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Non-Hermitian effects of the intrinsic signs
in topologically ordered wavefunctions
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Negative signs in many-body wavefunctions play an important role in quantum mechanics
because interference relies on cancellation between amplitudes of opposite signs. The
ground-state wavefunction of double semion model contains negative signs that cannot be
removed by any local transformation. Here we study the quantum effects of these intrinsic
negative signs. By proposing a generic double semion wavefunction in tensor network
representation, we show that its norm can be mapped to the partition function of a triangular
lattice Ashkin-Teller model with imaginary interactions. We use numerical tensor-network
methods to solve this non-Hermitian model with parity-time symmetry and determine a
global phase diagram. In particular, we find a dense loop phase described by non-unitary
conformal field theory and a parity-time-symmetry breaking phase characterized by the zeros
of the partition function. Therefore, our work establishes a connection between the intrinsic
signs in the topological wavefunction and non-unitary phases in the parity-time-symmetric
non-Hermitian statistical model.
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wavefunctions play an important role, as the interference relies

on a cancellation between amplitudes of opposite signs of the
wavefunctions. Recently, topologically ordered phases of matter
with anyonic excitations have attracted considerable attention due
to the potential application of topological quantum computation!~>.
A prototype topologically ordered state is given by the toric code
(TC) model!, and its ground-state wavefunction is an equal weight
superposition of all closed domain-wall loops. A closely related
topologically ordered state is the double semion (DS) model, whose
ground-state wavefunction is a superposition of all closed domain-
wall loops weighted by a 7 phase multiplying the number of closed
loops>0. Due to the presence of such non-local phase factors, low-
energy excitations of the DS phase contain semions with opposite
chirality and bosonic bound states of two semions, in contrast to the
anyonic excitations (charge-vertices, magnetic-fluxes, and their
fermionic bound states) of the TC model. Actually it has been
speculated that the negative signs in the DS wavefunction are
intrinsic and cannot be removed by any local transformation’-$,
making it the first prototype example of a topological ground state
wavefunction with intrinsic signs. However, the norm of the DS
wavefunction is identical to that of TC*10, Therefore, important
open questions arise what physical consequences are caused by
these intrinsic signs and whether unknown anyon condensed
phases are resulted in adjacent to the DS phase.

Meanwhile, it has been shown that non-Hermitian and parity-
time (PT) symmetric quantum systems provide a useful
description of dissipative quantum systems!»12. The fundamental
property of these systems is that an unusual spontaneous PT-
symmetry breaking (PTSB) phase with spectral singularity occurs.
In correlated many-body PT-symmetric systems, an exotic
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Fig. 1 Definition of the double semion model and its loop representation.
a The vertex term A, (green) and plaquette term B, (yellow) of the DS
model, where the black dots are the locations of the physical degrees of
freedom. We have used the Pauli matrices 6%, 6% and defined the operator
g = i(*9)/2 b A typical loop configuration consists of two closed loops (red
lines), where the physical spin-down states ¢ = —1 form closed loops. The
red/black circles represent the physical spin-down/up state, and o is the
quantum number of 2. ¢ The auxiliary spin (blue arrows) configuration
corresponds to the loop (red lines) configuration, where the loops are
regarded as the domain-walls of auxiliary spins. d The auxiliary spins (blue
arrows) s, s, are defined on the sites p, g and the physical spin (black/red
circles) 0,4 is defined between the sites p and g, which satisfy s,5, =0}, 4.
The domain-walls (red lines) are assigned orientations according to the rule
that down/up auxiliary spins are on the left/right. A left-turn/right-turn of
the domain wall is associated with a phase factor e*i¢, where the parameter
a is fixed as el6@ = —1.

universality class of quantum criticality occurs due to the pre-
sence of negative/complex Boltzmann weights!3. In statistical
mechanics, a well-known example is the Yang-Lee edge
singularity!41°, where an imaginary magnetic field in the high-
temperature Ising model was demonstrated to trigger an exotic
phase transition described by non-unitary conformal field
theory (CFT).

In this work, we attempt to establish a connection between the
intrinsic sign problem in the topological wavefunction and the PT-
symmetric statistical model with negative Boltzmann weights, and
provide insight into the quantum effects of the intrinsic signs. By
proposing a generic DS wavefunction with two distinct tuning
parameters for a two-dimensional hexagonal lattice model, we
explore the possible topological phase transitions out of the DS phase.
In the tensor network representation, we express the non-local phase
factors in the DS wavefunction in terms of auxiliary spins on the dual
triangular lattice. By integrating out the physical degrees of freedom,
we map this wavefunction norm to the partition function of a two-
dimensional triangular lattice Ashkin-Teller model with imaginary
magnetic fields and imaginary three-spin triangular face interactions.
To solve this PT-symmetric statistical model with negative Boltz-
mann weights, we employ the corner-transfer-matrix renormaliza-
tion group (CTMRG) tensor-network method!¢-19. A global phase
diagram is fully determined. Adjacent to the DS phase, we find a
gapped dilute loop phase with condensed bosonic anyons, a gapless
dense loop phase described by a non-unitary CFT, and a PTSB phase
characterized by the zeros of the partition function in the thermo-
dynamic limit. The PTSB transitions described by exceptional
points?® are continuous, which have no Hermitian critical counter-
parts. In this sense, the derived phase diagram for the DS phase is
distinctly different from that for the TC phase. Further, the properties
of the emerged PTSB phase cannot be reproduced by the partition
function with positive Boltzmann weights. Although no dissipation is
involved, the intrinsic sign problem in the topological wavefunction is
thus closely connected with non-unitary phases in a non-Hermitian
PT-symmetric statistical model.

Results

The DS tensor-network wavefunction. The DS model is defined
by the following Hamiltonian which acts on quantum spin-1/2
operators living on the edges of a two-dimensional hexagonal

lattice3
Hps==> 4,~ ) B, (1)
v P

Here the vertex term A, and the plaquette term B, shown in
Fig. 1a are given by

Av _ H O’i, BP _ H 0;}; H i(1+of)/2’ (2)

keE(v) keE(p) jeg(p)

where E(v) is the set of edges around a vertex v, E(p) is the set of

inner edges and E(p) is the set of outer edges around a hexagon p.
Operator A, = —1 is associated to a semion or anti-semion
excitation, while operator B,= —1 is a bosonic excitation of a
semion-antisemion pair. When all vertex terms A, = +1 restrict
the Hilbert space of states to the zero-flux subspace, the ground
state of the Hamiltonian is stabilized by B, =1 for all plaquettes:

B
) Ime, (3)

(
o) = [[—5>
'

where |T) is the eigenvector of o with eigenvalue 6= +1, and N
is the total number of spins. Actually, the loop representation
provides a very intuitive way to understand this wavefunction, in
which 0= —1 and 0= +1 states are interpreted as the presence
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or absence of loops on the edges, as shown in Fig. 1b. Expanding
this product, we have the ground state as a superposition of all
closed-loop configurations with alternative signs>©

o) = > (-D*1), @
{£}

where #L£ is the number of contractible closed loops in the
configuration L.

Moreover, it is very useful to express the DS wavefunction in
terms of tensor-network state (TNS)2!. The loops can be regarded
as the domain-walls of local auxiliary Ising spins, which form a
dual triangular lattice, as shown in Fig. 1c. These auxiliary Ising
spins contain the crucial information about anyonic

excitations2223, Importantly, when the domain-walls of the Ising
paramagnet are assigned orientations according to the rule
displayed in Fig. 1d, the non-local signs in the wavefunction can
be locally expressed in terms of these auxiliary Ising spins. In the
hexagonal lattice, the difference between the left/right-turnings
for a closed contractible orientated loop must be six, so we have
el = —1. Then the many-body entangled state between the
physical spins and auxiliary spins is given by

T\ i%(s, +5,+5,—35,5,5; 1+ SPS‘IUP‘I

#) = [J e [I—2 ), ). o)

(par) (pa)

where (pg) denotes the nearest-neighbor dual lattice sites, (pqr)
stands for the minimal triangular faces. The DS tensor-network
wavefunction is obtained by summing over all the auxiliary spins:
[¥o) = 31 (s¥).

The above DS wavefunction is just the fixed-point wavefunc-
tion with zero correlation length. To study the phase transitions
out of the DS phase, we need a generically deformed DS
wavefunction with tuning parameters, and we can employ the
wavefunction approach to reveal its essential physics. When
subjected to two different magnetic fields 4/, and k., the DS model
with the additional Zeeman terms are no longer exactly solvable.
If these additional terms are treated perturbably, the ground-state
wavefunction is obtained

¥ (1)

X"z

— |14~ Z(qu+2h’z;q) ). (6)

When the wavefunction corrections are expressed as the
operator product with the modified magnetic field parameters, we

have
Wi h)) = [I[1+ (hos, + i ) I¥0), )
(pq)

which can be regarded as a generic DS wavefunction in an
expanded parameter space. Actually, the similar deformation has
been used to express the generic TC wavefunction?3-2> and
Fibonacci quantum-net wavefunction®. For convenience, we
define h, = hcos0 and h, = hsin 6, where h expresses the loop
tension and 6 is the spin angle. When h — 1, the deformation
filters out the spin-polarized trivial state. It should be emphasized
that this generic wavefunction still has a local parent Hamilto-
nian. The possible continuous quantum phase transitions of such
a Hamiltonian are characterized by the so-called conformal
quantum critical theories2”28, where all equal-time correlators of
local operators are described by two-dimensional CFT.

Mapping to the parity-time-symmetric statistical model. To
study the possible topological phase transitions out of the DS
phase, the norm of the deformed DS wavefunction is considered.
By summing over the physical degrees of freedom, a double-layer

tensor network is obtained

(P(h,0)[¥(h,0)) = exp[-H (8)

{s:t}

and can be regarded as a partition function of a statistical model:
H= Z[ 5950 T toty) + TusyStot, +]0}

)
%Z(spsqs ttat,),

prair)s
(pqr)

where s, and #, are the auxiliary Ising spins in the ket and the bra
layers, the 2-spin and 4-spin couplings are given by

1. 1+Hh —2hsinb

e

2 p !

») +

S o T 1 2hsing’ (10)
J = llog 4h*cos?6
4 ° 1+ h* + 2k cos20’
and the parameter a has been fixed as ei® = —1. This is a two-

dimensional triangular lattice Ashkin-Teller model with ima-
ginary magnetic fields and imaginary three-spin triangular face
interactions. The imaginary terms of Eq. (9) originated from the
negative signs in the DS wavefunction, and this statistical model
is PT-symmetric, i.e., invariant under the combined operation of
parity symmetry P (s, — —s, and t,— —t,) and time-reversal
symmetry T (i — —i). This PT-symmetry ensures that all eigen-
values of the transfer matrix operator of the partition function are
either real or complex conjugate pairs®°.

Since this model has the symmetry h,— —h,, the tuning
parameters are limited to 0<h<1 and —n/2<0<n/2 in the
following. In general, this model cannot be solved analytically
except the following two special limits:

1. When h, =0, we have J; — oo, the Ising spins in two layers
are locked together, and the imaginary terms vanish, leading to an
inter-layer partial order (st) =+1. The norm of the DS and TC
wavefunctions become identical®!? and Eq. (9) is reduced to a
two-dimensional  triangular lattice Ising model: H =
—le(pq)Tprq with J = 1log th For h,> 0, it is known that a
ferromagnetic critical point3¥ exists at h, = (314-1)/314 +1)
and denoted by H. This critical point separates the intra-layer
ferromagnetic phase and intra-layer paramagnetic phase, corre-
sponding to the dilute loop phase and the DS phase, respectively.
For the antiferromagnetic coupling h, <0, however, there is no
phase transition up to the multicritical point (h, = —1) due to the
presence of spin frustration3L.

2. When h=1 and —n/2<6<n/2, the inter-layer coupling
J4=0 reduces the model Eq. (9) to two decoupled single-layer

Ising spin models
2
(par)

3a 3a
Hs = ]ZSqu —T;SP +T
with J = llog 1 +§$g In the loop representation, the partition
function of H is just the single-layer O(n = —1) loop model:
Zo=23 ele(-1)", (12)
{£}
where [, is the combined length of the closed contractible loops.

By mapping Eq. (11) to the antiferromagnetic Potts model, two
exactly solvable critical points (A and E) were found32-34, The
point A (e? = /2 — /3) is characterized by a non-unitary CFT
with a central charge c = —3/5 or an effective central charge cx =

3/5. Meanwhile, the point E (¢ = /2 + v/3) corresponds to the
fixed point of the dense loop phase3®, which is described by a

(11)
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Fig. 2 Local tensors and transfer matrix operator of the double
tensor-networkstate (TNS). a The TNS of the generic double semion
wavefunction. The large blue circles denote the auxiliary spins s,, small
circles are the physical spins o), 4, and the yellow dashed box shows the unit
cell. b The local double-line tensor Q on the square lattice is obtained by
contracting two local tensors on the hexagonal lattice. The local double-
layer tensor Q consists of two layers, where s and t denote the auxiliary
spins in ket and bra layers, and ¢ is the physical degrees of freedom. € The
one-dimensional column-to-column transfer matrix operator T" of the
double-layer tensor network.

non-unitary CFT with a central charge ¢=—7 or an effective
central charge ¢+ = 1. However, when the two-spin coupling J is
very small, the imaginary terms in Eq. (11) become dominate,
yielding zeros of the partition function. Namely, the weights for
different configurations in the partition function exactly cancel
and the free energy is no longer continuous. In the following, we
will employ the tensor-network numerical methods and find
another phase transition point L at ¥/ = 1.18. Further, the zeros of
the partition function are actually distributed in a region

V2 —1/3<e”<1.18, forming a non-unitary spontaneously
PTSB phase.

Tensor-network numerical calculations. To establish the global
phase diagram of the generic DS wavefunction, we will apply the
numerical CTMRG method!6-1° to the PT-symmetric statistical
model Eq. (9) with negative Boltzmann weights. In order to
obtain the local tensors of TNS, each auxiliary spin s, is repre-
sented by a circle in Fig. 2a, and then the generic wavefunction is
expressed as a double-line TNS, whose local tensors are defined
on the vertices of the hexagonal lattice. For convenience, we
transform the hexagonal lattice into the square lattice by com-
bining two local tensors with nearest-neighbor triangle faces into
one local tensor Q. Contracting the physical indices of Q and Q"
leads to the local double-layer tensor () shown in Fig. 2b, and the
wavefunction norm is expressed by

Z= tTr( ® Q) = Tr(T%), (13)

vertex

where “tTr” denotes the tensor contraction over all auxiliary
indices, T is the column-to-column transfer matrix operator
displayed in Fig. 2¢, and L, is the number of columns. To
determine the phase diagram, we need to calculate the dominant
eigenvalues of transfer operator T, which contains the crucial
information about the phase transitions. Since the spectrum can
be complex, we sort the eigenvalues according to their moduli.

As a comparison, we first calculate the phase diagram for the
generic TC wavefunction. Since the imaginary terms are absent,
Eq. (9) reduces to the two-dimensional Ashkin-Teller model on a
triangular lattice, and the transfer operator is Hermitian. So the
powerful variational uniform matrix-product-state (VUMPS)
method!%-36:37 can be applied. In Fig. 3a, we show the correlation
length & as a function of h, along the h,=0.1 cut, and a sharp
peak appears at h,=0.1378, indicating a continuous phase
transition from the inter-layer partial ordered phase ((s) = (t) =
0, (st) #0) to the ferromagnetic phase ({(s) # 0, (t) # 0). In Fig. 3b,
& along the h, = —0.1 cut is displayed, and a sharp peak around

750 500
a D
600 —=120 400/
450 20 a0
w 80,
300 200/
150 100
0 0 0
0126 0138 0150 030 032 034 0453 0459 0.465
hl h‘er hf’:

Fig. 3 Correlation length for the generic toric code wavefunction. The
correlation length & for different bond dimensions D along the a h, = 0.1 cut;
b h,=—0.1 cut; and ¢ h,=0.7—h, cut.

Confini

K

Toric code

Dilute loop

0 1

Fig. 4 Global phase diagrams of the generic toric code (TC) and double
semion (DS) wavefunctions. a The phase diagram of the generic TC
wavefunction with two tuning parameters h, and h,. The Higgs phase and
confining phase correspond to charge and magnetic anyon condensed phases,
respectively. Capital letters (black dots) indicate critical/transition points,
where point J is a tricritical point, and others are the phase transition points.
The phase transition lines JH and JKF belong to the two-dimensional Ising
universality class, and the line IJ is characterized by the Kosterlitz-Thouless
transition. b The phase diagram of the generic DS wavefunction with two
tuning parameters h, and h,. Adjacent to the DS phase, there exist a gapped
dilute loop phase, a gapless dense loop phase, and a spontaneously party-
time-symmetry breaking (PTSB) phase. The diagram is characterized by
different critical points in the h,—h, plane, where the point E is the fixed point
of the dense loop phase, the points B and C are two tricritical points, and
others are phase transition points. The phase transition line BH is described by
the two-dimensional Ising universality class. The phase transition lines AB, BC,
and CF are described by non-unitary conformal field theories, while the line CL
is a discontinuous phase transition.

h, =0.3196 represents a continuous phase transition from the
partial ordered phase to the paramagnetic phase ({s)= ()=
(st) = 0). Moreover, in Fig. 3¢, a less sharper peak appears at h, =
0.4590 along the h, = 0.7—h, cut, implying the phase transition
from the ferromagnetic phase to the paramagnetic phase.

It has been proved that?3 the partial ordered phase, ferromagnetic
phase, and paramagnetic phase of the Ashkin-Teller model
correspond to the TC phase, Higgs phase, and confining phase,
respectively. So a global phase diagram can be derived as displayed
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Fig. 5 The numerical results of the generic double semion wavefunction.
The correlation length ¢ for different bond dimensions D along the a h, =
0.5 cut and b h,-axis, where h, and h, are two tuning magnetic field
parameters. ¢ The free energy f = —log(|A4|) (red line) from the leading
eigenvalue o and the arguments arg(};) (blue lines) of three dominant
eigenvalues J; of the transfer matrix operator along the circle h=0.85,
where h is the loop tension and @ is the spin angle. d The finite scaling of the
entanglement entropy S versus the correlation length & at the point

(hy, h,) = (0.5, —0.8) inside the dense loop phase. The blue line is S =
(c,/6)log & + Sy with the estimated effective central charge ¢ ~2.00,
where Sg is a non-universal constant. The red dots are the numerical data.
e At the point (h,, h,) = (0.500, —0.470) on the phase transition line CF in
the phase diagram Fig. 4b between the double semion phase and the dense
loop phase, the estimated effective central charge is ¢-~1.01.

log &

in Fig. 4a. The TC phase is enclosed by the Higgs and confining
phases, corresponding to the electric and magnetic anyon
condensed phases, respectively. Both condensed phases are gapped,
and there is a critical line IJ between them, characterized by the
Kosterlitz—-Thouless transition. Meanwhile, the critical lines JH and
JKF belong to the two-dimensional Ising universality class. The
points I and J can be exactly determined as (h,, h,) = (v/3/2,1/2)
and (h,, h,) = (2/5, 1/5), because the first corresponds to the critical
point of two-decoupled Ising models (J, = 0) and the second to the
critical point of a four-state Potts model (J = J,).

To establish the corresponding phase diagram of the generic
DS wavefunction displayed in Fig. 4b, we have to employ the
CTMRG method because the transfer matrix operator is non-
Hermitian. The correlation length and the dominant eigenvalues
are calculated and shown in Fig. 5a-c to determine the phase
boundaries. The associated critical properties are deduced by
estimating the central charges (Fig. 5d, e). In Fig. 5a, the
correlation length is shown as a function of /, along the cut h, =
0.5. As h, decreasing from unity, a sharp peak first appears at
h,=0.271, indicating a continuous phase transition from the
dilute loop phase to the DS phase. The peak positions are nearly
the same as various bond dimensions. When h, is further
decreased, a hump appears around h,=~ —0.470 and gradually
becomes a peak with increasing bond dimension. After this
hump, the model enters into a dense loop phase. By fitting the
scaling relation of the entanglement entropy®® at the point
(hy h,) = (0.5, —0.8) inside the dense loop phase, we estimate an
effective central charge cx = 2.00 as shown in Fig. 5d. Considering
that the exactly fixed point E is inside this region and is described
by the non-unitary CFT with a central charge ¢ = —7 x 2, we can
conclude that the gapless dense loop phase is characterized by the
non-unitary CFT with an effective central charge cx = 2.

Moreover, the correlation length ¢ is also calculated along the
h,-axis and shown in Fig. 5b. As h, is increased, a peak appears

around h, =0.785 and is enhanced by larger bond dimensions.
For h,>0.785, the system enters into a special phase, where the
largest eigenvalues of the transfer matrix are given by a complex
conjugate pair and the resulting many-body phase spontaneously
breaks the PT-symmetry!113. To clearly see the PTSB phase,
several leading eigenvalues of the transfer matrix along the circle
line & = 0.85 are displayed in Fig. 5c. For 6> 0.197, the model is
in the gapped dilute loop phase, in which the dominant
eigenvalues of the transfer matrix are real and positive. At 6=
0.197, the arguments of the leading eigenvalues reveal an
exceptional point, where the corresponding eigenvectors coalesce.
After this exceptional point, the arguments of a pair of complex
dominate eigenvalues vary continuously in the PTSB phase.
Moreover, the absolute value of the leading eigenvalue (red line)
shows a cusp at 6= —0.077 between the PTSB phase and dense
loop phase, indicating a discontinuous change of the free energy.
For < —0.077, the dominate eigenvalue becomes real in the
dense loop phase and the arguments of the second and third
largest eigenvalues become +27/3, which are related to the
momenta carried by the corresponding eigenvectors.

With these numerical results, a global phase diagram of the
generic DS wavefunction can be fully established. From our
numerical results, the CF line describes a continuous phase
transition without any symmetry changes, while the BC line is a
continuous phase transition with spontaneous PTSB. But both
phase transitions are characterized by a non-unitary CFT with an
effective central charge ¢« = 1.01, and one of the fitting is displayed
Fig. 5e. The corresponding central charge may correspond to the
¢ = —2 non-unitary CFT. Meanwhile, the phase transition line AB
is described by the same non-unitary CFT with the central charge
¢ = —6/5 as the critical point A, and the line BH is the same as the
two-dimensional Ising phase transition. More importantly, it should
be mentioned that the continuous PTSB transitions are composed
of the exceptional points, where the corresponding leading
eigenvectors coalesce. On the other hand, the zeros of the partition
function are distributed along the line AL, and the transition line CL
corresponds to discontinuous ones.

Discussion
It should be emphasized that, the three non-topological phases
adjacent to the DS phase in Fig. 4b are associated with the physics
of two decoupled two-dimensional triangular lattice Ising spin
model Eq. (11). On the decoupled line h = 1, the single-layer spin
model allows us to perform exact diagonalization on a larger
lattice size. For the two-column transfer operator TTt with a
periodic boundary condition, the arguments of the eigenvalues
related to the lattice momenta vanish. As shown in Fig. 6a, the
absolute values of the eigenvalue spectrum reveal a discontinuous
phase transition point L at (6 =~ —0.057), where many eigenvalues
of the transfer matrix cross and the partition function changes
sign. In Fig. 6b, the arguments of the eigenvalue spectrum have
clearly demonstrated the presence of the exceptional points at A
and E, where the spectra become completely real. This is not
surprising because the exactly solvable non-Hermitian PT-sym-
metric models described by non-unitary CFTs always have the
entire real spectra3®. Since the transfer matrix cannot be trans-
formed into a Hermitian operator, the nature of the critical points
A and E is non-Hermitian and non-unitary. Although both A and
E are exceptional points, there is an essential difference: the
dominant eigenvectors coalesce at the point A, while the coales-
cing eigenvectors at point E are not the dominant ones. And the
logarithms of moduli of the eigenvalues cross at both the points L
and A, which are two boundary points of the PTSB phases.
Compared to the phase diagram of the TC phase, distinct physics
is introduced by the intrinsic signs in the DS wavefunction. Since the
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Fig. 6 The spectrum of the two-column transfer operator TT! for the
single layer spin model. With the periodic boundary condition, we
calculate the spectrum of the single layer spin model with the
circumference L, =12, where /; is the (j + 1)th dominant eigenvalue and 6 is
the spin angle. a The red lines represent —log (|/\j/)to|), where each red line
corresponds to an eigenvalue, and the spectrum becomes nearly
continuous in the filled areas. The black dashed lines correspond to the
phase transition points L and A in the phase diagram Fig. 4b. b The blue
dots are the arguments of the spectrum arg(};) that become nearly
continuous in the filled areas. The vertical dashed lines indicate two exactly
solvable points E and A in the phase diagram Fig. 4b.

bosonic anyon excitations of the DS phase are related to the charge
anyons of the TC phase, the gapped dilute loop phase corresponds to
the Higgs phase, while the dense loop phase corresponds to the
confining phase even though it is a gapless phase and described by a
non-unitary CFT. But the PTSB phase is an emerging non-unitary
phase, where the auxiliary Ising spins oscillate spatially and the pairs
of the bosonic anyons condense. This emerging phase may be caused
by the breakdown of Mermin-Wagner theorem, which usually for-
bids spontaneous breaking of continuous symmetries in dimensions
d<2. However, when the unitarity is broken in statistical systems
with negative Boltzmann weights, the Mermin-Wagner theorem is
no longer valid. The properties of the PTSB phase deserves further
investigation. Moreover, there is a logarithmic attraction between the
charge anyons along the transition line IJ because of its unitary CFT
description, while along the transition line AB of the DS there is
logarithmic repulsion between the pairs of bosonic anyons due to the
negative scaling dimensions of the auxiliary spins from the non-
unitary CFT. It should be noticed that both topological phase tran-
sitions out of the DS phase into the dense loop phase or the PTSB
phase are non-unitary, while the phase transition into the dilute loop
phase is still unitary. And the phase transition between the PTSB
phase and the dilute loop phase is also non-unitary.

In summary, the quantum effects of the negative signs in a
generic DS wavefunction have been explored using tensor net-
work representation. The norm of this wavefunction is mapped to
the partition function of a two-dimensional triangular lattice
Ashkin-Teller model with imaginary magnetic fields and ima-
ginary three-spin triangular face interactions. Using the CTMRG
method, the global phase diagram has been fully established.
Adjacent to the DS topological phase, we found a gapped dilute
loop phase, a gapless dense loop phase described by non-unitary
CFT, and a PTSB phase filled with zeros of the partition function
in the thermodynamic limit. So our study has proved that the
negative signs in the topological DS wavefunction are intrinsic
and deeply connected to the negative Boltzmann weights of a PT-
symmetric statistical model, shedding light on the understanding
of topologically ordered phases of matter. Further, the intrinsic
sign of a topologically ordered wavefunction can be understood as
an obstruction to mapping a quantum topologically many-body
state to a classical partition function. In two dimensions, there is a
broad class of topologically ordered phases suffering such a sign
problem, including twisted quantum doubles and even more
generic string-net models*). The DS state is the first prototype
one, and the similar investigations can be carried out to identify
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Fig. 7 Main procedures of the numerical tensor-network methods. a In
the variational uniform matrix-product-state (VUMPS) algorithm, the
environment (light blue background) of an infinite tensor network is
approximated by the infinite matrix-product-state (iMPS), which consists of
local tensors (light blue squares) with a bond dimension D. The iMPS is
optimized by maximizing the tensor network with the variational method.
b The eigen-equation T|j> = A;lj> of the column-to-column transfer
operator T is approximated by the local tensors, where the green box is the
eigenvector |j> with the (j4 Dth largest eigenvalue ;. ¢ In the corner-
transfer-matrix renormalization group (CTMRG) algorithm, the
environment (light blue background) of an infinite tensor network is
approximated by the edge fixed point tensors (light blue squares) and
corner fixed point tensors (light blue snip single corner squares) with a
bond dimension D. d The eigen-equation T2|j> = Alj> of the column-to-
column transfer operator T?is approximated by the edge tensors and local
double tensors. e The tensor network representation of the reduced density
matrix p in the CTMRG algorithm, where Z is the normalization factor. The
red dashed line emphasizes that the up/down cut bonds are regarded as
the row/column of the reduced density matrix.

novel correlated many-body phases of matter with inherent
quantum nature, whose physical properties cannot be reproduced
by a partition function with positive Boltzmann weights.

Methods

The phase diagrams in Fig. 4 are determined from numerical tensor-network
methods. The key challenge in the numerical tensor-network method is the con-
traction of the tensor network generated by ). In general, the contraction of an
infinitely large tensor network is implemented by finding the approximate envir-
onments with controllable errors. In our numerical calculation, we use the infinite
matrix product state (iMPS) to approximate the environment for Hermitian sys-
tem, and their main procedures are summarized in Fig. 7a, b. For a non-Hermitian
system, the corner transfer matrix (CTM) is used to approximate the environment
and their main ideas are explained in Fig. 7c-e.

The transfer matrix operator for the norm of the generic TC wavefunction is a
Hermitian operator, so we can calculate its environments using iMPS with bond
dimension D and optimize the iMPS using the VUMPS algorithm!®3637 in Fig. 7a.
The (j + 1)th dominant eigenvalue A; of the column-to-column transfer operator
can be calculated from the local tensors of iMPS, as shown in Fig. 7b. Then the
correlation length & can be obtained: £ = —1/log (|, /A,]).

Since the transfer matrix operator for the norm of the generic DS wavefunction
is non-Hermitian, its environments cannot be worked out using variational
method. Instead, we solve the partition function using the CTM method, and the
environment is approximated using edge tensors and corner tensors with bond
dimension D. These tensors can be optimized using the CTMRG algorithm!6-19 in
Fig. 7c. The correlation length can also be calculated, and the (j + 1)th dominant
eigenvalue A, is defined in Fig. 7d. The entanglement entropy S can be obtained by
§ = —Tr(plogp), where the reduced density matrix p is defined in Fig. 7e.

We should emphasize that the CTMRG calculations do not converge when all
dominant eigenvalues are complex. However, due to the double layer structure of
the partition function, it can be derived that the most dominant eigenvalue of the
double layer transfer operator is always real and positive. In the PTSB phase,
the single layer transfer operator has a pair of dominant eigenvalues [A|e*’®, but
the equal moduli dominant eigenvalues of the corresponding double-layer transfer
operator are given by |[A|? and |A|2e*2$, where |A|? has two-fold degenerate. When
the couplings between two layers are turned on, there are small splits between the
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moduli of these dominant eigenvalues, leading to one positive dominant eigen-
value. Thus the CTMRG calculations can slowly converge in the PTSB phase.

Data availability
The data that support the findings of this study are available from the corresponding
author on request.

Received: 20 July 2020; Accepted: 21 October 2020;
Published online: 13 November 2020

References

1. Kitaev, A. Y. Fault-tolerant quantum computation by anyons. Ann. Phys. 303,
2-30 (2003).

2. Freedman, M. H. A magnetic model with a possible Chern-Simons phase.
Commun. Math. Phys. 234, 129-183 (2003).

3. Levin, M. A. & Wen, X. G. String-net condensation: a physical mechanism for
topological phases. Phys. Rev. B 71, 045110 (2005).

4. Kitaev, A. Anyons in an exactly solved model and beyond. Ann. Phys. 321,
2-111 (2006).

5. Nayak, C, Simon, S. H., Stern, A., Freedman, M. & DasSarma, S. Non-abelian
anyons and topological quantum computation. Rev. Mod. Phys. 80, 1083-1159
(2008).

6. Levin, M. & Gu, Z. C. Braiding statistics approach to symmetry-protected
topological phases. Phys. Rev. B 86, 115109 (2012).

7. Hastings, M. B. How quantum are non-negative wavefunctions? J. Math. Phys.
57, 015210 (2016).

8. Freedman, M. H. & Hastings, M. B. Double semions in arbitrary dimension.
Commun. Math. Phys. 347, 389-419 (2016).

9. Huang, C. Y. & Wei, T. C. Detecting and identifying two-dimensional
symmetry-protected topological, symmetry-breaking, and intrinsic topological
phases with modular matrices via tensor-network methods. Phys. Rev. B 93,
155163 (2016).

10. Xu, W. T. & Zhang, G. M. Tensor network state approach to quantum
topological phase transitions and their criticalities of Z, topologically ordered
states. Phys. Rev. B 98, 165115 (2018).

11. Bender, C. M. & Boettcher, S. Real spectra in non-Hermitian Hamiltonians
having PT symmetry. Phys. Rev. Lett. 80, 5243-5246 (1998).

12. Konotop, V. V., Yang, J. & Zezyulin, D. A. Nonlinear waves in PT-symmetric
systems. Rev. Mod. Phys. 88, 035002 (2016).

13. Ashida, Y., Furukawa, S. & Ueda, M. Parity-time-symmetric quantum critical
phenomena. Nat. Commun. 8, 15791 (2017).

14. Fisher, M. E. Yang-Lee edge singularity and ¢? field theory. Phys. Rev. Lett. 40,
1610-1613 (1978).

15. Cardy, J. L. Conformal invariance and the Yang-Lee edge singularity in two
dimensions. Phys. Rev. Lett. 54, 1354-1356 (1985).

16. Nishino, T. & Okunishi, K. Corner transfer matrix renormalization group
method. J. Phys. Soc. Jpn. 65, 891-894 (1996).

17. Orts, R. & Vidal, G. Simulation of two-dimensional quantum systems on an
infinite lattice revisited: corner transfer matrix for tensor contraction. Phys.
Rev. B 80, 094403 (2009).

18. Corboz, P., Rice, T. M. & Troyer, M. Competing states in the t—] model:
uniform d-wave state versus stripe state. Phys. Rev. Lett. 113, 046402 (2014).

19. Fishman, M. T., Vanderstraeten, L., Zauner-Stauber, V., Haegeman, J. &
Verstraete, F. Faster methods for contracting infinite two-dimensional tensor
networks. Phys. Rev. B 98, 235148 (2018).

20. Lee, T. E. & Chan, C. K. Heralded magnetism in non-Hermitian atomic
systems. Phys. Rev. X 4, 041001 (2014).

21. Gu, Z. C, Levin, M., Swingle, B. & Wen, X. G. Tensor-product representations
for string-net condensed states. Phys. Rev. B 79, 085118 (2009).

22. Haegeman, J., Zauner, V., Schuch, N. & Verstraete, F. Shadows of anyons and
the entanglement structure of topological phases. Nat. Commun. 6, 8 (2015).

23. Zhu, G. Y. & Zhang, G. M. Gapless coulomb state emerging from a self-dual
topological tensor-network state. Phys. Rev. Lett. 122, 176401 (2019).

24. Haegeman, J., Van Acoleyen, K., Schuch, N, Cirac, J. I. & Verstraete, F.
Gauging quantum states: from global to local symmetries in many-body
systems. Phys. Rev. X 5, 011024 (2015).

25. Schuch, N, Poilblanc, D, Cirac, J. I. & Perez-Garcia, D. Topological order in
the projected entangled-pair states formalism: transfer operator and boundary
Hamiltonians. Phys. Rev. Lett. 111, 090501 (2013).

26. Xu, W. T., Zhang, Q. & Zhang, G. M. Tensor network approach to phase
transitions of a non-Abelian topological phase. Phys. Rev. Lett. 124, 130603
(2020).

27. Ardonne, E., Fendley, P. & Fradkin, E. Topological order and conformal
quantum critical points. Ann. Phys. 310, 493-551 (2004).

28. Castelnov, C., Trebst, S. & Troyer, M. Topological order and quantum
criticality, in “Understanding Quantum Phase Transitions”, (ed. Carr, L. D.)
168-192, (CRC Press/Taylor and Francis, 2010).

29. Meisinger, P. N. & Ogilvie, M. C. PT symmetry in classical and quantum
statistical mechanics. Philos. Trans. R. Soc. A 371, 20120058 (2012).

30. Kodi, H. & Itiro, S. The statistics of honeycomb and triangular lattice. I. Prog.
Theor. Phys. 5, 177-186 (1950).

31. Blote, H. W. J. & Nightingale, M. P. Antiferromagnetic triangular Ising model:
critical behavior of the ground state. Phys. Rev. B 47, 15046-15059 (1993).

32. Nienhuis, B. Exact critical point and critical exponents of O(n) models in two
dimensions. Phys. Rev. Lett. 49, 1062-1065 (1982).

33. Batchelor, M. T. & Bléte, H. W. J. Conformal anomaly and scaling dimensions
of the O(n) model from an exact solution on the honeycomb lattice. Phys. Rev.
Lett. 61, 138-140 (1988).

34. Batchelor, M. T. & Blote, H. W. J. Conformal invariance and critical behavior
of the O(n) model on the honeycomb lattice. Phys. Rev. B 39, 2391 (1989).

35. Scaffidi, T. & Ringel, Z. Wave functions of symmetry-protected topological
phases from conformal field theories. Phys. Rev. B 93, 115105 (2016).

36. Zauner-Stauber, V., Vanderstraeten, L., Fishman, M. T., Verstraete, F. &
Haegeman, J. Variational optimization algorithms for uniform matrix product
states. Phys. Rev. B 97, 045145 (2018).

37. Vanderstraeten, L., Haegeman, J. & Verstraete, F. Tangent-space methods for
uniform matrix product states. SciPost Phys. Lect. Notes 7, (2019).

38. Pollmann, F., Mukerjee, S., Turner, A. M. & Moore, J. E. Theory of finite
entanglement scaling at one-dimensional quantum critical points. Phys. Rev.
Lett. 102, 255701 (2009).

39. Ardonne, E., Gukelberger, J., Ludwig, A. W. W., Trebst, S. & Troyer, M.
Microscopic models of interacting Yang-Lee anyons. New J. Phys. 13, 045006
(2011).

40. Smith, A., Golan, O. & Ringel, Z. Intrinsic sign problems in topological
quantum field theories. Phys. Rev. Res. 2, 033515 (2020).

Acknowledgements

The authors are indebted to G.Y. Zhu for his earlier collaborations on this project. The
research is supported by the National Key Research and Development Program of MOST
of China (2016YFYA0300300 and 2017YFA0302902).

Author contributions

G.-M.Z. initiated and supervised this project, Q.Z. conducted the derivations and
numerical calculations, W.-T.X. and Z.-Q.W. joined the discussions, and G.-M.Z. wrote
the paper with the helps of Q.Z. and W.-T.X.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42005-
020-00479-y.

Correspondence and requests for materials should be addressed to G.-M.Z.
Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

COMMUNICATIONS PHYSICS | (2020)3:209 | https://doi.org/10.1038/s42005-020-00479-y | www.nature.com/commsphys 7


https://doi.org/10.1038/s42005-020-00479-y
https://doi.org/10.1038/s42005-020-00479-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys
www.nature.com/commsphys

	Non-Hermitian effects of the intrinsic signs in�topologically ordered wavefunctions
	Results
	The DS tensor-network wavefunction
	Mapping to the parity–nobreaktime-symmetric statistical model
	Tensor-network numerical calculations

	Discussion
	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


