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Recently, significant progress has been made in (2 4 1)-dimensional conformal field theories without
supersymmetry. In particular, it was realized that different Lagrangians may be related by hidden dualities;
i.e., seemingly different field theories may actually be identical in the infrared limit. Among all the
proposed dualities, one has attracted particular interest in the field of strongly correlated quantum-matter
systems: the one relating the easy-plane noncompact CP! model (NCCP') and noncompact quantum
electrodynamics (QED) with two flavors (N = 2) of massless two-component Dirac fermions. The easy-
plane NCCP! model is the field theory of the putative deconfined quantum-critical point separating a planar
(XY) antiferromagnet and a dimerized (valence-bond solid) ground state, while N = 2 noncompact QED is
the theory for the transition between a bosonic symmetry-protected topological phase and a trivial Mott
insulator. In this work, we present strong numerical support for the proposed duality. We realize the N = 2
noncompact QED at a critical point of an interacting fermion model on the bilayer honeycomb lattice and
study it using determinant quantum Monte Carlo (QMC) simulations. Using stochastic series expansion
QMC simulations, we study a planar version of the S = 1/2 J-Q spin Hamiltonian (a quantum XY model
with additional multispin couplings) and show that it hosts a continuous transition between the XY magnet
and the valence-bond solid. The duality between the two systems, following from a mapping of their phase
diagrams extending from their respective critical points, is supported by the good agreement between the
critical exponents according to the proposed duality relationships. In the J-Q model, we find both
continuous and first-order transitions, depending on the degree of planar anisotropy, with deconfined
quantum criticality surviving only up to moderate strengths of the anisotropy. This explains previous claims
of no deconfined quantum criticality in planar two-component spin models, which were in the strong-
anisotropy regime, and opens doors to further investigations of the global phase diagram of systems hosting

deconfined quantum-critical points.

DOI: 10.1103/PhysRevX.7.031052

I. INTRODUCTION

A duality in physics is an equivalence of different
mathematical descriptions of a system or a state of matter,
established through a mapping by change of variables. In
classical statistical mechanics, the most famous duality is
the Kramers-Wannier duality of the two-dimensional Ising
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model [1]. Here, the low- and high-temperature expansions
of the partition function can be related to each other by
identifying a one-to-one correspondence between the terms
in the two different series, thus establishing an exact
mapping between the ordered and disordered phases and
the corresponding collective variables. In this case, the
critical point is also a self-duality point. In the 3D Ising
model, one can instead find a different model whose high-
temperature expansion stands in a direct one-to-one
correspondence with the low-temperature expansion of
the Ising gauge model [2,3]. Many other examples of
dualities have been established, e.g., the well-known
equivalence between the 3D O(2) Wilson-Fisher fixed
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point and the 3D Higgs transition with a noncompact U(1)
gauge field [4-7].

In analogy with the Ising examples mentioned above, it
is sometimes possible to transform a quantum field theory
at strong coupling into an equivalent dual theory at weak
coupling. The untractable original problem can then be
solved by means of perturbative methods applied to the
dual theory. Such strong-weak duality (and the more
general “S duality” form) was established in certain super-
symmetric Yang-Mills theories [8§—11] and Abelian gauge
theory without supersymmetry [12-14]. In 1D quantum
systems (i.e., in 1+ 1 space-time dimensions) a well-
known fermion-boson duality is achieved by bosonization
of an interacting fermion system through a nonlocal
transformation [15-19]. Usually, in the bosonized formal-
ism interactions can be more easily treated than in the
original fermion model.

In cases where no formal mapping is known, two
Lagrangians that look different in the ultraviolet may still
flow (under the renormalization group) to the same theory
in the infrared; i.e., these seemingly different field theories
actually represent exactly the same low-energy physics.
Such a duality goes a step beyond the more familiar
concept of universality, by which systems (models or real
materials) with the same dimensionality and global sym-
metries exhibit identical scaling properties at their classical
or quantum-critical points. Such systems share the same
effective critical low-energy field-theory description. For
example, the critical points of the Bose-Hubbard model and
the quantum rotor model are in the same universality class.
A duality transformation usually changes the description of
the system into a form based on nonlocal objects or defects
of the original description. On a practical level, the
existence of a dual field theory means that there is a
nontrivial choice of which description to use, and one of
them (and not necessarily the originally most obvious one)
may pose a more tractable setup for calculations.

Even if no strong-weak transformation exists (or is
known), a difficult or nontractable strong-coupling problem
can sometimes be shown to be dual to a different strong-
coupling problem that is tractable with some specific
computational technique. In particular, the dual problem
may be more easily solvable using powerful numerical
(lattice) methods. This numerical amenability aspect of
dualities has so far not been emphasized in the literature,
but it is apparent in the work we present here. We explore a
recently proposed duality between two different strongly
coupled (2 + 1)D Lagrangians that respectively involve
fermionic and bosonic matter fields coupled with a gauge
field [20-22]. Both theories are of great current interest in
the context of strongly correlated electrons in two dimen-
sions. Our aim here is to identify a duality between the
systems by establishing corresponding lattice models
realizing the two low-energy theories, and one of them,
the bosonic one, has substantially superior scaling

properties of the computational effort (as a function of the
system size) in quantum Monte Carlo (QMC) simulations.
We follow the recent proposal that (2 + 1)D quantum
electrodynamics (QED) with noncompact gauge field and
two flavors of Dirac fermions is dual to the critical point of
the easy-plane NCCP' model (the bosonic QED with two
flavors of complex bosons) [20-22]. On the lattice, we
realize the former with an interacting fermion model with
spin-orbit coupling on the bilayer honeycomb (BH) lattice,
which hosts a quantum phase transition between a
(bosonic) symmetry-protected topological state and a trivial
Mott insulator [23-25]. It was proposed that this transition
is described by N = 2 noncompact QED [26,27]. To realize
the low-energy physics of the NCCP! theory, in this paper
we introduce a planar variant of the spin S =1/2 J-Q
Hamiltonian (a Heisenberg model with additional multispin
couplings [28]), dubbed the easy-plane J-Q (EPJQ) model,
and show that it hosts a deconfined quantum-critical point
[29-31] separating antiferromagnetic (AFM) and dimer-
ized [valence-bond-solid (VBS)] ground states (similar to
the case of the J-Q model with full spin SU(2) symmetry
[32], but with different universality due to the lowered
symmetry). Our QMC results establish the critical-point
universality and duality between the phase diagrams of the
two models. With the EPJQ model being much easier to
study on large scales with QMC simulations than the
fermionic model, the duality that we establish here allows
for detailed studies of the topological transition of the latter,
through the analogue of the deconfined quantum-critical
point. The phase diagrams and dualities we study are
illustrated in Fig. 1.
We summarize our main results and insights as follows.
(1) The EPJQ spin model hosts both deconfined quantum
criticality and a first-order transition between the
easy-plane AFM and VBS states, depending on a
single anisotropy parameter. The existence of decon-
fined quantum criticality in planar two-component
spin models had been seriously questioned in several
works over the years [35-38]. Most recently it was
argued [38], within a 4 — € expansion of the CPV~!
field theory, that a tricritical point separating continu-
ous (for weak anisotropy) and first-order (for strong
anisotropy) phase transitions between the AFM and
VBS phases in Fig. 1 may exist, but only for large N
(and the transitions for smaller N are always first
order). In our model, we find that continuous tran-
sitions are obtained only up to moderate values of the
anisotropy, thus showing that the tricritical point
extends all the way down to the physically most
interesting case of N = 2. The previous works were
all carried out with strongly anisotropic models and
were in the first-order regime.
(2) Within small statistical error bars, our simulations of
the EPJQ and BH models verify the key quantitative
predictions based on the dualities proposed in
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FIG. 1. Schematic phase diagrams of (a) the bilayer honeycomb (BH) model, (b) the easy-plane J — Q3 (EPJQ) model, and (c) the
N =2 QED theory. In (a), the BH model contains two symmetry-breaking phases, the spin-density wave (SDW) and superconducting
(SC) phases, and two symmetric phases, the bosonic symmetry-protected topological (BSPT) and the trivial Mott-insulating phases. In
(b), the EPJQ model also contains two symmetry-breaking phases, the Néel antiferromagnetic (AFM) phase and the valence-bond solid
(VBS) phase, and two spin-polarized phases induced by an external staggered field. In (c), as was shown in Refs. [22,27,33], when
tuning the two masses m and M, the N = 2 QED theory also has two symmetry-breaking (SB) phases and two symmetric (SY) phases,
one of which is the BSPT state. In all models, the four phases merge at the deconfined quantum-critical point. Phases of the same color
can be mapped to each other among the models, following the duality relations proposed in the table on the right-hand side. The double
arrows in (a) and (b) indicate the quantum phase transitions investigated numerically in this paper, with the paths chosen to cross the
respective critical points in the physically most interesting and computationally most tractable way. In (c), recent lattice QED

calculations have focused exclusively on the critical point separating all the phases [34].

Ref. [22]. These dualities had been analyzed from
many perspectives [22] but were discussed at a
purely theoretical level and demand either numerical
or experimental confirmation. Our work provides a
quantitative verification, strongly supporting the
dualities by confirming some of their most
remarkable nontrivial consequences, and thus also
implicitly supporting the more elementary dualities
[39,40] upon which the derivations in Ref. [20-22]
were based.

Building on the tricritical point we identify here
within the EPJQ spin model, our work suggests
other directions in which to expand the web of
dualities, by looking for the analogous point
within extensions of the fermionic field theory
and the BH model.

The paper is organized as follows. In Sec. II, we present
the details of the two field theories and their putative
duality, and in Sec. III, we define the lattice models and the
proposed mappings relating their phase diagrams to each
other. In Secs. IV and V, we present the numerical results
for the EPJQ and BH models, respectively. We conclude
with a brief summary and discussion of the results in
Sec. VI. In Appendix A, we present further technical details
on the analysis of the critical exponents, and in
Appendix B, we compare results for different variants of
the EPJQ model (with different degrees of spin anisotropy).

3

II. CONTINUUM FIELD THEORIES

The bosonic particle-vortex duality we mention in the
Introduction was recently generalized to a model with
fermionic matter [40-48], in the form of a (2 4+ 1)D QED
Lagrangian with a single flavor of a two-component Dirac
fermion and noncompact gauge field, i.e., N =1 QED.

This theory is dual to that of a noninteracting Dirac fermion
in the infrared limit [49]. Based on this N = 1 duality,
Ref. [50] showed that (2 + 1)D QED with noncompact
gauge field and N = 2 flavors of Dirac fermions is self-
dual. This is also a fermionic version of the self-duality of
the easy-plane NCCP' model (which can be regarded as
N = 2 bosonic QED) [29,30,51]. The self-duality of the
N =2 QED Lagrangian was also verified with different
derivations [20,48,52]. Unlike the case of N = 1, there is
no equivalent noninteracting description of (2 + 1)D QED
with N =2, however. Because of its self-duality, N = 2
QED hosts an (emergent) O(4) symmetry in the infrared,
which factorizes into the two independent SU(2) flavor
symmetries on the two sides of the self-dual point.

More recently, based on the previous fermion-boson
duality [39,40], it was argued that N =2 QED is also
dual to the easy-plane NCCP' model at the critical point
[20-22]. These two field theories can be written as

(1a)

(1b)

Loep = ¥y (0 — ia)y + mpy + Moy,
‘CICP = (0 - ib)Z|2 + g|z|4 +rzfz + hzfodz,

where y and z are two-component Dirac fermion and
complex boson fields coupled to noncompact U(1) gauge
fields, a and b, respectively. The duality maps the variables
(m,M) to (h,r). Moreover, both theories in Eq. (1) are
individually self-dual. The putative duality between the two
theories implies that the easy-plane NCCP! model should
also have an emergent O(4) symmetry at its critical point,
which is not immediately obvious in Eq. (1b). The
corresponding O(4) order parameter is

N = (Z'6"z, 276”2, Re[M,)], Im[M,]), (2)
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where M, is the monopole operator (gauge flux annihi-
lation operator) of the gauge field b.

The proposed duality between the two theories in Eq. (1)
leads to very strong predictions for relationships between
their properties. For example, the scaling dimension of m in
N =2 QED should be precisely the same as the scaling
dimension of / in the easy-plane NCCP! at its critical point
r =0, while the scaling dimension of M should be the
same as that of r. Also, as a consequence of these dualities,
i.e., the emergent O(4) symmetry of the two theories, the
four components of N should all have the same scaling
dimension at the critical point.

Although the duality between Eqgs. (1a) and (1b) can be
checked and derived based on various arguments [20-22],
the predictions still need quantitative proofs, either exper-
imentally or numerically. The numerical “simulation” route
is the most direct way to address the mathematical validity
aspects of the dualities, and with this issue settled the
experiments can better focus on the possibility to realize the
low-energy physics described by the theories within spe-
cific materials and external conditions.

Both Egs. (la) and (1b) are strongly interacting con-
formal field theories, and there is no obvious analytical
method that can provide rigorous results for either case.
However, both theories can presumably be realized using
lattice models, which can be simulated using numerical
methods. The goal of this work is to compare the
quantitative properties of such lattice models and look
for evidence of the proposed duality. As we show in later
sections, within small error bars of the critical exponents
obtained using QMC simulations, our results confirm the
key predictions of the duality.

Because the duality of the two theories in Eq. (1) was
derived based on the assumption of the basic fermion-
boson duality [39,40], a proof of the former duality
indirectly also proves the latter. In principle, this result
can lead to a number of further dualities between different
fermionic and bosonic Lagrangians. Thus, the impact of
our work is not limited to the proof of the duality between
Egs. (1a) and (1b), but also provides justification for many
other cases.

III. LATTICE MODELS

The easy-plane NCCP' model is the field theory that
presumably describes the deconfined quantum-critical
point between an in-plane (XY) antiferromagnet and a
valence-bond solid [29,30,51]. This transition in the case of
full SU(2) symmetry of the Hamiltonian has been realized
by the J-Q and related models, and these have been
extensively simulated numerically using unbiased QMC
techniques [28,32,53-62]. Although there are studies that
indicate that some version of the J-Q model with an in-
plane spin symmetry and other U(1) symmetric models
should lead to a first-order transition [35-38], in this work
we demonstrate that a different model, the EPJQ model,

instead leads to a continuous transition in some regions of
its parameter space (we also note there is a recent QMC
work on the extended Hubbard model of hard-core bosons
on the kagome lattice, suggesting a similar continuous
easy-plane phase transition [63], consistent with our find-
ing here). The r and & terms in Eq. (1) correspond to the
distance from the critical point, Q — Q,., and the staggered
magnetic field h_(—)'S?, respectively, in the lattice model.
The components of the O(4) vector in Eq. (2) correspond to
the two-component easy-plane Néel and two-component
VBS (dimer) order parameters of the EPJQ model.

The N =2 QED action has been simulated directly
using a lattice QED model [34], and the scaling dimension
of M is computed in this way. Also, N =2 QED with a
noncompact U(1) gauge field is the effective theory that
describes the transition between the bosonic symmetry-
protected topological (BSPT) state and a trivial Mott state
in 2D [26,27]. This transition was also realized in an
interacting fermion model on a bilayer honeycomb lattice
introduced in Refs. [23,24] and simulated [23-25,64] with
a determinantal QMC method (DQMC) [65,66]. The m and
M terms in Eq. (1) correspond to two different interactions
in the lattice model, namely, the interlayer pair hopping
V — V., measured with respect to its critical value, and the
Hubbard-like on-site interaction U; the Hamiltonian is
specified in detail below. The lattice model of Ref. [24]
has an exact SO(4) symmetry that precisely corresponds to
the proposed emergent symmetry of the N =2 QED. It
should further be noted that the fermions in the BH model
do not directly correspond to the Dirac fermions of the
N = 2 QED action, because the former are not coupled to
any dynamical gauge field. The relation between the two
systems instead arises from the correspondence of the
gauge-invariant fields of N =2 QED to the low-energy
bosonic excitations of the BH model.

Using the BH model and the EPJQ model, the duality
between the N = 2 QED and the NCCP! field theories can
be realized on the lattice. The O(4) vector N can also be
conveniently defined in both lattice models, with explicit
forms that we explain below. Thus, the two systems can be
investigated and compared via unbiased large-scale QMC
simulations—the pursuit and achievement of this work.

In the following, we first define the microscopic lattice
models in detail. In the subsequent sections, Secs. [Vand V,
we present comparative numerical studies of the models
and demonstrate strong support for the duality relations
listed in the table in Fig. 1.

A. Bilayer honeycomb model

The BH model is a fermionic model defined on a
honeycomb lattice [23-25,64]. On each site, we define
four flavors of fermions (two layers x two spins);

¢ = (cilT’Ci1¢7Ci2Taci2¢)T' (3)
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The Hamiltonian is
Hgy = Hypgna + Hines (4)

where the band and interaction terms are given by

Hypg = —thj'cj + AZiuij(cj63cj +H.c.), (5a)
(ij) ()

Hiy = VZ(CZMCZ-ZTQTNC,% +H.c.), (5b)
i

where (ij) and {(i)) denote nearest-neighbor intralayer site
pairs, respectively. The band Hamiltonian Hy,,q is just two
copies of the Kane-Mele model [67], which drives the
fermion into a quantum spin Hall state with spin Hall
conductance o,y = £2 (depending on the sign of the spin-
orbit coupling 1). Including a weak interaction V, the
bilayer quantum spin Hall state automatically becomes a
BSPT state [24,25,68], where only the bosonic O(4) vector
N remains gapless (and protected) at the edge, while the
fermionic excitations are gapped out (as we discuss in more
detail below). However, a strong interlayer pair-hopping
interaction V eventually favors a direct product state of
antibonding Cooper pairs. In the strong interaction limit
(V — o0), the ground state of the BH model reads

|GS> = H(ijcjw - C:‘FQTC}LN)‘OJ» (6)

1

with |0,) being the fermion vacuum state. This state has no
quantum spin Hall conductance, i.e., oy = 0, and, more
importantly, it is a direct product of local wave functions,
hence dubbed the trivial Mott insulator state. It was found
numerically that there is a direct continuous transi-
tion between the BSPT and the trivial Mott phases at
V./t =2.82(1) [24,64], where the single-particle excita-
tion gap does not close but the excitation gap associated
with the bosonic O(4) vector closes and the quantized spin
Hall conductance changes from 42 to 0.

The low-energy bosonic fluctuations around the
critical point form an O(4) vector, with N=
(ReX, ImX, ReA, ImA), and the components are

= (_])i(C:‘rmCiZL + C:'rzTCill)v (73')

A= (Ciucim - Ciucm), (7b)

where X carries spin and A carries charge. The BH model
Eq. (4) respects the global SO(4) symmetry of the vector N.
If the symmetry is lowered t0 U(1)gin X U(1)harge- then,
based on the analysis of N = 2 QED, in principle the mass
term Moy is allowed; hence, the BSPT-Mott transition is
unstable towards spontaneous symmetry breaking of the

remaining symmetries. The symmetry of the mass term
Miyay is identical to the following Hubbard-like inter-
action [both forming a (1,1) representation of the SO(4)]:

U
EZ(AZTAI‘ + AA] -3y - EE]) = UZPWO;'L- (8)

Here, p;, is the density operator (for 6 = 1, | spins),

Pic = (leacila + Cjzo-CiQG - 1)’ (9)

which counts the number of ¢-spin fermions in both layers
on site i with respect to half filling. The repulsive U > 0
(or attractive U < 0) interaction drives spin (Z) #0
(or charge (A) # 0) condensation, leading to a spin-density
wave (SDW) [25] (or superconducting) phase that breaks
the U(1) i [0r U(1)pyrge] symmetry spontaneously. This
process is illustrated in the schematic phase diagram
Fig. 1(a).

B. Easy-plane J-Q model

Our EPJQ model is a spin-1/2 system with anisotropic
antiferromagnetic couplings, which we here define on the
simple square lattice of L? sites and periodic boundary
conditions. It is a “‘cousin” model of the previously studied
SU(2)gpin J — Q3 model [54-56], which in turn is an
extension of the original J-Q, or J — Q,, model [28].
Starting from the spin-1/2 operator S; on each site i, we
define the singlet-projection operator on lattice link ij;

(10)

then the model Hamiltonian reads

Hyg ==Y (Pj+ASiS)=Q > PyPyP,,. (11)
(ij) (ijklmn)

where the AS}S% term for A € (0, 1] introduces the easy-
plane anisotropy that breaks the SU(2);,
to U(1)yy, explicitly. In the Q term, the index pairs ij, kl,
and mn correspond to links forming columns on 2 x 3 or
3 x 2 plaquettes, as illustrated in Fig. 1 of Ref. [54].

We study two cases of the anisotropy parameter A: the
maximally planar case A =1 and the less extreme case
A = 1/2. In the latter case, we observe very good scaling
behaviors indicating a continuous transition, with rapidly
decaying (with the system size L) scaling corrections, while
for A =1 the behavior suggests a first-order transition.
Thus, the model may harbor a tricritical point separating
first-order and continuous transitions somewhere between
A=1/2 and A = 1. However, we leave the possible
tricritical point to future investigation. As far as the duality

symmetry down
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is concerned, in this section we discuss our results for
A = 1/2, and in Appendix B we present results for A = 1.

We set J+ Q =1 in the simulations and define the
control parameter as the ratio

_ 9
C]—m- (12)

For small ¢, the model essentially reduces to an XXZ
model, which has an XY AFM ground state that breaks the
U(1)gpin symmetry spontaneously. When ¢ is large, the
dimer interaction favors a VBS (columnar-dimerized)
ground state, which breaks the lattice C, rotation symmetry
as in the SU(2),;, J — @, and J — Q3 models [28,32,53—~
56], where previous QMC studies found a direct continuous
AFM-VBS transition. Here, we demonstrate that the
continuous transition persists in the EPJQ model,
Eq. (11), with A = 1/2. The reason for choosing the Q3
term (three-dimer interaction) instead of the simpler Q,
interaction (two-dimer coupling) is that it produces a more
robust VBS order when the ratio g is large, thus leading to a
smaller critical-point value [as in the SU(2) case [54,55] ]
with more clearly observable flows to the VBS state on that
side of the transition.

The XY AFM order in the EPJQ model can be directly
probed by the local spin components S and S, and we also
study the critical fluctuations in the S$° component. We
often do not write out the staggered phase factor (—1)%"
corresponding to AFM order explicitly (here, x; and y; refer
to the integer-valued lattice coordinates of site i); in fact, in
the case of the XY anisotropy in a model with bipartite
interactions, the phase can also simply be transformed
away with a sublattice rotation (and then the XY AFM
phase maps directly onto hard-core bosons in the superfluid
state). In our simulations the staggered phase is absent for
the $* and S* components but present for the S* component.
The AFM-VBS transition is unstable towards an axial
Zeeman field, when H, o — H, o + Hy, with

Hy = —h. 3 (-1)7s, (13)

which drives the system to the spin-polarized phase with
(8%) # 0, as illustrated in the schematic phase diagram in
Fig. 1(b). Here we consider only & = 0.

To study the columnar VBS (dimer) order realized in the
EPJQ model, we define

Df = (=1)%S; - S s,

1

(14a)

D] = (=1)"S; - S5, (14b)
where i + X and i + 9 denote neighbors of site i in the
positive x and y direction, respectively. At the critical point,
the proposed self-duality (through the putative duality with

N = 2 QED) implies that the C, rotation symmetry and the
U(1)spin sSymmetry are enlarged into an emergent O(4)
symmetry, such that the components of the O(4) vector
(after some proper normalization),

N = (D*,D’, 8%, ), (15)
should all have the same scaling dimension [22].

C. Duality relations

Figure 1 summarizes the intuitive duality relations
among the BH, EPJQ, and QED models; this can also
be observed from the similarity of their four-quadrant phase
diagrams [69]. To numerically prove the validity of these
duality relations, in this work we investigate the following
critical behaviors at the BSPT-Mott transition in the BH
model:

E~ V=V [, (16a)
(pirpiLpjrpsy) ~ i~ o, (16b)
<AjA]> ~ |rij|_1_’7§H, (16(:)

where r;; is the lattice vector separating the sites i, j; £ is the
correlation length of the critical O(4) bosonic modes of the
system; and the density p;, and pairing A; operators are
defined in Sec. III A. We also study the following expected
critical scaling behavior at the AFM-VBS transition in the
EPJQ model:

£~ |0 - Q. ["re, (17a)
(858%) ~ |y ! e, (17b)
(S787) ~ \I'ij|_l_”}{‘~’, (17¢)

where £ is the correlation length of the easy-plane spins.

If the duality in Eq. (1) is correct, and provided that
N =2 QED is indeed the theory for the BSPT-Mott
transition, then the exponents defined above must satisfy
the following relationships [22]:

1 1475
3o = o (18a)
UBH 2
1 1 1
3o = D +2'7§“, (18b)
Vio
ﬂﬁﬂ = 77)JC¥Q' (18c)

Here, nggp is the anomalous dimension of the fermion mass
1/703111, i.e., the M mass term in our notation in Eq. (la),
which was numerically estimated in the recent lattice QED
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calculations in Ref. [34]. Equation (18) essentially means
that the gauge-invariant operators that map to each other
under the duality transformation must have the same
scaling dimension at the critical point.

IV. RESULTS FOR THE EPJQ MODEL

In this section, we present our numerical results at the
continuous AFM-VBS phase transition of the EPJQ model,
obtained using large-scale SSE-QMC [70,71] simulations.
Here, we discuss only the case A = 1/2 in the Hamiltonian
Eq. (11); some results for A =1 are presented in
Appendix B. In the SSE simulations we scale the inverse
temperature as f = 2L, corresponding to the dynamic
exponent z = 1 (f ~ L*) and staying in the regime where
the system is close to its ground state for each L. We
consider L up to 44.

A. Crossing-point analysis

The first step is to determine the order of the transition
and the position of the critical point (if the transition is
continuous). To this end, following the recent example in
Ref. [32] for the SU(2) J-Q model, we first analyze
crossing points of finite-size Binder cumulants, defined
for the AFM order parameter as

(M3,)
(M3,)*

U(g,L) =2 - (19)

where Mﬁy is the square of the easy-plane magnetization
operator,

1 .
M, = FZ(—l)lﬂSjs;, (20)
i.j

and M3, is its square. The “phenomenological renormal-
ization” underlying the crossing-point analysis and our
technical implementations of it are discussed in
Appendix A. Here, we show our numerical results and
analyze them within the scaling relationships presented in
Appendix A.

As shown in Fig. 2(a), curves of U(q, L) graphed for
different L cross each other at points tending to a value q..
In a finite-size system the deviation of U(q, L) from the
asymptotic crossing point depends on L in a way that
involves a scaling-correction exponent. For a finite-size
pair (L,2L), the crossing is at [¢i(L), Ui(L)], and at a
continuous transition one expects

gi(L) = g, + aL™¥ioto), (21)

where v}’ o 18 the correlation-length exponent and o is the
smallest subleading exponent (which normally arises from
the leading irrelevant field). As shown in Fig. 2(b), an

Ulg, L)

_020 L L L L L L I(
.56 0.58 0.60 0.62 0.64 0.66 0.68
q

0.64 T T T

*+0.60

0.56 1 1 1

LPoo 0.06 0.12 0.18
1/L

FIG. 2. Crossing-point analysis of the EPJQ model at A = 1/2.
(a) U(g, L) versus g in the neighborhood of g, for several system
sizes L. (b) The crossing points seen in (a) for system-size pairs
(L,2L), analyzed according to the expected finite-size scaling
form, Eq. (21). The procedure including error analysis gives g, =
0.6197(2) and 1/v7%, + @ =4.0(2). (c) A similar analysis of
Ui (L) based on Eq. (22), giving @ = 2.3(1). (d) Finite-size
estimates v;’;, of the correlation-length exponent defined in
Eq. (23), using the slopes of the cumulants at the (L, 2L) crossing
points. Analysis according to Eq. (24) gives v/}, = 0.48(2) for the
exponent in the thermodynamic limit. In all fits, we exclude small
system sizes until statistically sound fits are produced.

extrapolation with the above form to infinite size gives
g. = 0.6197(2) (where the number in parentheses indicates
the one-standard-deviation error in the preceding digits,
as obtained using numerical error propagation with
normal-distributed noise added to the data points) and
1/v)’y + @ = 4.0(2). The finite-size crossing value of the
cumulant itself, U} (L), should approach its thermodynamic
limit U, as

Ui(L) = U, + aL™. (22)

031052-7



QIN, HE, YOU, LU, SEN, SANDVIK, XU, and MENG

PHYS. REV. X 7, 031052 (2017)

This form is used in Fig. 2(b) and delivers w = 2.3(1). In
principle, we can now extract v}’ o- though the so-obtained
value and the independently determined value of @ in
general should be viewed with some skepticism. The
leading correction exponents, @ and 1/v}’, + @ above,
are often affected by neglected higher-order scaling cor-
rections and should be regarded as “effective” exponents
that flow to their correct values upon increasing the system
sizes included (and excluding smaller sizes as needed to
obtain statistically good fits). The quantities extrapolated to
infinite size using the fits, which are what we are mainly
interested in here, should not be seriously affected by
potentially nonasymptotic correction forms, as discussed,
e.g., in Ref. [32].

The correlation length exponent v}, can be independ-
ently and more reliably obtained from the slope of the
Binder cumulant as

L (WL 1
mo- (o) ®

where U/ (L) is the derivative of U(q, L) over g evaluated
at the crossing point between the L and 2L curves (which
we extract by interpolating data close to the crossing point
by cubic polynomials). The correlation-length exponent in
the thermodynamic limit can be extracted from the
expected leading finite-size form:

1 1
”JiVQ (L) VﬂQ

As shown in Fig. 2(d), the fit to this form is statistically
good if the smallest system sizes are excluded, and an
extrapolation then gives v, = 0.48(2). Thus, the combi-
nation Vj}Q + o based on the independently evaluated two
exponents is in remarkably good agreement with the value
of the sum extracted directly using Eq. (21) with the data in
Fig. 2(b). This serves as a good consistency check and
indicates that the higher-order finite-size scaling correc-
tions should be small (i.e., the following correction
exponents beyond @ must either have much larger values
or the prefactors must be small, or both). Further support
for this scenario can be observed in Fig. 2(d), where the
data point for the smallest system size shown has a very
large deviation from the good fit to the other points,
suggesting a very rapidly decaying correction.

In Fig. 2(a), one may worry about the fact that the Binder
cumulant forms a minimum extending to negative values as
the system size increases. A negative Binder cumulant
often is taken as a sign of a first-order transition. However,
it is now understood that also some continuous transitions
are associated with a negative Binder cumulant in the
neighborhood of the critical point, reflecting nonuniversal
anomalies in the order-parameter distribution. Often the

negative peak value grows slowly, e.g., logarithmically,
with the system size, instead of the much faster volume
proportionality expected at a first-order phase transition.
This issue is discussed with examples from classical
systems in Ref. [72]. Here, we do not see any evidence
of a fast divergence of the peak value; thus, the transition
should still be continuous.

B. Anomalous dimensions

To determine the anomlous dimensions, i.e., the critical
correlation-function exponents 1y and 1, in Eq. (17),
we analyze the system-size dependence of the squares of
the easy-plane off-diagonal spin order parameter M2, (L) in
Eq. (20) and dimer order parameter

D*(L) = 5 [(D*(L))* + (D*(L))?]. (25)

N =

where the x and y dimer operators are the appropriate
Fourier transforms of Eq.

1
D* = ﬁZ(—l)"th, (26a)

1
DY = ﬁZ(—l)wD{. (26b)

In the diagonal S$° channel, we study the system-size
dependence of the staggered magnetization:

1 "
M? = FZ(—l)’ﬂSij. (27)
ij

All these integrated correlation functions should scale as
the correlation functions in Eq. (17) with the distance |r;
replaced by the system length L.

The dimer order parameter should be governed by the
same exponent 7, o as the off-diagonal spin order parameter
if the predicted O(4) symmetry is manifested. In contrast, the
diagonal magnetic order parameter is associated with a
different (larger) anomalous dimension ;ﬁ_Q, according to
the table in Fig. 1. We evaluate the order parameters at
q = 0.620, consistent with the value of g, determined in the
previous section. Results are shown in Fig. 3 for system sizes
up to L =32 and L =40 for the dimer and spin order
parameters, respectively. In Figs. 3(a) and 3(b), we show that
MZ, and D* can be fitted with the same exponent,
n’}YQ = 0.13(3), while the fit to M? in Fig. 3(c) delivers a
distinctively different exponent: 75 , = 0.91(3).

Jl
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FIG. 3. Extraction of the anomalous dimensions 77 o and 1y
of the EPJQ model at the estimated critical point g, for A = 1/2.
The squares of order parameters are graphed versus L and
analyzed with power-law fits (lines on the log-log plots). The
off-diagonal spin order parameter square M%_y,(L) in (a) and the
dimer order parameter square D*(L) in (b) give ;" , = 0.13(3).
The diagonal spin order parameter square M2(L) in (c) gives
Ny = 0.91(3).

V. RESULTS FOR THE BILAYER
HONEYCOMB MODEL

In this section, we present our numerical results on the
continuous phase transition in the BH model, where an
interaction-driven phase transition between a BSPT phase
and a trivial Mott insulator is investigated via large-scale
DQMC simulations [24,64,73] in the ground-state projector
version [74]. Acting with the operator e=®H on a trial state
(a Slater determinant) with the projection “time” © large
enough for converging the finite system to its ground state,
we simulate linear system sizes L = 12, 15, 18, 21, and 24,
with ® = 50 for L <18, ® = 55 for L = 21, and ® = 60
for L =24. The imaginary-time discretization step is
At = 0.05, which is sufficiently small to not lead to
any significant deviations of scaling behaviors from the
A7 =0 limit.

A. Continuous topological phase transition

We first present simulation results supporting a continu-
ous BSPT-Mott transition (as was also previously discussed

T T T T
oo [=12| o8 .

wn
N
o
N
~
N
©
N
©
W
o

0.1 1 1 1 1 (b)
2. .

U
N
o
N
~
N
©
N
©
(6]
o

0 H
25 2.6 2.7 7.8 2.9 3.0
v

FIG. 4. DQMC results for the BH model close to its phase
transition. The derivative with respect to the coupling V of (a) the
kinetic energy density and (b) the total ground-state energy
density for linear system sizes L = 6, 9, and 12. Panel (c) shows
the zero-frequency susceptibility of the O(4) vector in the pairing
channel for L = 6, 9, 12, 15, 18. The dashed line indicates our
estimated critical point V. = 2.82(1). In all cases the error bars
are smaller than symbol size.

in Refs. [24,64]). Figure 4(a) shows the derivative of the
kinetic energy density of the BH Hamiltonian Eq. (4) with
respect to the control parameter V of the phase transition,

O(Hy) t 0 ;
9N e 4 He. 2
oV N@V%%“”Q*_ . (28)

Here, a broad peak develops close to V., but there is no sign
of a divergence, as would be expected at a first-order
transition. Figure 4(b) shows the derivative of the ground-
state energy density, which can be conveniently evaluated
by invoking the Hellmann-Feynman theorem;

OH)  JOH\ 1~ .
% _ <W> = o ehearchyeny +He) (29)

i
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For this derivative a first-order transition would lead to a
sharp kink developing with increasing L (corresponding to
an avoided level crossing). The smooth behavior supports a
continuous phase transition, though of course a very weak
first-order transition would produce a visible singular
behavior only for larger system sizes than we consider here.

To determine the phase-transition point V., we further
calculate the zero-frequency susceptibility of the O(4)
vector (where we here take the on-site spin-singlet pairing
operator), defined as

)(palr(iw:()’k:()) = / S(T,k:O)dT, (30)
0

where the dynamic pair-pair correlation function is
defined as

+A*( )A,)

LZZ . ()

where A; is defined in Eq. (7). As demonstrated in Fig. 4(c),
this quantity exhibits a sharp peak, as expected at a gapless
critical point with power-law correlations in both space and
time. The divergence is considerably slower than the
proportional to space-time-volume behavior expected at
a first-order transition. Because of the large computational
effort needed for these DQMC simulations, we do not have
a sufficient density of points close to V. to carry out a
systematic analysis of the drift of the peak position, but the
data nevertheless allow us to roughly estimate the con-
vergence to the critical point V./t = 2.82(1).

S(r.k = 0)

B. O(4) gap and BH correlation-length exponent

We also extract the excitation gaps Agy) corresponding
to the O(4) vectors defined in Eq. (7). According to
Refs. [24,64] and Eq. (31), the O(4) gap is obtained from
the imaginary-time decay of the dynamical O(4) vector
correlation function, and, as we discuss in Secs. II
and I A, O(4) bosonic modes are expected to become
gapless (with power-law correlation) at the BSPT-Mott
critical point. Results for Ag4) as a function of V/t for
system sizes L = 6,9, 12, 15, 18 close to V. are presented
in Fig. 5(a). As expected, Ap(4) from every system size L
exhibits a dip close to V., with the gap minimum
decreasing with L, as expected with an emergent gapless
point at V.. In Fig. 5(b), we analyze the size dependence of
the gap at three different coupling values: V /¢ = 2.80,
2.82,2.85. At V/t = 2.82, LAy4) extrapolates linearly in
1/L to a nonzero value, showing that the leading behavior
of Apy) at V. is 1/L. This is in line with the expectation
that the dynamic exponent z = 1 at the BSPT-Mott tran-
sition (and is required also for the proposed duality). The
behaviors of Ag)L at V/t = 2.80, 2.85 indicate eventual
divergencies when L — oo, as expected on either side of

the quantum-critical point. This constitutes strong evidence
of a continuous transition, instead of a first-order transition
at which one instead expects the avoided level-crossing gap
to close exponentially fast with system size (instead of
closing as 1/L? at a continuous transition).

To extract the correlation-length exponent vpy, we
perform data collapse with the O(4) gap away from the
critical point, as shown in Fig. 5(c). Here, we focus on the
regime V > V., where we find less scaling corrections than
for V < V. and an almost perfect data collapse according to
the expected quantum-critical form,

DAoL = fI(V/V. = 1)L o], (32)
' ' " [e8 =6 ®e (-1
0.8 66 .-9 &6 .L-1
@ (=12
06
s
04
0.2
1 1 1 .K‘/c 1 (a)
0.05'5 2.6 2.7 2.8 2.9 3.0
v/t
2.2F ol T N
(b) .
2.0- R i

1o =05 0.0 05 1.0

-1.5
(V/Ve=1)LM"
FIG. 5. (a) Excitation gaps computed from the imaginary-time

decay of the O(4) vector across the BSPT-Mott transition for the
BH model with L = 6,9, 12, 15, 18. A gap closing at V. = 2.82¢
(vertical dashed line) is expected. (b) Finite-size scaling of
LAg for V/t =280, 2.82, 2.85 versus the inverse system
size. The behavior at V/r=2.82 indicates z = 1. (c¢) Data
collapse of the data in (a) according to the expected scaling
form Eq. (32), yielding vgy = 0.53(5) and V ./t = 2.80(1).
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Treating both vgy and V. as free parameters, the best data
collapse delivers vgy = 0.53(5) and V. /¢ = 2.80(1). This
value of V. agrees quite well with the result V. = 2.82(1)
estimated roughly from the susceptibility peak in Fig. 4,
adding further credence to the analysis of the critical point
even with the rather limited range of system sizes acces-
sible (as compared with the EPJQ model). Moreover, since
we already determined 77, = 0.91(3) in the EPJQ model,
we can use the duality relationship in Eq. (18a) to predict
that the correlation-length exponent of the BH model
should be vgy ~0.49(2), which is fully consistent with
the number determined from the O(4) gap.

C. Anomalous dimensions

Finally, we study the critical equal-time correlations in
the BH model. Here, we use V = 2.817 for the longest
simulations. This value is within the error bars of the
critical value V. = 2.82(1) and, as we also show, there are
no statistically detectable differences between data at V =
2.820 and 2.817 for the quantities we study in this section.

Using one of the components of the O(4) order param-
eter, (ATA ;) with A; defined in Eq. (7), we again construct
a squared order parameter. We can use the susceptibility
Eq. (31) to define a corresponding equal-time spatially
integrated correlation function,

A _SMTETY (33)

where the normalization gives the same scaling behaviors
as in Eq. (16) with the distance |r;;| replaced by L. The
analysis illustrated in Fig. 6(a) indicates a very good power-
law scaling, with deviations seen only for the smallest
system size (which we exclude from the fit). The fit delivers
the exponent ngy; = 0.10(1), which is fully consistent with
the EPJQ exponent 777, = 0.13(3) obtained in Sec. IV B.
Hence, the duality relation Eq. (18c¢) is satisfied to within
the statistical errors.

In principle, the anomalous dimension can also be
obtained from the susceptibility in Fig. 5(c). Standard
scaling arguments give that the peak height of a generic
susceptibility y should scale as ypeq o L>™ (when the
dynamic exponent z = 1). We find that the peak in P
scales approximately as L2, i.e., n® is very small, but here
there appears to be significant scaling corrections.
Moreover, there is large variation of the values for the
largest size, L = 18, close to the critical point, and we
would need additional points to reliably estimate the peak
value. We therefore cannot obtain an independent mean-
ingful estimate for 75 from these data.

We next test the duality relation Eq. (18b). With v}, =
0.48(3) obtained in Sec. IVA, we expect 7z ~ 1. Further,
according to Ref. [34], the exponent r;; should be equal to
the anomalous mass dimension 7ggp of N =2 QED, for

T T T T T T
. ¢ ¢ V=2817t
é$ ¢ V=282t
SR
AT ]
L () i
12 15 18 21 24
L
¢ ¢ V=22817t
- ¢ ¢ Vv=2.82t I
=
“ 107t .
L (b) ]
1 1 1 1 1 1

12 15 18 21 24

FIG. 6. Analysis of the anomalous dimensions 75, and 17z of
the BH model from squared order parameters close to the critical
point. Only the V = 2.817 data points for each quantity are used
in the fits, and the three points for V = 2.82 do not exhibit any
deviations from the V = 2.817 values within the error bars. Panel
(a) shows the O(4) order parameter defined in Eq. (33). A power-
law fit (straight line on the log-log scale) to the L > 15 data
delivers the exponent 55, = 0.10(1). (b) The pair-density order
parameter Eq. (34). Here the power-law fit works well for all
system sizes and we obtain n; = 1.00(1).

which the value ngep = 1.0(2) has been obtained from
Monte Carlo simulations [34]. Thus, we already have good
consistency following from the predicted duality between
noep and vy’ ,. Turning to the more direct test with the BH
model, in Fig. 6(b) we plot the squared order parameter
corresponding to the pair density,

S, 1
L_/2 = Fz<piTPi¢pijjL>- (34)
i

For this quantity, as shown in Fig. 6(b), all five system sizes
available give results fully consistent with a power-law
decay, with no statistically visible scaling corrections. The
fit to the five data points gives the anomalous dimension
gy = 1.00(1), which is consistent with both nogp and
I/ﬁ'Q, but with a significantly smaller statistical error. Thus,
the duality relation in Eq. (18b) is also confirmed to within
error bars.

It is remarkable that the BH model actually seems to give
better results (smaller error bars) for the anomalous
dimensions than the EPJQ model, even though system
lengths roughly twice as large are used for the latter. The
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reason is that the statistical errors on the raw data are
smaller in the DQMC simulations. It is still possible that
there are scaling corrections present that are not clearly
visible with such a small range of system sizes, and there
may then be some corrections to the exponents beyond the
purely statistical error bars (1 standard deviation) reported
above. The EPJQ results are important in this regard as they
seem to show no significant corrections even with the
considerably larger range of system sizes. The lack of
significant corrections is also supported by the good
agreement between the nontrivial BH and EPJQ exponents,
as predicted by the duality conjecture.

VI. DISCUSSION

We perform detailed numerical tests on the recently
proposed duality summarized by the predicted exponent
relationships between the BH and EPJQ models in Eq. (18).
The relationships are confirmed within statistical precision
at the level of a few percent in the values of the critical
exponents. The thus confirmed duality of the underlying
low-energy quantum field theories, Eq. (1), is of great
importance and interest in condensed-matter physics,
because it relates two seemingly different quantum phase
transitions that have been individually under intense studies
during the past several years: the bosonic topological phase
transition and the easy-plane deconfined quantum phase
transition. The duality is derived using the more basic
dualities between field theories that involve only one flavor
of matter field, and sometimes also a Chern-Simons term of
the dynamical gauge field.

As a consequence of confirming the particular relation-
ship between critical exponents, our study also provides
quantitative evidence for the underlying basic dualities for
theories with one flavor of matter field [40—45]. These
basic dualities supported by our work represent a signifi-
cant step in our understanding of (2 + 1)D conformal field
theories. They also form the foundation of a large number
of other recently proposed dualities [20,48,50,52,75-79].
Moreover, they lend support to many other dualities that
follow from the same logic and reasoning, such as the
duality of Majorana fermions discussed in Refs. [80,81].

To follow up on our results and insights presented here,
additional numerical investigations are called for to check
other predictions made within these proposed dualities. For
example, in Ref. [22] it was proposed that the Gross-Neveu
fixed point of the N = 2 QED is dual to the SU(2) version
of the NCCP' model, and also has an emergent SO(5)
symmetry. This symmetry has recently been discussed
within SU(2) deconfined quantum criticality as well, and
quite convincing results pointing in this direction were seen
in a three-dimensional loop model [62]. Scaling with the
same anomalous dimension for both spin and dimer
correlators had also been observed already some time
ago in the SU(2) J-Q model [82]. Although we identify
the N = 2 QED as the bosonic topological phase transition

in our bilayer honeycomb lattice model, we are thus far
unable to find the corresponding Gross-Neveu fixed point.
Identifying the additional interactions that will be required
to drive this transition in the BH model is an important
topic for further research.

Following previous computational studies of deconfined
quantum phase transitions with SU(2) spin-rotation sym-
metry in J-Q models [28,32,54], we here identify a lattice
model—the EPJQ model—hosting a continuous phase
transition between the U(1) (planar) Néel and VBS states.
The fact that this phase transition is continuous is in itself
an important discovery, given that U(1) deconfined quan-
tum criticality had essentially been declared nonexistent,
due to unexplained hints of first-order transitions in some
other planar models and what seems like definite proofs in
other cases [35,37,38,83]. Here (as further discussed
in Appendix B), we show that the EPJQ model defined
in Eq. (I1) can host first-order or continuous transitions,
depending on the degree of spin anisotropy parametrized
by the Ising coupling A in Eq. (11). Thus, there should be a
tricritical point separating first-order and continuous tran-
sitions at some value of A. In the recent Ref. [38], it was
argued that a tricritical point only exists above a large
threshold value of the number of spin components N, and
numerical results were interpreted as showing that N as
large as ~20 was required before any continuous transitions
appear. Our results obtained here explain this apparent
disagreement by the degree of anisotropy. The spin model
considered in Ref. [38] is always strongly anisotropic (as is
the case also for other planar models considered previ-
ously), while the EPJQ model has tunable anisotropy and
we demonstrate that continuous transitions obtain only up
to moderate values of the anisotropy. Thus, the critical
value of N at which a tricritical point appears extends down
to N =2, and the boson-fermion duality holds for the
continuous transitions.

At A = 1/2, we find scaling behaviors with apparently
much less influence of scaling corrections than in the SU(2)
J-QO model at its deconfined critical point [32]; i.e., the
leading correction exponent @ is much larger in the EPJQ
model. Interestingly, in both cases the correlation-length
exponent is unusually small, close to 1/2, while well-
studied transitions such as the O(N) transitions in three
dimensions have exponents close to 2/3. Given its small
scaling corrections and likely tricritical point between A =
1/2 and A =1, the EPJQ model opens doors for future
detailed studies on exotic phase transitions beyond the
Landau paradigm.

An interesting question following from our work is
whether the duality of the theories in Eq. (1) could also
be extended to the tricritical point that we argue for within
the EPJQ model. The corresponding tricritical point had
been previously identified field theoretically within the
CPM~! model, but only for a very large number N of spin
components [38]. Our work implies that it should exist also
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in the CP! model for weak planar anisotropy, and one may
then ask whether a corresponding tricritical point should
exist in the fermionic theory, and whether it will be dual to
the one in the CP' model. We plan to consider this both
theoretically and numerically in future work.
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APPENDIX A: CROSSING-POINT ANALYSIS

To determine the critical point and the critical exponents
in an unbiased manner, we adopt the crossing-point
analysis applied and tested for 2D Ising and SU(2) J-Q
models in Ref. [32]. Such analysis can be further traced
back to Fisher’s “phenomenological renormalization,”
which was first numerically tested with transfer-matrix
results for the Ising model in Ref. [84]. Reference [32]
presented systematic procedures for a statistically sound
application of these techniques with Monte Carlo data. For
easy reference we here summarize how we adapt the
method to the EPJQ model we study in this paper. For
the BH model, due to the much larger computational cost of
the DQMC simulations, we do not have data for enough
system sizes to carry out the analysis in this way, and we
instead apply other scaling methods in Sec. V.

Considering a generic critical point, with § = ¢ — ¢,
defined as the distance to the critical point. For example,

g can be the control parameter g = Q/(J + Q) that
we use for the EPJQ model or it could be T — T, for
a finite-temperature transition. For any observable O, the
standard finite-size scaling form is
O(8.L) = L~™/"f(L'/*, AL™®), (A1)
where we, for the sake of simplicity, consider only one
irrelevant field A and the corresponding subleading exponent
. At the critical point, one can Taylor expand the scaling
function:
O(8,L) = L™"(ag + a;6L"" + b L™ +--).  (A2)
If one now takes two system sizes, e.g., Ly = Land L, = rL

(r>1), and traces the crossing points 6*(L) of curves
O(8, L) and O(8, L) versus 8, one finds

. _ ag 1 — /v 1
ﬁl — r—(K/b+a)) L~(1/+0),

a; A=/ (A3)

Now, if the quantity O is asymptotically size independent
(dimensionless) at the critical point, for example, the Binder
cumulant (which we write here with a constant and factor
corresponding to a planar vector order parameter),

U= 2(1 - 22’;’22) (A4)

xy

then the corresponding exponent k = 0, the first term in
Eq. (A3) with O = U vanishes, and we obtain the following
form for the size-dependent crossing point 5*(L):
5 (L) = qi(L) = g, o L7100 (AS)
hence, the shift of the finite-size critical point g}(L) is
approaching the asymptotic value ¢, as L~(/2+®),

In practice, one can interpolate within a set of points for
each system size by a fitted polynomial, e.g., of cubic or
quadratic order, and then use these polynomials to find the
crossing points. This is illustrated in Fig. 7. Error bars can
be obtained by repeating the fits multiple times to data with
Gaussian-distributed noise added. The scaling behavior of
q. predicted by Eq. (AS) can be clearly seen in Fig. 2(b),
from which the result 1/v+ @ =4.0(2) for the EPJQ
model is obtained.

In addition to obtaining ¢} and the exponent combination
1/v + @ from the crossing points of the cumulant (or, in
principle, some other dimensionless quantity), one can also
use the value U} of the quantity at g}, as well as the
derivatives at ¢, to acquire v and @ independently. We next
discuss the derivations underlying these forms.
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FIG. 7. Example of finite-size crossing points ¢%(L),U%(L) of
the Binder cumulant, here for the EPJQ model with L = 16 and
L = 32. The data are here fitted to third-order polynomials. The
crossing point and derivatives at the crossing point can be
determined from the fitted polynomials.

By inserting §*(L) into Eq. (A2), one can obtain the
value of the observable at the finite-size critical point (or,
more precisely, the critical point depending on the two
sizes, L and rL) gi(L). It scales as

O*(L) = L™/(a+bL™ + - ). (A6)

Again, for a dimensionless quantity (x = 0) such as U, the
deviation of the value at the crossing point from the value in
the thermodynamic limit vanishes with increasing size
according to Ui(L)— U, < L™, an example of which
can be seen in Fig. 2(c)—in this case, the power-law fit
gives the value w = 2.3(1) of the subleading exponent.
The last step of the analysis of the single dimensionless
quantity is to determine v in an independent manner.
To this end, one can expand the quantity U (or any other
dimensionless quantity) close to the critical point,

U(6,L) = ag + a\8L'" + by L™" 4 ¢,6L'/*=* 4 - - -
(A7)

and take the derivative U’(5,L) with respect to & (in
practice, with respect to g):

U'(S.L) = a,L"" + ¢ L'/ 4 ... (A8)

Again, we take two system sizes, L; = L and L, = rL, and
at the crossing point §*(L) of the two curves for these
system sizes one has

U/((S*,L) — alLl/u 4 ClLl/D_w,

U'(6*,rL) = a,(rL)'"" + ¢, (rL)/*=, (A9)

Here, we can take the difference of the logarithms of the
two equations and obtain

U'(s*.rL)\ _ 1
1n(7( : )) — In(r) +dL™ + -,
v

or, in other words, one can define a finite-size estimate of
the correlation-length exponent v*(L) from the finite-size
crossing point as

1 1 I U'(6*,rL)
V(L) In(r) < U'(5.L) )
It can be seen that Eq. (Al1) approaches the thermody-
namic limit correlation-length exponent v at the rate
1/v*(L) —1/v = gL™® + - - -. This behavior is seen nicely
in Fig. 2(d), where the extrapolation to infinite size
gives v, = 0.48(2).
In principle, one can also combine the above method for
a dimensionless quantity with some other quantity A, e.g.,
an order parameter or a long-distance correlation function.
Interpolating the data for two system sizes, A(L) and A(rL)
at the crossing point of the dimensionless quantity, one can
take the logarithm of the ratio and analyze it in a manner
similar to the slope estimate of 1/v, to yield a series of
finite-size estimates for the power law governing the size
dependence of A. This method circumvents the need to
know the critical-point value exactly. In practice, since g,
converges fast, it is also appropriate to just use this value
and analyze the size dependence of the quantity A at this
fixed coupling value ¢ = ¢, as we do in the main text.

(Al1)

APPENDIX B: FULLY PLANAR EPJQ MODEL

In the main text, we discuss the XY AFM-VBS transition
at a fixed anisotropy parameter A = 1/2 of the EPJQ
model. We here provide some more information on the
dependence on A.

In the extreme planar limit A — 1 of Eq. (11), we have
no S°§¢ J term and the Hamiltonian is

Hyg=J7Y (S\S5+88)+0Q > DyDyD,,. (Bl)
(i) (ijklmn)

We analyze SSE-QMC results for this model in the same
way as we do for A =1/2 in the main text, using a
crossing-point analysis. The results of this analysis show
a distinctively different behavior for A =1, pointing
to a first-order transition in this case. Results for the L-
dependent quantities based on the XY Binder cumulant are
shown in Fig. 8. As an aside, we mention here that the off-
diagonal spin correlations can be measured as diagonal
ones upon performing a basis rotation with the z spin
components transformed into the x components, and vice
versa. Simulating the system with SSE-QMC in this rotated
basis speeds up the simulations, and we did this for A = 1.
We therefore have results for larger systems in this case
than for the case A = 1/2 reported in the main text.

It is clear from Fig. 8 that we can obtain a good estimate
of the critical point, but the cumulant itself and the
correlation-length exponent do not exhibit the clear-cut
power-law corrections of the type that we see for the
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FIG. 8. Crossing-point analysis of the extreme, A = 1, version
of the EPJQ model, Eq. (B1). (a) The magnetic Binder cumulant
versus the coupling Q in the neighborhood of the phase
transition. (b) Size dependence of the critical point defined as
the crossing point of U versus Q for system sizes L and 2L, with a
power-law fit giving Q. = 1.732(2). (c) The cumulant evaluated
at the crossing points. Here, it is not clear whether the asymptotic
behavior has been reached, and we refrain from carrying out a fit.
(d) The finite-size correlation length. Here, as well, we do not
present any fit, as the asymptotic behavior is not yet clear.

A = 1/2 model in Sec. IV. The fact that 1/v* is larger than
3 suggests that the transition may actually be of first order
in this case. If so, we would expect the values to eventually
tend exactly to 3, and the data are consistent with this
behavior.

If the transition indeed is of first order, the order
parameter should be nonzero at the transition point,
reflecting coexistence of the magnetic and nonmagnetic
phases. Indeed, as shown in Fig. 9(a), an extrapolation
using a trivial 1/L correction, as expected asymptotically
for a 2D system breaking a continuous symmetry, indicates

0.02

0.10- -

Y]
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o
o
%]
T
1

0 1 1 1 1 1
‘Y60 002 004 006 008 010 012
1/L

FIG. 9. Comparison of the XY magnetization squared of the
A =1/2 and A =1 EPJQ models at their respective critical
points. In (a), fits indicating a non-vanishing order parameter in
the thermodynamic limit are indicated, with the dashed line
corresponding to a purely linear correction and the solid curve to
a quadratic form. In (b), a second-order fit is shown. The
extrapolated value at L = oo is O to within two error bars.

a clearly nonzero value in the thermodynamic limit.
The extrapolated value changes only slightly if a higher-
order (1/L?) correction is added (also expected if the
order parameter is nonvanishing). In contrast, as shown in
Fig. 9(b), the data for the A =1/2 model are fully
consistent with no magnetization in the thermodynamic
limit. Here, the polynomial fit is strictly not correct, since a
nontrivial power is expected at the critical point (which we
confirm in the main text), but the extrapolation nevertheless
indicates consistency with a vanishing order parameter at
the transition in this case.

These results strongly suggest that there is a tricritical
point separating a continuous and first-order transition in
the EPJQ model somewhere between A = 1/2 and A = 1,
which we plan to investigate further in a future study.
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