms of the physically transparent Hj excitations, we use
the basis transformation: |Q2(1)) = U|0). When calculating the
first two perturbative corrections to the ground state at A = 0,
the perturbed state |€2(A)) needs to be properly normalized up
to A*. Applying the PCUT up to fourth order with the aid of a
computer, the perturbed ground state becomes

NZ)\2  (N* —95N?)* 0)
16 512

A (N2 =153
R DOEEY

QM) = U10) = [1

2N2
)\‘2 % . )\‘2
D RS NP
2N2 2N2
22 X X A2 x || x
S DM ML (1o |
N2 2N4—9N?2

(A10)

where the equivalent states related to each other by transla-
tional and rotational symmetries are labeled by the relative
positions of the star excitations (x) in them, and the number
of states in each equivalence class is given by the number
below the corresponding sum. The notation [- - -][- - -] means
that there are two clusters of excitations that are independent
of each other: they are not in a relative position characterizing
any other equivalence class.

The ground state in Eq. (A10) is indeed properly normalized
up to fourth order in A because

aoorao = 1 N2, (V- 95N 2
(MILM)) = T =D

A (N2— 15037
Pl N Gt S
4 64

2 2
2 )“_2 2 2 )‘_2
+2N* {5 + (2N* + N?) 2

A2\’

4 2 -~
+(2N*—9N )(16>
=1+0@1°. (All)

To calculate the Rényi entropy, we need to evaluate the
expectation values of the products appearing in Eq. (11) for
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the ground state. The expectation values having a contribution
up to A* to the Rényi entropy are

2 3 2,2
(xx>=2|:i——(N IS)A}[[l—N)L]
4 64 16

+4<%2) +4<%2) + (2N* - 9) (T—Z) }

3

~ 2B o0
2016 ’

(A12)

x - A2 (A7 3a2 .
<_ ><>_2<Z>+4_Z_ == +00Y,
(x-x)—2<k—2>+2-&-2—ﬁ+0(k4)

- 8 4] 8 ’

x x\ A2 _k_2_kz 4
<XX>_2<§>+4_Z_ =5+ 009,
< [ x]\ _ A2 _)»_2_)»2 .

(L]L]}—z(g)ﬂ_; =g o)

where the notation is analogous to that in Eq. (A10). For
example, (X X )= (Q(A)|A§A§/|Q(A)), where s and s’ are
any two nearest-neighbor stars. If the boundary d A consists of
n closed loops with a combined length L and a total number
of K corners that are sufficiently far away from each other, the
Rényi entropy is given by

2
S§A=(L—n)—1og2<1+L<x x)2+K<>_( X>

2
N

1 [L., 63L+27K
—(L—n)— — | =22+ 22T R4 1 008 |
(L=m) ln2|:4 T e + 0 )]
(A13)

The perturbative corrections are linearly proportional to either
L or K, and they are independent of 7.

Now we consider a Wilson loop for a square region R
with boundary length L = 4D and corner number K = 4.
According to Eq. (4), the Wilson loop is Wz =1 for the
unperturbed ground state |0) because AZ = +1 for all 5. The
structure of the perturbed ground state |€2(1)) in Eq. (A10)
shows that W can only be —1 instead of +1 if an odd number
of excitations are inside R. Taking into account all possibilities
up to fourth order in A, the Wilson loop becomes

B A (N2 = 15337 A2\’
WR—]_Z{L[Z_6—4] +(2L—K)(Z)

+2L s 2+K 2\’
8 8

A2\ ?
2
L+ LN —L—6)<E) }
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X
X X XX XX
X X XX X
: * : XXX é o @
X Xee XX X
X X X XX
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X
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X || %
H [ I H
x|lx|
-0 - p ) :
X
— | X —
x| Ko XX X || %X IR
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x| i XXX X || %-x x || x || x
s L

FIG. 7. Equivalence classes for the relative positions of the star
excitations (x) at the level of the third corrections (at order A°).

L L L* 3
=1-=-A—(Z-=-"")r+00°
8 (2 128 3 ) +0G%
L2 o000+ k22 4 o0
=exp{—L|—+ — — .
P g ' 2 2

(Al4)

The perturbative corrections inside the exponential are linearly
proportional to either L or K.

The expressions in Eqs. (A13) and (A14) give the first two
corrections to Sg 4 and Wg. With the aid of a computer, the third
corrections proportional to A% can be found in a similar manner.
In this case, the state |€2(1)) must be properly normalized up
to sixth order in A, and one needs to consider all the relative
excitation positions shown in Fig. 7. Without including the
detailed calculations, the final results for the Rényi entropy
and the Wilson loop are

S — (L —m) L A2 N 6324 N 5036 L 008
= - n)— —— | —
2 In2 | 4 64 96
K [272% 7378
- = ond |, Al5
1n2|:64+256+()] (ALS)
W L » + a + 769727 +00.%)
=expy — — + =
R = exp g "2 " 3072
K 3w + 8927 + 01 (A16)
32 128 :

The features noticed after the first two corrections remain intact
after the third corrections as well.

2. PCUT calculation at large magnetic field
When considering Eq. (24) in the 4 = A~! « 1 limit, the
PCUT procedure is entirely analogous to the one described in
Appendix Al. The elementary excitations of the unperturbed
Hamiltonian with p = 0 are flips of physical spins ¢ with
an energy cost of 2 for each. The perturbed Hamiltonian with
w > 0 can be written as

H=20+Tu+Tou+To+T,+T4 (A7)
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where the respective terms take the explicit forms
A 1
— _AZ
0= 5 Z (1-67).
At
-n 2 Il

s *x es

A (A18)
1,

The sum in £ contains all inequivalent products of the four
6 operators in which the number of the 6," factors is 2 — n/2
and that of the ;™ factors is 2 + n /2. Applying the PCUT with
A = Toa() + Tio(l) — Too(l) — T_4(D) up to fourth order,
we find that the perturbed ground state which is properly
normalized up to u* is given by

N?u? 62N%\ ut
+ [N = [ )
128 9 ) 32768

+[%_<N2_§) 1524]2 O:O>

N?_
|:o oi||:o oj|>, (A19)

where the equivalent states are labeled by the relative positions
of the spin excitations (o) in them [cf. Eq. (A10)].

We now consider a subsystem with a boundary d0A
containing L spins and L stars acting on these spins. The total
number of corners is K as above. The diagonal elements of
the density matrix py4 can be obtained directly in the basis of
the physical spins ;. The element corresponding to o = +1
for all L spins (no star excitations on the boundary) is

N2 v 62N2 wt 2
128 9 32768

vt (o 2) 2
8 3) 1024

2
2 J— _2
+(@2N%-3L) <48>

12(0)) = [1 -

1
L(N4=5N?)

(Laa)oo = |:1 -

1 w? 2
+§[N4—N2(2L+5)+(L2+7L)]< >

64
L 5L L?
— 1 - 2 _ - 4 0 6 ,
o4 " <8192 8192) W OWh
(A20)
while the one corresponding to o° = —1 for any two neigh-

boring spins and o = +1 for the remaining L — 2 spins (one
star excitation on the boundary) is

2 2
(a1l = [%] =Ly o).

= (A21)

Note that there are L ways of choosing two neighboring spins
from dA. Since the contribution of the remaining diagonal
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FIG. 8. Equivalence classes for the relative positions of the spin
excitations (o) at the level of the third corrections (at order ).

elements is O(u®) to the Rényi entropy, we find that
Tr[554] = (Paadoo + L(paa)iy

S -y L L Y+ o)
B 1024~ 2048 J* s

(A22)
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and the Rényi entropy takes the form

siv= Ly Lot o (A23)
2 Tz m” Troa T

The perturbative corrections are again linearly proportional

to the boundary length L. Furthermore, there are no terms

proportional to K in the first two corrections determined

here.

With the aid of a computer, the third correction to S34 can
be calculated in a similar manner. In this case, the state [2(1))
must be properly normalized up to sixth order in u, and one
needs to consider all the relative excitation positions shown in
Fig. 8. Without including the detailed calculations, the final
result for the Rényi entropy is

aa L TA72 115,76 s
2 = ﬁ[§ * 022 T 2359206 T O )}
K [Lﬁ + O(N)}. (A24)
In2| 4718592

After the third correction, there is a corner contribution propor-
tional to K, but still no topological contribution proportional
ton.

[1] X.-G. Wen, Quantum Field Theory of Many-Body Systems
(Oxford University Press, Oxford, 2004).
[2] X.-G. Wen, Adv. Phys. 44, 405 (1995); H. L. Stormer, D. C.
Tsui, and A. C. Gossard, Rev. Mod. Phys. 71, S298 (1999).
[3] S. V.Isakov, M. B. Hastings, and R. G. Melko, Nat. Phys. 7, 772
(2011).
[4] A. Y. Kitaev, Ann. Phys. (N.Y.) 303, 2 (2003).
[5] M. H. Freedman, A. Kitaev, and Z. Wang, Commun. Math. Phys.
227,587 (2002); C. Nayak, S. H. Simon, A. Stern, M. Freedman,
and S. Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[6] A. Hamma, R. Ionicioiu, and P. Zanardi, Phys. Lett. A 337, 22
(2005); Phys. Rev. A 71, 022315 (2005).
[7] A. Kitaev and J. Preskill, Phys. Rev. Lett. 96, 110404 (2006);
M. Levin and X.-G. Wen, ibid. 96, 110405 (2006).
[8] S. T. Flammia, A. Hamma, T. L. Hughes, and X.-G. Wen, Phys.
Rev. Lett. 103, 261601 (2009).
[9] 1. H. Kim, Phys. Rev. B 86, 245116 (2012).
[10] X. Chen, Z.-C. Gu, and X.-G. Wen, Phys. Rev. B 82, 155138
(2010).
[11] A.Hammaand D. A. Lidar, Phys. Rev. Lett. 100, 030502 (2008).
[12] A. Hamma, W. Zhang, S. Haas, and D. A. Lidar, Phys. Rev. B
77, 155111 (2008).
[13] L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Rev. Mod. Phys.
80, 517 (2008).
[14] S. Papanikolaou, K. S. Raman, and E. Fradkin, Phys. Rev. B 76,
224421 (2007).
[15] C. Castelnovo and C. Chamon, Phys. Rev. B 77, 054433 (2008).

[16] M. A. Levin and X.-G. Wen, Phys. Rev. B 71, 045110
(2005).

[17] O.Buerschaper and M. Aguado, Phys. Rev. B 80, 155136 (2009).

[18] N. Goldenfeld, Lectures on Phase Transitions and the Renor-
malization Group (Addison-Wesley, New York, 1992).

[19] S. Trebst, P. Werner, M. Troyer, K. Shtengel, and C. Nayak,
Phys. Rev. Lett. 98, 070602 (2007).

[20] S. Dusuel, M. Kamfor, K. P. Schmidt, R. Thomale, and J. Vidal,
Phys. Rev. B 81, 064412 (2010).

[21]J. Yu, S.-P. Kou, and X.-G. Wen, Europhys. Lett. 84, 17004
(2008).

[22] E. Barouch, B. M. McCoy, and M. Dresden, Phys. Rev. A 2,
1075 (1970).

[23] E. Barouch and B. M. McCoy, Phys. Rev. A 3, 786 (1971).

[24] F. Wegner, Ann. Phys. (Leipzig) 3, 77 (1994); S. D. Gtazek and
K. G. Wilson, Phys. Rev. D 48, 5863 (1993); 49, 4214 (1994);
S. Dusuel and J. Vidal, Phys. Rev. B 71, 224420 (2005);
S. Dusuel, M. Kamfor, R. Ords, K. P. Schmidt, and J. Vidal,
Phys. Rev. Lett. 106, 107203 (2011).

[25] Q. Jiang and X.-F. Jiang, Phys. Lett. A 224, 196 (1997);
M. S. L. du Croo de Jongh and J. M. J. van Leeuwen, Phys.
Rev. B 57, 8494 (1998); H. Rieger and N. Kawashima, Eur.
Phys. J. B9, 233 (1999); H. W. J. Bl6te and Y. Deng, Phys. Rev.
E 66, 066110 (2002).

[26] D. I. Tsomokos, A. Hamma, W. Zhang, S. Haas, and R. Fazio,
Phys. Rev. A 80, 060302(R) (2009).

[27] G. B. Halasz and A. Hamma, arXiv:1211.5381.

062330-12


http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/10.1103/RevModPhys.71.S298
http://dx.doi.org/10.1038/nphys2036
http://dx.doi.org/10.1038/nphys2036
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1007/s002200200635
http://dx.doi.org/10.1007/s002200200635
http://dx.doi.org/10.1103/RevModPhys.80.1083
http://dx.doi.org/10.1016/j.physleta.2005.01.060
http://dx.doi.org/10.1016/j.physleta.2005.01.060
http://dx.doi.org/10.1103/PhysRevA.71.022315
http://dx.doi.org/10.1103/PhysRevLett.96.110404
http://dx.doi.org/10.1103/PhysRevLett.96.110405
http://dx.doi.org/10.1103/PhysRevLett.103.261601
http://dx.doi.org/10.1103/PhysRevLett.103.261601
http://dx.doi.org/10.1103/PhysRevB.86.245116
http://dx.doi.org/10.1103/PhysRevB.82.155138
http://dx.doi.org/10.1103/PhysRevB.82.155138
http://dx.doi.org/10.1103/PhysRevLett.100.030502
http://dx.doi.org/10.1103/PhysRevB.77.155111
http://dx.doi.org/10.1103/PhysRevB.77.155111
http://dx.doi.org/10.1103/RevModPhys.80.517
http://dx.doi.org/10.1103/RevModPhys.80.517
http://dx.doi.org/10.1103/PhysRevB.76.224421
http://dx.doi.org/10.1103/PhysRevB.76.224421
http://dx.doi.org/10.1103/PhysRevB.77.054433
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.80.155136
http://dx.doi.org/10.1103/PhysRevLett.98.070602
http://dx.doi.org/10.1103/PhysRevB.81.064412
http://dx.doi.org/10.1209/0295-5075/84/17004
http://dx.doi.org/10.1209/0295-5075/84/17004
http://dx.doi.org/10.1103/PhysRevA.2.1075
http://dx.doi.org/10.1103/PhysRevA.2.1075
http://dx.doi.org/10.1103/PhysRevA.3.786
http://dx.doi.org/10.1002/andp.19945060203
http://dx.doi.org/10.1103/PhysRevD.48.5863
http://dx.doi.org/10.1103/PhysRevD.49.4214
http://dx.doi.org/10.1103/PhysRevB.71.224420
http://dx.doi.org/10.1103/PhysRevLett.106.107203
http://dx.doi.org/10.1016/S0375-9601(96)00800-6
http://dx.doi.org/10.1103/PhysRevB.57.8494
http://dx.doi.org/10.1103/PhysRevB.57.8494
http://dx.doi.org/10.1007/s100510050761
http://dx.doi.org/10.1007/s100510050761
http://dx.doi.org/10.1103/PhysRevE.66.066110
http://dx.doi.org/10.1103/PhysRevE.66.066110
http://dx.doi.org/10.1103/PhysRevA.80.060302
http://arXiv.org/abs/arXiv:1211.5381



