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Duality places an important constraint on the renormalization group flows and the phase diagrams. For
self-dual theories, the self-duality can be promoted as a symmetry, this leads to the multicriticalities. This work
investigates a description of the deconfined quantum criticality, the Ny = 2 QED;, as an example of self-dual
theories, and its multicritical behavior under perturbative deformations. The multicriticality is described by
the theory with Gross-Neveu couplings and falls in a different universality class than the standard deconfined
quantum criticality. We systematically calculate the scaling dimensions of various operators in the 3D quantum
electrodynamics with the Chern-Simons term and Gross-Neveu couplings by the large-N renormalization group
analysis. Specifically, we find certain Drelativistic four-fermion interactions which correspond to the dimer-
dimer interactions in the lattice model will drive the deconfined quantum criticality to the first-order transition,

this result is consistent with previous numerical studies.
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I. INTRODUCTION

Duality plays an important role in relating different
phases of matter. One famous example is the Kramers-
Wannier duality [1] in (14-1)D transverse field Ising model
H =),—JZZy — hX;, which exchanges J and h and
maps the ferromagnetic (Ising symmetry breaking) phase to
the paramagnetic (Ising symmetric) phase and vice versa.
More generally, two theories are dual to each other when they
have different ultraviolet (UV) descriptions but flow to the
same infrared (IR) theory. A well-known example in (24-1)D
is the particle-vortex duality, which states that the XY model
is dual to the Abelian Higgs model [2—4]. Recent develop-
ments further extend this understanding and discover many
theories and their dual partners, altogether they form a web of
duality [5].

If the theory remains the same under a duality, the duality
will be called a self-duality. For example, the Kramers-
Wannier duality is a self-duality for the (141)D Ising model
at the critical point. Recent studies [6-9] further propose to
interpret the self-duality as a categorical symmetry, making
connections to the fusion category of anyon excitations in the
corresponding bulk topological order in one higher dimen-
sion. When the self-duality is imposed as a symmetry, the
system is enforced to stay on the phase boundary between
the two duality-related phases, leading to the self-duality
protected criticality and multicriticality[ 10-15]. For example,
as illustrated in Fig. 1(a), in the presence of the Kramers-
Wannier duality (enforcing J = h), a generic Ising chain
(with all additional duality-allowed terms like —K(X; X+ +
Z;_1Z;11)) can either preserve the self-duality and remain gap-
less along the Ising critical line (K < K.), or spontaneously
break the self-duality and becomes gapped along the first-
order transition line (K > K_.). The continuous and first-order
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Ising transitions are separated by a multicritical point (K =
K.), i.e., the tricritical Ising point [16,17]. The multicritical
point can be circumvented if the self-duality is explicitly
broken (e.g., by J # h). In this sense, the multicriticality is
protected by self-duality.

Similar continuous to first-order transition also happens
in higher dimensions between the duality-related quan-
tum phases. Here we will explore the (241)D example of
self-duality-protected multicriticality. In particular, we will
consider the topological transition between the bosonic sym-
metry protected topological (SPT) phase and the trivial phase,
as illustrated in Fig. 1(b), where the two phases across the
transition are related by the self-duality [5,18-21] of the
quantum electrodynamics in (2+1)D (QEDj3) with fermionic
matters at flavor number Ny = 2. This theory also describes
the deconfined quantum critical point (DQCP) [22-24] be-
tween the XY antiferromagnet (AFM) and the valence bond
solid (VBS) in square-lattice quantum magnets with the easy-
plane spin anisotropy, as shown in Fig. 1(c). In this case,
the two phases are related by a Z, subgroup of the emergent
O(4) symmetry that maps the two-component XY-AFM order
parameter to the two-component VBS order parameter. Im-
posing these emergent symmetries (including the self-duality)
essentially promotes the tuning parameters to the fluctuat-
ing scalar fields and prohibits the explicit mass terms. This
leads to a unified field theory that describes the continuous-
to-first-order transition in these systems. Such multicritical
point lies in the universality class described by the QED;3-
Gross-Neveu [2,5,25] (QED;-GN) theory. More generally, the
Chern-Simons (CS) term for the gauge fields can be included
to describe the multicritical point of the exotic quantum phase
transitions.

To further investigate the stability of this (24+1)D self-
duality-protected multicriticality, we extend the field theory

©2021 American Physical Society
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FIG. 1. Quantum phases related by the duality or emergent sym-
metry: (a) ferromagnetic (ordered) and the paramagnetic (disordered)
phases across the Ising transition are related by the Kramers-Wannier
duality, (b) bosonic symmetry protected topological (SPT) and trivial
phases are related by the fermionic particle-vortex duality, (c) XY
antiferromagnetic (AFM) and valence bond solid (VBS) phases are
related by an emergent Z, symmetry. In all phase diagrams, the
vertical axis is the relevant perturbation that drives the transition be-
tween the duality/symmetry-related phases, and the horizontal axis
is always taken to be the square of the transition-driving perturbation.
In phase diagrams (b) and (c), the existence of continuous transitions
between the adjacent phases is assumed, which corresponds to the
Ny = 2 QED; field theory without four-fermion interactions.

to the large fermion flavor number (large N) limit, and use
the 1/N; expansion [25-31] to analyze the renormalization
group (RG) flow of the fermion quartic operators, includ-
ing the mass-mass (M) and current-current (Y y“Myr)?
interactions, at the QED;-GN fixed point. Our analysis indi-
cates that the DQCP and the multicriticality can be driven to
the first-order transition by current-current interactions. Such
current-current interactions can be realized in the lattice spin
model as a staggered dimer-dimer interaction (or stagger-
Q) as proposed and observed in the recent quantum Monte
Carlo (QMC) studies [32,33]. Unlike the conventional dimer-
dimer interaction that couples the dimers along the vertical
or horizontal directions on the square lattice, the stagger-Q
interaction couples the dimers along the diagonal direction.
The QMC results indicate that such a stagger-Q interaction
may be responsible for driving the DQCP between continuous
and first-order transitions (see Sec. IV B for more concrete
discussion of the QMC results and our theoretical explana-
tion).

The RG analysis can be further generalized to the QED;-
GN theory with additional Chern-Simons (CS) terms for the
gauge field. Although there is a lack of known examples
of self-dual theory with a non-zero-level CS term, a similar
multicritical point separating the continuous and first-order
transition still exists and can be analyzed. The result can
be applied to the direct transition between bosonic fraction
quantum Hall (FQH) and superfluid (SF) phases in interacting
boson systems [34,35].

II. SELF-DUALITY OF N; = 2 QED;

The fermionic particle-vortex duality [36,37] dualizes a
free Dirac fermion theory to Ny = 1 QED; theory with CS
terms and the fermion operator is mapped to the fermion oper-
ator combined with gauge fluxes. Since CS terms break parity
symmetry, the orientation reversed version of the fermionic
particle-vortex duality is obtained by changing the sign of the
CS terms. By combining the fermion particle-vortex duality

and its orientation reversed version, one can obtain a duality
between two Ny = 2 QED; theories [18,19,21] described by
the following Lagrangians:

_ _ 1
iV Darx Y1 + iYalDa_xvn + E(a +Y)d(a+Y)
+i(XdX—YdY) (1)
4

. . | -
— ix1Dary x1 +ix2Pay x2 + E(a +X)d@+X), (2)

where V;, x; are fermion fields, B, = y*(d, — ia,) is the
Dirac operator coupled to the U(l) gauge field a. ada =
€,0p0,,0,a, 1s understood as the exterior product a A da, and
the same applies for other CS terms. We adopt the convention
as the lower case letters a, a represent the dynamical U(1)
gauge fields which will be integrated over in the path inte-
gral, and the upper case letters X, Y represent the background
gauge fields which are used to keep track of the U(1)x and
U(1)y global symmetries.

The two theories (at least) have the common UV symmetry
U(1)x x U(1)y. For the U(1) gauge theories in (2+41)D, they
automatically have an emergent global U(1);; magnetic sym-
metry due to the Bianchi identity ehvr 0., = 0 where F,, is
the gauge field strength. The charged operator of this U(1)y
symmetry is the magnetic monopole operator which creates
the gauge flux and its coupling with the background gauge
field are %ad Y, %szX in the both hand sides respectively.
The symmetry charges of the operators are,

U, Uy Uy

M, 1 0 1

Y1 1 1 0

A 1 0

U)a Uy Uy
M; 1 1 0
T 1 0 1 3

n |1 0 1

and the gauge invariant operators are built from these
operators.

Renaming the fermion fields ¥ <> x will exchange X <
Y and add a background term A%(X dX —YdY) to the La-
grangian, the left-hand side (LHS) Eq. (1) and the right-hand
side (RHS) of Eq. (2) of the duality will be swapped, there-
fore, establishes the self-duality.

This self-duality can also be understood as exchanging the
“electric charge” and the “magnetic charge.” On the LHS of
the duality, the fermion field v; is charged under the U(1)x
flavor symmetry, and the magnetic monopole operator M,
which creates 27 flux for a is charged under the magnetic
U(1)y due to the mixed CS term %ad Y (note that M, is the
bare magnetic monopole operator which is not gauge invariant
due to the CS term %ada, the gauge-invariant operators are
the combination of the M, and fermion creation operators).
However, on the RHS, the fermion field x; is charged under
U(l)y and the magnetic monopole operator M is charged
under U(1)x. This suggests that the fermion creation operators
(resp. monopole operators) on the LHS become monopole
operators (resp. fermion creation operators) on the RHS. More
details of the self-duality are presented in Appendix B.
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Here is a side-note on the conventions to regularize the
fermion path integral. One convention is that integrating out
a single Dirac fermion in (2+1)D will contribute a (—1)-level
CS term for the negative fermion mass and a O-level CS
term for the positive fermion mass. Physically, fermions are
doubled when putting on the lattice, one Dirac fermion is
accompanied by a massive fermionic partner, otherwise, the
single Dirac fermion will have parity anomaly in (241)D [38].
This convention assumes that the massive fermionic partner
is not integrated out beforehand and it is more explicit on
the quantization of the level of Chern-Simons term, this is
easier to analyze the symmetry charges of the operators since
the magnetic monopole operator has charge k if there is a
level-k CS term. We will use this convention in discussing the
dualities of quantum field theories, such as the self-duality of
Ny =2 QED; .

Another convention is that integrating out the fermion will
contribute a w-level CS term, this assumes that the mas-
sive fermionic partner has been integrated out beforehand and
this is relevant to the analysis of the scaling dimensions of
the critical theory since the massive fermionic partner does
not involve in the transition. Using the later convention, half
level CS term will involve in the massless theory, and now
the Chern-Simons level is effectively —% + k where Ny is
the number of fermion flavors. We will adopt this convention
in the discussion of renormalization group analysis on the
critical behavior of the theory.

Schematically, the fermion theory with the level-k CS term
using the first convention is related to that using the second
convention by

k—N¢/2
—f/ada

iZ Vi + —ada = iZ ViDai +
= 47 P 4

the 1st convention the 2nd convention

“

The duality presented in Egs. (1) and (2) will be equivalent to
the self-dual theory presented in Ref. [18] by converting to the
second convention of the fermion path integral regularization.
However, both conventions have the same gauge-invariant
operators and they yield the same response theories in the
gapped phases.

A. Phase diagram

The Ny =2 QEDj; has two relevant fermion mass defor-
mations, the singlet mass myr 1y = m(Y1vr + Yoin) and the
triplet mass m' o3y = m' (Y1y1 — Yoyn), where o' is the
ith Pauli matrix. Under these mass deformations, one can
integrate out the fermions and obtain the following effective
theories for the background gauge fields Eq. (1) [18,20],

i(XdX —YdY) m>0,m =0

47 )
0 m<0, m=0,
iad(Y+X)+—f2 m>0m=0
o ©)

Z—ad(Y X)—i——f2 m <0m=0.

(a) m (b) m
(UM)y4x SSB) (U)y4dx SSB)
XY-AFM duality XY-AFM
trivial Bosonic <—7™ Bosonic trivial
m Z3 m
SPT SPT
VBS VBS

(U@)ylx SSB) (U@)ylx SSB)

FIG. 2. The phase diagram of Ny = 2 QED; theory. The singlet
mass m drives the SPT transition between two symmetric phases,
and the triplet mass m’ drives AFM-VBS transition between two
symmetry broken phases.

where e is the electron charge. The ... represents the gapped
degrees of freedom that are not important at low energy since
the low-energy physics is dominated by the Maxwell term
ﬁ f? and the first term which describes the gapless Gold-
stone boson associated to the broken symmetry U(1)y,x or
U(D)y—x.

When the singlet mass m is nonzero, the two response the-
ories in Eq. (5) differ by a U(1)x 2 x U(1)y,_, CS term, where
the number indicates the level of the CS term, i.e., %(X ax —
YdY), which corresponds to the topological response of a
bosonic SPT state with U(1)x x U(1)y symmetry.! Therefore
the m > 0 and m < 0 phases should be ascribed to the topo-
logical and trivial SPT phases, respectively.> When the triplet
mass term m’ is nonzero, the effective theories in Eq. (6)
describe the Goldstone modes in the spontaneous symmetry
breaking (SSB) phases with broken symmetries associated
to Y +X and Y — X, respectively (two different combina-
tions of the generators of U(1)y, U(1)y). In the context of
square-lattice easy-plane quantum magnets [39,40], we might
interpret U(1)y,x as the in-plane spin rotation symmetry
and U(1)y_x as the lattice rotation symmetry (ignoring the
discrete nature of the actual C, rotation), then the m’ > 0
and m’ < O phases could be identified as the XY-AFM and
the VBS phases respectively. Figure 2(a) shows the phase
diagram summarizing the above interpretations. Under the
duality transformation, the singlet mass is odd (m — —m)
while the triplet mass is even (m’ — m’), which effectively
swap the SPT and trivial phases but leaving the AFM and VBS
phases unchanged (see Fig. 2). To restore the original phase
diagram after the duality transformation, one should exchange
U(1)x <> U(1)y and add a background U(1)x, x U(1)y _»
CS term to the Lagrangian.

B. Self-duality as a symmetry

As pointed out in Refs. [19,21], the explicit UV symme-
try U(1)x x U(l)y in Eq. (1) and (2) can be enhanced to

!Since the gauge-invariant operators in UV are all bosonic (no
single-fermion operators), the resulting gapped phases can possibly
connect to the bosonic theory.

2Which phase is topological/trivial is only a matter of convention,
as the notion of SPT phases is only relative.
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the emergent symmetry W = SO(4) in the IR. To-

gether with the self-duality Z¥ which exchanges SUQ2)x <
SU(2)y and attaches a SU(2)x 1 x SU(2)y,_; CS term (which
falls back to the U(1)x» x U(1)y,—» CS term in the UV), the
IR symmetry becomes SO(4) x ZP = O(4). However, as the
IR theory is shifted by the SU(2)x.; x SU(2)y,_; background
response under the self-duality transformation, the Z%’ and the
SO(4) have the mixed ’t Hooft anomaly, thus they cannot
be simultaneously coupled to the background gauge fields
and promoted to the dynamical ones. Nonetheless, it can
be viewed as the boundary of a (3+1)D SPT with the full
O(4) symmetry. With appropriate counterterm in the bulk,
the whole system can also have time-reversal symmetry 7.,
altogether gives O(4) x Zg as suggested in Ref. [41].

Note that the singlet mass m is invariant under SO(4)
but is odd under ZP, while the triplet mass m’ explicitly
breaks SO(4) (as it is in the (3,3) representation [20,41]
of SU(2)x x SU(2)y) but is even under ZP. Hence, if both
the emergent SO(4) and the self-duality Z? symmetries are
imposed, no fermion bilinear mass could be included in the
Lagrangian.

C. Self-duality protected multicriticality

Although the mass term cannot be added to the Lagrangian,
squares of the mass term still can, which may take the form of
four-fermion interactions (¥ M“)?, where M“s are mass ma-
trices acting on the flavor indices. Adding these mass-squared
deformations to the QED theory Eq. (1) could potentially
drive the theory to new fixed points [28]. The fate of the
self-duality ZP and the SO(4) symmetry depends on the
RG flow of such mass-squared deformations. If both sym-
metries are preserved, the theory will remain critical (as no
mass deformation is allowed), which describes the continuous
transition between AFM and VBS phases (as well as the tran-
sition between SPT and trivial phases), which is also known
as the O(4) DQCP. When the self-duality ZD symmetry is
spontaneously broken, the SPT transition becomes first-order.
When the emergent SO(4) symmetry [more specifically the
7, subgroup that swaps U(1)yyx and U(1l)y_x] is sponta-
neously broken, the AFM-VBS transition becomes first-order.
These first-order transitions are separated from the continuous
transition by the multicritical points/lines. We will analyze
the RG flow of the generic four-fermion interactions at these
multicritical points, aiming to understand how certain kinds of
interactions can drive the DQCP from a continuous transition
to a first-order transition.

The multicritical point happens when Dirac fermion
masses change the sign. To analyze the scaling dimensions
of the operators at the multicritical point, we do not need to
include the massive fermionic parton which is served to cancel
the subtlety in the fermion path integral regularization. We
rewrite Eq. (1) as

1

iV Darx V1 + iVaax ¥ + 5
7

adY + L(XdX —-Ydy).
4
(N
The CS terms look different from Eq. (1), because we inte-
grate out the massive fermionic partners beforehand and it
corresponds to the second convention as discussed in the last

)
DqA
(@)
g’ O(4) DQCP
@0 #0 Sl =) =0
o

symmetric 2 | 0O(4) multi-
gapped s((5) critical

m»l’ﬂti—critical

<L
AV ($2) #0

1st order
transition

FIG. 3. Mean-field phase diagram of Eq. (8).

three paragraphs of Sec. II, following from Ref. [18]. Note
that the changing of convention will not change the gauge
invariant operators as well as the different gapped phases.
The background gauge fields X and Y will not affect the
dynamics and can be set to zero. Adding the mass-squared
deformations amounts to promoting the mass terms m and m’
to the dynamic scalar fields ¢, and ¢,, that are coupled to the
fermions via Yukawa-type couplings ¢, My, this can also
be seen by using the Hubbard-Stratonovich transformation.
Together with their own boson mass terms raq’)g, the action
reads as
2
> WiBati + G 1Y + o’y

i=1

2
1 2 A 2

+ ; 22 Pea = 98+ 3 (Dudh)” ®)
For each scalar field ¢,, the boson mass r, has a corresponding
critical value r,.. When r, > r, ., the boson is gapped and
(¢s) = 0. When r, < r,,¢, the boson is condensed, such that
(¢4) # 0 and the symmetry is spontaneously broken. This will
dynamically generate the corresponding fermion mass terms.
We may loosely set r, . = 0 and assume the bosons are critical
when r, = 0 in the following discussion.

The qualitative phase diagram of Eq. (8) is shown in Fig. 3,
which can be considered as the extension of the Fig. 2’s origin,
since no fermion mass terms m, m’ are added in the Eq. (8).
In the phase diagram, when 7y, 7, > 0 (the blue region), both
bosons are gapped, leaving Eq. (8) to be the Ny =2 QED;
theory at low energy. As discussed previously, this theory has
an emergent O(4) symmetry and describes the continuous
DQCP transition between the AFM and VBS phases [i.e.,
between the U(1)yx and U(1)y_x SSB phases] when tuning
the triplet fermion mass m’ externally. If r; is at its critical
value and r, > 0 (along the red line), the critical theory
becomes Ny = 2 QED;-Gross-Neveu model, which describes
the continuous DQCP with emergent SO(5) symmetry as
proposed in Ref. [41]. If instead, r, is at its critical value

205142-4



SELF-DUALITY PROTECTED MULTICRITICALITY IN ...

PHYSICAL REVIEW B 104, 205142 (2021)

and r; > 0 (across the blue line), the theory describes the
multicriticality between the O(4) DQCP and the first-order
AFM-VBS transition. If both r; and r, are critical (the purple
point), the theory describes the multicriticality between the
SO(5) DQCP and the first-order AFM-VBS transition.

To see that the ¢, condensed phase (the orange region)
corresponds to the first-order AFM-VBS transition, we con-
sider driving the AFM-VBS transition by an external triplet
mass m’. The actual mass term seen by the fermion will
be (m’ + (¢))¥ o3, meaning that the driving parameter m’
needs to overcome the expectation value (¢,) in order to
change the sign of the triplet mass effectively and switch
the system from one phase to another. Therefore (Yo3v)
will exhibit the hysteresis behavior as m’ is tuned back and
forth, which manifests the first-order transition. Without the
external driving (m’ = 0), the ground state will be degenerated
between AFM and VBS phases.

On the other hand, the ¢, condensed phase (the green
region) is a symmetric gapped phase whose ground state is de-
generated between topological and trivial SPT phases, which
may as well be interpreted as the first-order SPT transition
if the singlet mass m is tuned externally. The ¢; condensed
phase and the ¢, condensed phase do not coexist, because
they compete with each other to gap out the fermion, and
the ground state is determined by the condensate that has a
larger vacuum expectation value |{¢,)|. When the competition
reaches a balance at |{¢)| = |(¢>)| (along the gray dashed
line), it triggers a direct transition between the symmetric and
the SSB phases (either the in-plane magnetic order or the VBS
order), which is of the 3D XY universality.

The multicriticality between the continuous and first-order
transitions cannot be circumvented in the presence of the
anomalous O(4) symmetry. However, it is possible that the
protecting symmetry may be broken spontaneously under
other potentially relevant perturbations, such that the O(4)
DQCP is not stable in general. In the following, we will
explore this possibility by analyzing the effect of generic four-
fermion interactions in the QED-GN theory using the large-N
renormalization group (RG) approach.

III. LARGE-N RENORMALIZATION GROUP ANALYSIS
A. QED-Gross-Neveu-Chern-Simons theory

We extend Eq. (8) to Ny flavors of Dirac fermions ¢ =
((ZVRRE 1//Nf)T coupled to the dynamical U(1) gauge field,
together with Yukawa-type couplings to N, flavors of scalar
bosons ¢, (a = 1, ..., Np). The bosons will have their kinetic
terms and can be tuned critical by the r, parameters. We also
add the level-k CS term for the dynamical U(1) gauge field
(to be general) and consider the QED;-Gross-Neveu-Chern-
Simons (QED-GN-CS) theory as follows:

L =9y, @ ")y —ia )V + ¢ (M @ 1)y
L blra = )b+ St
+ 2g2¢a rg — ¢a + 4 d’ud)a

ik v 1 u
=+ EG auavak + Efw)f . (9)

Here, matrices 1 N M ¢ act on the flavor space, while matrices
1,, y* act on the spinor space. We take the y matrices to be

(03,0, 0%). M are vertices of Yukawa couplings associ-
ated with fermion bilinear masses, which are assumed to be
orthogonal to each other such that tr(M*M by = M8,p. The last
term is the Maxwell term, with the gauge curvature defined as
Suv = 0,0, — dyay,.

The multicritical points/lines in the phase diagram Fig. 3
correspond to tuning one or more scalar bosons to critical.
We assume that all scalar fields in the effective theory (9)
correspond to the critical bosons (other gapped bosons will be
dropped from the effective theory automatically). The theory
is tuned to the QED-GN-CS fixed point. The boson mass
term (r, — ra,c)qﬁg is a relevant perturbation that drives the
system away from the multicriticality. It also is possible that
some types of fermion interactions may flow to the boson
mass term ¢Z, as it is equivalent to the mass-mass interaction
(¥ (M° ® 1,)y)? under the Hubbard—Stratonovich transform.
Such fermion interactions will appear relevant at the QED-
GN-CS fixed point and can drive the system away from
multicriticality as well.

B. Renormalization of four-fermion interactions

To explore this possibility, we carry out a systematic
study of the scaling dimension of four-fermion interactions
at the QED-GN-CS fixed point (see Appendix A for techni-
cal details). We will follow the large-N, expansion approach
recently developed for the QED;-GN model in Ref. [31],
where the scaling dimensions of fermion and boson bilinear
operators were analyzed. Here, we will carry over the analysis
to four-fermion operators, which has not been presented yet.
To be more general, we also include a CS term, such that our
result could potentially be applied to other DQCP such as
the superfluid to bosonic fractional quantum Hall transition
(described by the QED-GN-CS fixed point at level k =1
[34]).

In particular, our scheme to extend Eq. (8) to large Ny cor-
responds to generalizing the fermion flavor symmetry group
from SU(2) — SU(2N), such that the fermion flavor number
scales as Ny = 2N with N — oo. The Yukawa vertices are
generalized to

M = {15,067} > (M} = {1,,0”} @ 1y, (10)

where {M“} denotes the set formed by M“s, similar for {V*}.
The perturbative interactions are

Lint = g n(PV* @ oY) + e, (YV* @ y*yr)?,  (11)

where V¥ =0 @ Iy (0 =0,1, 2, and 3). uy ;m, Ue,, TEP-
resent the coupling coefficient of the mass-mass interactions
and the current-current interactions respectively, which can be
combined to a vector uy,; = (Uy m, Uy,05 Ua,1, Ua2)T in €ach o
channel. The RG equations for u, ; takes the following general
form:

dua.,- 64
det

+ 302N, M(a,i),w,j))uﬂ,j, (12)

where the repeated indices are summed over and M is a matrix
with entries given by the O(1/Ny) corrections, the detailed
calculations are presented in Appendix A. One can further
diagonalize M to find the eigenchannels. We take Ny — 2
to restore the case of Eq. (8). The large-N; analysis is not
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well controlled for small Ny, as subleading corrections may
not be sufficiently small. However, in our case, we assume
the Ny = 2 QEDj has the IR conformal fixed point which is
suggested by the QMC simulation [39] and then perform the
analysis on the perturbative four-fermion interactions. It turns
out that our large-N; RG results are consistent with the latest
QMC simulation [32,33,42].

The first quadrant, O(4) DQCP. Without the contribution
from the critical bosons, there is no relevant channel for « =
0. However, for « = 1, 2, and 3, it has one relevant channel,

duvt,i
dt

and the spatiotemporal anisotropic channels are irrelevant.
Therefore the mass-mass interaction can be generated from
the current-current interaction under the RG flow, which could
potentially drive the O(4) DQCP to a first-order transition (if
the generated mass-squared interaction is strong enough to
overcome the bare r, term).

With large-Ny, u,; are independent parameters. How-
ever, for Ny =2 (i.e., N = 1), the Fierz identity demands
the uniform combination ) ,_, 5 ,.q3 Ua,i “fuses” into the
o = 0 channel, which is irrelevant. Additionally, the explicit
U(1)x x U(1)y symmetry guarantees u;; = u»;, hence for
Ny = 2, there is only one independent channel of the relevant
four-fermion interaction with o = 3.

The positive-r, axis, SO(5) DQCP. In this case, the
scalar boson associated to the singlet mass is critical, {M“} =
1,. There is still no relevant channel for « = 0. For ¢ =
1, 2, and 3, it has the same relevant channel as the previous
case,

=224uq;, withug; =@3,1,1, D7, (13)

dua,,-
de

Hence, the stagger-Q term still overlaps with the relevant
channel at SO(5) DQCP fixed point. Similarly, as discussed in
the last paragraph, for Ny = 2, there is only one independent
channel of the relevant four-fermion interaction with o = 3.

The positive-ry axis and the origin. Both cases are more
involved. The positive-r; axis describes the transition between
the O(4) DQCP and first-order transition, and the origin is a
multicritical point where three critical lines joins. Both ¢; and
¢, scalar fields are critical at the origin, such that the Yukawa
vertices are {M“} = {1,, o°}. The eigenchannels will have
mixture of V2, V3 or V!, V2, because M¢ will mix V° with
V3 as well as V! with V2. Considering {V*} = {V°, V3},
there is one relevant channel with wup3 = (uo;;us;) =
(—0.03, —-0.071, —0.071, —0.071;0.82, 0.32, 0.32, 0.32)T7,
and the RG equation reads

= 1.70uy;, withuy,; =@3,1,1,1)T. (14)

dup . .

—— = 1.8%up3 (positive-r; axis),

de

d

% — 1.35up; (origin). (15)

The detailed calculation is presented in Appendix A. With one
more critical boson at the origin compared to the positive-r|
axis, the RG eigenvalue of the relevant interaction is smaller
at the SO(5) multicritical point compared to the O(4) multi-
critical line.

FIG. 4. Extended phase diagram in the presence of relevant in-
teraction u. The u = 0 plane corresponds to the phase diagram in
Fig. 3.

IV. IMPLICATIONS OF RG ANALYSIS

A. Consequence of the relevant interactions

The RG analysis suggests that the SO(5) and O(4) DQCP
may not be stable against the perturbation of certain Lorentz
symmetry breaking four-fermion interactions in the field the-
ory. The interaction is relevant and flows to the following
form:

Ling = uBW oY) + o’ y™y)?). (16)

Depending on the sign of the coefficient u, the interaction may
drive different instabilities of the QED theory. By analyzing
all possible Wick decomposition of the interaction term, we
found the leading eigen decompositions with both positive
and negative interaction strength is Lin = u(Jo3yr)> 4+ - —
u(l/;lﬂ)z. Therefore, if u < 0, the interaction favors the con-
densation of the triplet mass term ¥ o>V, or equivalently the
scalar field ¢, that couples to it. In this case, the emergent
SO(4) symmetry is spontaneously broken, and the AFM-VBS
transition becomes first-order. On the other hand, if u > 0,
the interaction favors the condensation of the singlet mass
term V¥, or equivalently the corresponding scalar field ¢,
which spontaneously breaks the self-duality and results in the
symmetric gapped state. Figure 4 shows the extension of the
phase diagram in the presence of four-fermion interaction.
The next leading eigen decompositions of the interac-
tion are the singlet pairing channels —%uWTazyoyxlmz and
—%uleazyoyy ¥|*> with slightly less interaction strength.
When u > 0, the system may condense the Cooper pairs
YTo?y%y* Yy, breaking the Lorentz symmetry. Since this
term commutes with some of the kinetic terms in the Hamilto-
nian, it will split the Dirac points in the momentum space but
will not gap out the fermions. It will also Higgs the U(1) gauge
group down to Z,. Therefore it opens the possibility for the
gapless Z, spin liquid phase instead of the symmetric gapped
phase away from the multicritical point, which provides a can-
didate scenario for the phase diagram observed in the recent
QMC study Ref. [42] where the first-order transition and the
gapless Z, spin liquid phase are separated by the multicritical
point. Another scenario of the gapless Z, spin liquid phase
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FIG. 5. Tllustration of the (standard) Q term (in blue) and the
stagger-Q term (Q;, in red) on the square lattice. Both are dimer-
dimer interactions, but along different directions.

near the DQCP is recently proposed in Ref. [43]. The Lorentz
symmetry is also broken by the Higgs field. However, the
fermion flavors are doubled in that proposal compared to
ours, thus it describes a different gapless Z, spin liquid phase
(see Appendix C for details). For example, the entanglement
entropy contributed from the massless degrees of freedom will
be different, which could be distinguished in future numerical
studies.

B. Role of the stagger-Q perturbation

Recent QMC studies revealed the possibility of tuning the
DQCP between continuous and first-order transitions [32,33].
In particular, the stagger-Q term (denoted by Qy, or the
so-called Z deformation) was proposed in Ref. [32] as a mod-
ification of the J-Q model,

H =H;y+H,,
HJQ——JZP" QZP" Pl + (x <), 17)

= -0, ZP" iy + (o),

where P¥ = 1/4 —8; S,z and P/ = 1/4 —§; - S, are the
dimer operators on the x and y bonds respectively. The
stagger-Q term Q; favors a staggered VBS pattern, and hence
the name. The illustration of the QO term and the stagger-Q
term is shown in Fig. 5. Another version of the stagger-Q
term that involves three dimers interacting along the diagonal
direction is studied in Ref. [33]. The three-dimer stagger-Q
term has the same symmetry as the two-dimer stagger-Q term,
and shares the similar physical effect (both favors the same
staggered VBS order). The QMC phase diagram in Ref. [33]
explicitly shows that the stagger-Q term can drive the DQCP
to a first-order transition. We will connect this observation to
our field-theory analysis.

In the momentum space, the stagger-Q term should corre-
spond to the dimer-dimer interaction near momentum (7, 7 ),
which can be argued as follows. Let P, = Y, P"Ye™"i be
the dimer operator of momentum ¢q. A large Q; term favors
the dimer to order in the staggered pattern (along the diagonal
direction), which corresponds to the condensation of the dimer
order parameter at momentum ¢ = (7, ), i.e., (Py ) # 0
or (P’ ) # 0. Therefore the effect of the stagger-Q interac-

(7r,7)
tion Hp, can be expressed as

o, ™~ _Qs(( (m, JT)) + (P(}r[ ﬂ)) ) (18)

because a large Q; in Eq. (18) also promotes the ordering of
P, matching the effect of Hy, in the real space Eq. (17).

At low energy, the dimer fluctuation near momentum
(7, ) should correspond to the spatial component of the
Noether current associated with the emergent U(1)y_x sym-
metry that rotates the VBS order parameters:

Pl ™~ Jvess Pinny ™ Jums: (19)

This mapping was derived in Ref. [44] from the fermionic par-
ton construction. A simple symmetry argument is as follows.
We first notice that P, , and P are the VBS order param-
eters favored by the standard Q term in the J-Q model. They
can be combmed into a complex order parameter Wyps =
(n e iP (0 ) The U(1)y_yx rotation corresponds to Wygs —

e’ Wygs, therefore the associated current operator should be
jir/BS = i\IJ\T,BSa Wyps + H.c.

X
(071)a P(n 0) — 7'(0)8 0,7)°

Jvss = "I’VBSa Wyps + H.c.
(0 n)a"P(xzr 0) P(Xn O)a)P(o ) (20)

Thus both ji¢ and jVBS carry the total momentum (i, )
(as a summation of (;r,0) and (0, )). Under the (site-
centered) reflection about the y axis, i.e., (x,y) = (—x, ),
we have (P*, PY) — (=P*, PY), (0y, dy) = (—0y, dy), thus
(Wgs» Jvps) = Ulys, —Jgys) transforms as a pseudovector.
Similarly, under the reflection (x,y) — (x, —y), we have
(JVss Jvgs) = (—Jnvss Juys). Furthermore, jyis does not
transform under spin rotation symmetry. All these symmetry
properties are precisely matched by Eq. (19), which speaks for
its validity.

Using the operator correspondence in Eq. (19), Eq. (18)
can be casted into

Qs((JVBs) + (j)\CIBS)Z)v 21

which identifies the stagger-Q term to the current-current
interaction in the spatial channel. We can make further con-
nection to the field theory. Since the U(1)y_x symmetry is
generated by Iﬂflﬁl - w; Y in the Ny = 2 QED; theory, the
corresponding Noether current should be jyp = voldyty,
therefore, the current-current interaction in Eq. (21) further
translates to the four-fermion interaction in Eq. (11) with
usz; < 04(0,0,1,1)T. According to the RG analysis above,
the current-current interaction will generate the mass-mass
interaction and flow towards the combined interaction in
Eq. (16).

Since the u term in Eq. (16) corresponds to the stagger-
Q term in the lattice model, the original J-Q model may
be very close to u =0, i.e., the QED-GN fixed point in
the field theory, though u should never be precisely zero.
But the stagger-Q term in the lattice model will turn on a
non-negligible u term in the field theory which is relevant
at the QED-GN fixed point, therefore render the transition
first order, as was observed numerically. In fact, according
to Eq. (14), our calculation of the scaling dimension of the
relevant four fermion term is 1.3 =3 — 1.7 at the SO(5)
DQCP, which is close to the observed scaling dimension of
the stagger-Q deformation of the J-Q model (Az ~ 1.4 in
Ref. [32]).

205142-7



DA-CHUAN LU, CENKE XU, AND YI-ZHUANG YOU

PHYSICAL REVIEW B 104, 205142 (2021)

T VBS
~| gapped
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- 0 >
A<O A A>0

FIG. 6. Schematic phase diagram of the easy-plane J-Q model
(22).

The above field theory understanding also applies to the
easy-plane J-Q model [39,40],

H = Hjp + Ha,

Hy=—JAY SiSi +(x < y), @2)

where the parameter A tunes the easy-plane anisotropy. A =
0 is the SU(2) isotropic limit, and A =1 is the U(1) x Z,
easy-plane limit.

Tuning A away from 0 breaks the spin SU(2) symmetry
and the u term should in principle also exist for the easy-plane
J-0 model, but because it is more relevant compared to that in
the SU(2) symmetric case [according to Egs. (13) and (14)],
the easy-plane J-Q model may be a first-order transition more
obviously than the isotropic limit. Based on the phase diagram
Fig. 4, the system will either enter an intermediate symmetric
gapped phase or exhibit a first-order AFM-VBS transition,
in the presence of spin anisotropy. Given the physical mean-
ing of the anisotropy term A, we can identify the symmetry
gapped phase to the easy-axis anisotropy (A < 0) and the
first-order transition to the easy-plane anisotropy (A > 0). A
schematic phase diagram is presented in Fig. 6 for the lattice
model Eq. (22). The symmetric gapped phase may as well
be interpreted as the Ising ordered phase of (S%) # 0, since
the condensation of ¢, field corresponds to the ordering of
(8%). The scenario that the AFM-VBS transition becomes first-
order as the easy-plane anisotropy is turned on is consistent
with the recent QMC study Ref. [45].

V. SUMMARY

In this work, we studied the Ny =2 QED; with self-
duality. The Ny = 2 QEDj; has SO(4) symmetry in the IR,
if imposing the self-duality symmetry, it can be enhanced to
O(4). The singlet mass is invariant under SO(4) but self-
duality odd and the triplet mass is transformed by SO(4) but
self-duality even. Requiring the O(4) symmetry, the theory
cannot have explicit mass terms, which enables us to treat
the mass terms as fluctuation scalar fields and to investigate
the continuous-to-first-order transition driven by the mass
fluctuations. The multicritical points (lines) separating the
continuous and first-order transitions can be described by the
QED-GN theory.

We further analyzed the stability of the theory under the
four-fermion interactions. In particular, we focus on the spa-

tial current-current interaction of fermions in the field theory,
which corresponds to a class of dimer-dimer interaction (the
stagger-Q term) in the lattice spin model [32,33]. This op-
erator has been shown to drive the continuous DQCP to a
first-order transition in recent numerical works. Our analysis
indicates that such dimer interaction can be relevant at the
O(4) DQCP and adjacent multicritical lines, which generally
destabilize the continuous DQCP to first-order transitions (or
intermediate gapped phases). Our finding provides a theo-
retical understanding of the numerically observed first-order
transition driven by the dimer-dimer interaction. Our analysis
also suggests a possibility to have Z, spin liquid in this model
[42] .

We provide systematically large-N renormalization group
calculation of the general Ny =2 QED; with Gross-Neveu
term in Appendix A. Thanks to viewing the Feynman dia-
grams as string diagrams of symmetry group representations
[46], the complicated diagram at O(1/Ny) can be expressed
by a few group parameters. Scaling dimensions of generic
fermion/boson bilinear terms and four-fermion perturba-
tions are presented. We expect these general results will
find broader applications in other exotic quantum critical
systems.
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APPENDIX A: LARGE-N RENORMALIZATION GROUP

The theory considered in the main text is the QED; with
level-k Chern-Simons term and Yukawa coupling between the
fermion bilinear terms and the scalar fields,

L=9yAy, ® y")B —ia)¥ + ¢y (M @ 1)y

1 32 A 2
+ 2_g2¢a(ra — 0%)p, + Z(¢a¢a)

ik 1
+ Eeuvxaﬂava)\ + @fuvf/“}’ (Al)

where Y, Y represents N flavors of two-component Dirac
fermion fields, 1y, M act on the Ny-dimensional flavor space
while 15, y#, T act on the two-dimensional spinor space.
[t s defined as y!#1 ... y#»] (antisymmetrize the
indices) and any product of y matrices can be reduced to
this form. Since the spacetime dimension is 3, I'¥ and ['3~9
are related by the Levi-Civita tensor. ¢, witha=1,..., N,
represent the scalar fields which are coupled to the fermion
bilinears via a Yukawa type interaction. The last term in the
Lagrangian is the Chern-Simons term with level k.
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The bare propagators and vertices can be read off from the Lagrangian (A1),

Ty, @A 2
) b= DY) = Y
p q
2 2 _ k2 P
40 — Quiy + 5-€“€upq quqv
B A~~~ V= T10) _ & [ I an = “nvpd | 7 A2
v (q) q2 q2 i (%)284 g qg ( )
where £ is the gauge parameter. The vertices are

Iz =ily, ®7*, @ ---- =M*®1,. (A3)

The bare gauge and critical boson propagator will receive corrections, in the large-N limit, the corrections are dominated by
fermion loops, for the gauge propagator,

k+q
r ~QW V= (—1)[i]1Nf ®W”][—i7kp(]l]\22® ’Y’))][i]le ®’Y"]|:—i(k + q()]:(—']_lz(;/)g@ ’Yo)]
k

Bk ky(k+q)s
(2m)3 k2(k + q)?

= (=1)tr[In, ® Yy v"~y7] /

_ _Nf|Q| (5,“/ _ q“,q,,)' (Ad)
16 q?
where Ny comes from trace over the identity matrix 1,. Similar for the critical boson propagator,
k+q
kp(In, ®1°) (k+q)o(In, ®77)

a -- - b= (—1)[M* @ Ly]| i | M @ 1| i !

o SURRTTON RECIES P AT

k

PPk ky(k + q)
=tr[M°M? @ ~Py7] [ s 22
B0 | G g

= —tr[M*M"] % = @50},,

8 (A5)

where in the last step we define tr[M?M"] = M§,, this is true when M¢ is irreducible representation. The corrected propagator
can be found by using Dyson’s equation,

() = (M1 - =Q@g)) "

Note that in the large-N limit, this model flows to an interacting conformal field theory in the infrared limit, where the momentum
scale g is much smaller than the coupling constants e and g, therefore the leading order of the dressed gauge and critical boson

propagators are
umy:uwwrus@amru%u

A Qudv B e"rq,
H[U/(q) = w (6;“/ _f . ) + Ff q2 : + O(‘Q|/€2)

¢ (A6)
e @ SR e Ts 3
8
Day(q) ~ WM + O(lal/9*) = D(q)das, (A7)

where A = (167" + 166?)™!, B = ((256x)~" + x)', and k = k/(27 Ny), a simple check is when k = 0, A = 16, B = 0 match
the coefficients in the large-N analysis of QED; theory. Note that « is not inverse proportional to the 't Hooft coupling and can
be any real number, the large-N limit is to take Ny, k to oo while keeping « fixed. We also keep the gauge parameter & in the
calculation and check that the final result does not depend on &.
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1. Basic diagrams for 1/N corrections: self-energy

We extract the logarithmic divergences from the diagrams and using k and A to denote the external momentum and UV
cutoff, respectively, the self-energy corrections are

m B / %[Hull(q)][i]le ®’Yﬂ}|:—i(k + Q)U(]le ®’Y‘7):|[i]11\[f ®’}”’]

(k+q)?
. A1 —3
= (ily, ® Vu)k“t(STNf) In(k/A) + reg. (A8)
”// \\\ d3 ko . 1 & ~T
z—»—H _ / (27;;3 [D(q)0ap][M* & ]lg][—i( q()k:-]qvjf? 7 )][Mb ® 15
= (ily, ®v")ku 8Cum In(k/A) + reg. (A9)

672M

where we define M“M“ = Cy1y, in analogy of the Casimir.

2. Basic diagrams for 1/N corrections: vertex corrections

The four-fermion interactions in general can be added to the Lagrangian perturbatively, and assuming the small four-fermion
perturbations will not drive the system to other fixed points. The general form for such interactions is

K, om0, (8.0m) ¥ (VS @ Ty (VP @ Ty,

For simplicity and physical relevance, we will consider a subset of the four-fermion interactions with the form
LD Ling = ta,on.s (P V@ T )y)%, (A10)

We introduce the diagrams for the interaction vertices as

—>—9—>— —>—o—>— (V" ® F(ml)_j)
= ta, (m), 1 (VS @), : = K(a,(m).0),(8,(m2).7) @
(Vﬂ@r(’”?)v ) (All)

The vertex corrections are

A(—3—-2C., ()1 +3
m = Uq (m), 1 (VY ® INUORY ( 1,(m). 1+ 38) In(k/A) + reg.

672Ny (A12)
/// == \\\\\\
" 8C. ,(m), OM,()(
o8 — Ug,(m), 1 (V" ® F(m)’I)% In(k/A) + reg. (A13)

where we define Cu,o, Cy (), 1 a8 MVOM* = Cpy o V* and yRT L1 = cy,<m),,r<m>~’, repeated indices a, 4 mean summation.
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Note that there are also two-loop diagrams for the 1/N corrections, we begin with the calculation of the mass bubbles,

H%fl}t%iclockwise _ _iuu,(m),l tr [(VL)(]le ® ’}/a)(VR)(Va ® (,ybl-\(m),I,yc»]
1

W(%ﬂﬂ)qc - QQQ(:(Sa,b - q2qb6a,c + Q2Qa5b,<:), (A14)

H%}%ckwise _ iua,(m),[ tr [(VL)(VQ ® (,Ybr(nL),I,y(:)(VR)(]le ® ,ya))]

1
W(QaQbQC — ¢%4:0ap — P@Oac + 62 qadp.c), (A15)

where Vi, Vi stands for the vertex insertion, they could be gauge-gauge, boson-boson, or gauge-boson. The formula is
complicated in general. For the three-dimensional theory, the y matrices are simply the Pauli matrices and m in I'" is up
to 3. Besides, @i} — ieilviniSF(O), @ty — ieilaizl[‘(l),l.

a. The gauge-gauge insertion. Only I'® T'®) will have nonzero contribution, as their relation is discussed previously, we
can calculate I'® and derive the result for I'®. The mass bubble result for I'® is

lig
qi€
= Ua,(O) tI‘(V) l4 .
q (A16)

The two-loop diagrams give similar results for '@, I'®),

tr(V) (A% — B?)

B Ug,0)(In, ® F(O))N—fm In(k/A) + reg. form =0
- Jivsimishy 1(V) (A2 = B?)
uOé,(B),{il,izyizs}(]le ® INCRCRES 3})Tfm hl(k?/A) +reg. form=3. (A17)
b. The boson-boson insertion. The nonzero contributions will occur only if tr(M'M/V®) = —tr(M'V¥M/), this requires

nontrivial choices of the M“, V*. If so, the two-loop contributions are

it (1., tr(MVEMT) T for m = 1

4q
= . X . | €l7i1,i2 .
E%a —iUq,(2),{i1 iz} tr(JWZV“]\/[J) qlT for m = 2. (A18)

o o =8tr(MVeMI
% ot 0728 @ 700y STIEEIL) ) 4 for m = 1
' s
n no= ) )
i i oy =8tr(MTVeMY
bt ua,(2),{i1,i2}(Afz]\/[J ® 1“(2):{11,22}) rgﬂ-QMQ ) In(k/A) 4 reg. form =2. (A19)

2, o3} and it will only contribute to

For example, the boson 2-loop will contribute when M¢ = {1,,0', 62} and V¥ = {1,,0!, o
the current-current interaction.
c. Mixed gauge-boson insertion. The mixed gauge-boson insertion will vanish for all the choices of V¢ and T'/ part

of the reason is because tr(M'V*) = tr(V*M") and it will never have a minus sign.

3. Basic diagrams for 1/N corrections: ladder corrections

The four-fermion interaction vertices as depicted in Eq. (A11) will receive O(1/N) correction from gauge and boson
propagators as well,

+
Ve F(TrLl),I,y;L 1"(m1),1,yu
—2A
= K(a,(m1).0,(8,(m2).0) | © | ® ® + ® s n(k/A) +reg. (A20)
Vﬂ T(m2),J ~p n(mz),J TN f
Y Y
@ (m),I (m),I
\% I ~AH T A o
= U(e,(m),I) X ® & + ® PGV hl(k/A) + reg. (A21)
Ve L) yp AR (m) 1 672Ny
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where the last equation is the correction for the simplified four-fermion interaction as in Eq. (A10).

——O0b-ap— ——O0--a——
. 1] 4
. Y/
C + 7.
——o-t— ——A o
VO‘A[G’_ F(ml)’l’y“ Vapnpe F<m1)"1’y“ _g
= K(a,(m1),1),(8,(m2),J) ® ® ® - ® ® ® —— In(k/A) + reg.
AT )5 1) (P5 (T2 ). ra o). ra me).. 6772M
VM | ¢ 2)777# MeyB ,yup( 2),J (A22)
VeME _F(m),lyu VeMe F(m)’l)/p' _
= U, (m),I) ® ® &® - (29 ® m ln(k/A) + reg. (A23)
Vepme _F(m),[,yu My« yul-*(m),l T

the repeated indices u, a should be summed over.

4. Examples

Above general calculations will be concrete with certain
assumptions.

(1) Since I'? and I'®*~" are related by Levi-Civita symbol
in three-dimension, we only need to consider I'” = 1, and
ruw — yH.

(2) For the physical relevance, we consider the four-
fermion interactions in the form of u,_, (¥ (V* ® 1,)¥)? and
uu,,u(ll;(V"‘ ® y")Y¥)? with u =0, 1, and 2.

(3) We further assume V%, M“ are represented by Pauli
matrices. This kind of interaction vertices arise when doing
fermionic parton construction of the spin models, i.e., the
spin operators correspond to the fermion bilinears with Pauli
matrices inserted in the middle.

(4) We also view V“s as the basis of certain vector space
and form a set {V%} as well as M%s form a set {M?},
such that V*M*“ € {V*}. For example, for {M“} = {1,} or
(M%) = {1,063}, {V*} can be {V¥} = {1,,0°} or {V¥} =
{1,,0', 02, 6%}

Since V¢, M“ can be represented by Pauli matrices as as-
sumed, we can exploit the underlying algebraic structure of
Pauli matrices. We further define the structure constants when
multiplying the V¢, M“ as

(

where fg?, f7* can be viewed as %0’ =", fo with
a, b, c being restricted. The £ for Pauli matrices are

f% =ie® witha, b,c =1, 2, and 3,
=85, fi0 =0 f3¥ =8 witha,b=0,1, 2, and 3.
(A25)
The structure constants are also calculated by
[ = L(oaPo"). (A26)

The y and I matrices are also represented by Pauli matrices
and therefore have this structure as well,

Dyt =" firrd, yrri =Y i (A27)
j j

We arrange the coupling constants in a vector as uy ; =
(U, m» Uar.05 Uer.15 Ug2), Where the first term is the mass-mass
interaction and the last three terms are the current-current
interactions in the 7, x, and y directions. The corresponding
y matrices are I'! = {1,, yo, yl, yz} ={1,,03, o', 0%}.

With the structure constants, the ladder corrections (A20)

vemb =3 Ve My =3 feve, (A24)  can be simplified as
8 8 |
Ve r*(m),lyu F(m),lyp,
u(a,(m),l) ® ® 024 =+ ® D ln(k/A) + reg. (A28)
e F(m),lyu yur(m),l 672Ny
ve r/
=upn| ® |®| @ | D (I + ) — Do nk/A) + re (A29)
= Uei)| & , i T Ve, g
Ve r/
i, iy 2A
= U(q,i) [29] [ 2 (Ildim{V”} (024 (F/ + F]))T ln(k/A) + reg., (A30)
Ve Fj : (%11 Nf
where Fi = Y oo fF B =30 o) £ f1Y, i, j =0, 3, 1, 2and Eq. (A22) can be simplified as
Veme F(m),lyu VeMe F(m),lyu g
Ua,(m),1) by ® ® — ® ® ® ——— In(k/A) + reg. (A31)
Vepe F(m).] m My ur(m),l 67721
14 14

205142-12



SELF-DUALITY PROTECTED MULTICRITICALITY IN ...

PHYSICAL REVIEW B 104, 205142 (2021)

\% rJ
= U(a,i) ‘;® R ® ((Z fgdfga) <Z f]l,ufjll/-> _ (Z fgafga> (Z ftll-f/u))
M a

ln(k/A) + reg. (A32)
ri p
% ri/ o . g
=uen| ® |®]| ® (F;;({W})@F;—Fg({M“})®F')6 Y In(k/A) + reg. (A33)
VP r/

Both of the ladder contributions will depend on the structure constants with specific forms, and we define F¢ ({M“}) =

S einiey SESE FEAMY) = Y g S f 52

, a, B € {V¥} similar to the above definition for the I" matrices.

The self—energy corrections and the vertex corrections will be diagonal matrices acting on the vector u, ;. The self-energy
corrections are the same for every u, ;, while the vertex corrections depend on the «, i. As listed in Table I, the coefficient

G0, =3,Cau =

—1 are distinct for mass-mass and current-current. The structure constants in Eq. (A25) also have these
distinctions, this suggests the RG equations are in block forms.

5. Renormalization group equation for four-fermion interactions

The 1/N corrections for the four-fermion interaction vertices are

0 - 0

—2><{ : + : +

As discussed previously, for generic boson-fermion ver-
tices, the ladder correction diagram of one interaction vertex
will contribute to another interaction vertex, therefore, one
need to include all the possible interaction vertices as the
basis. For example, if {M?} = {1,, 03} and {V?} = {1,, 0},
then o2, o3 also need to be included in {V?}.

We will analyze the example in the main text
Sec. III B in detail. Due to the reason provided in the
previous paragraph, we choose the interaction vertex to
be (V¥ ={lp,0',0% 0"} @1y and (M9} ={}, {1} ®
Iy, {03} ® 1y, {15,0°} ® 1y. Combining with the T’

TABLE . The definition for the coefficients that are universal for
chosen fermion-boson vertex and interaction matrix.

Notation Definition

K k/(2mNy)

A A= (167" 4+ 16k2)7!

B B = ((256k)~' +«)!
M tr[M*MP] = M8,

Cu MM® = Cyly,

Cua MVIM* = Cy ,V©

Cy im.1 yrET Oyt = Cy gy T

G0, =3,Cmu=—1

ffb oo _fab ,
FROMD (M) R = T S5

(M) = o) 59180, 0, B € (V)

%tr(a“a"a‘)

——O— g

AN

matrices, the basis of the interaction vertices uy; =
(tey.m> U, 05 U 15 Ug2) 1S 4 x 4 =16 dimensional. The RG
equation is organized as

dug ; 64
Yai _ (14 —2" ™
de 372(2N)

where o, 8 are the indices of the flavors, and i, j are the
indices of the I matrices, i = 0, 1, 2, and 3 corresponds to
{1,,9°% !, ¥?} ={1,,0%, 0',062%}in 3D.

The matrix My ;) (g, j) contains several parts:

(w,i),(ﬂ,j))”ﬂ,jv (A35)

Mea.ingiy = Mit i) + M iy 6.y T Maiys.jy- (A36)
The self-energy and vertex corrections are in the diagonal,
w 16A —2tr (V%) (A* — B?)
Meo.60 =\ g2n N, 4N
f f f
—16(Cy + 3Cumq)
— 145, A37
672 o’ (A7)
—16(Cy — Cpr.a)
M .0 = <0+ e Les

withi =1, 2, and 3. (A38)

The ladder correction from the gauge vertex contributes the
off-diagonal part,

8A
67T2Nf
withi =1, 2, and 3.

Y G

(,0),(8,1) — M(a 0,(8.0) = ——1ap,

(A39)
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The ladder corrections from the boson vertex are complicated,
in the (i, j) space, there are two parts,

M 00 = M0 = s (BECMD) — B (MD)
withi =1, 2, and 3; (A40)
bL 16 o a oo a
M(a,i),(,s,j) = 67‘[_2D/|(_F’3({M D= F,s({M ),
withi, j=1, 2, and 3, i # j; (A41)

where Fo(MY) = 3 jcomey F5 154 Fy(iM}) =
D aemay FOS5Y . p € {V*} is defined previously. This
can be simplified if we take subset of {V“} with proper {M“},
and restrict the indices « and 8 in the subset.

The first quadrant, continuous O(4) DQCP. There is no
critical boson in the system, {M“} = {}. There is no mixture
in the flavor space of the eigenchannel. For V¢ = 1,y,

du()i 64
L= =14+ ———M.i.0.) |0
at ( +3n2(2N) ©, >,<o,/>>uo,/

4(512¢2=1)

| 256K2+1 11
— 1 0o 0 O (A42)
256K% + 1 1 0O 0 O
1 0O 0 O
In our case, 2N = 2, k = 0, the RG equation becomes
118 3 32 32
372 372 372 372
32
dug ; 37 -1 0 0
e T2 0 a1 o AW
2 0o 0 -1

and the eigenvalues of this matrix are all negative, meaning
the perturbation is irrelevant among all the channels.

For V* =0 @ Iy, =1, 2, and 3, the RG equations
are the same for different s

dua,,'

64
=[-1+ ——Mu.i) @,/ i
dr ( + 372(2N) (a, ),(a.J))“a,J

In our case, there is one relevant channel, and plug that into
Eq. (A44), we get
Ugi=ga(3,1,1, DT, dﬁ =2.24g,. (A45)
’ de
Follow the same procedure, we will present the RG equations
and the relevant channel results for other cases.

The r, axis, continuous SO(5) DQCP. The boson
corresponding to the singlet mass is critical, {M‘} =
{Lony}. There is also no mixture in the flavor space.
For V* = 1,y,

du,i Y
= | — - ; S Nuo. i
dr 37-[2(2N) (0,i),(0,) 40,

4(512¢2—1) 1
56K2+1)> 2

1 1 1

- 2561241 2561241 256K2+1
1 0 _1 _1
M= 256K2+1 4 1
1 _1 0 _1
256K2+1 4 4
1 1 1
256K2+1 T4 4 0
(A46)

There is no relevant channel in this case.
Again, for V¢ = 0% ® 1y, = 1, 2, and 3, the RG equa-
tions are the same for different os

dua,- 64
— = | -1+ - Muiej |4
( + 32N i w)u J

dl
2 1 1 1 1
256x2+1 2 256k2+1  256k+1  256k2+1
1 0 _1 _1
M = 2561 2+1 3 4
1 _1 0 _1
2561 2+1 3 4
1 1 1
256Kk2+1 3 4 0
(A47)

and the relevant channel is the same as the case of the first
quadrant, but with a smaller eigenvalue,

dga
= 1.70g,.
7 g

Mll,i = ga(?’, 11 17 1)T9 (A48)

The ry axis, transition between the O(4) DQCP and first-

{ 2 1 11 order transition. The boson corresponding to the triplet mass
M= 1000 (A44)  is critical, {M“} = {0 ® 1y}. There are mixture between
256k2+111 0 0 O VO V3 and also between V!, V2 we will present the RG
L0 00 equation for V°, V3 and V!, V2 separately. For {V°, V3},
dua,i
T Gl mMm,i),(ﬂ,n . j» (A49)
461221 1 0
w2+1)° 2
(23 *(‘)> , |o@se+ ), @se?+ ), 256k + 1),
256k2+1 2
M= (25662 + 1)1, 0, —1o! —1o! , (A50)
(256K 4+ 1)1, —lo 0, —1o!
(256K2 4+ 1)1, —i0 —1ol 0,
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where the 2 x 2 matrices act on the {V°, V3} space, 0, is 2 x 2 matrix with all entries being 0. The only relevant channel is

d
Uo.i = 8(0.3)((—0.03, 0.82), (=0.071, 0.32), (=0.071, 0.32), (=0.071, 0.32))" , % = 1.89g00.3). (A51)
For {V!, V2,
dug ; 64
LA — My )5 " AS52
T ( + 32y e m&n)”m (A52)
(o7 + )12 (256K + )", — 10! 256k + 1), — 10! (256k2 + )71, — fo!
(256k% + 1)"'1, — {10! —11, 0, 0,
M = . (A53)
256k + )71, — 10! 0, -1, 0,
(256k% + 1)"'1, — ;0! 0, 0, -1,
There are two relevant channels,
dg,
o = 811 (<3.3), (<1 DL (=1 D, (=11, =52 = 2780, (A54)
dg(21)2
i = 8112y ((41, 4D, (LD, (LD, (1L 1), —22 = 2,020, (A55)

The first channel is antisymmetric combination of V! V2 and the second is symmetric combination.
The origin, multicritical point. Both bosons are critical, the boson-fermion vertices are {M“} = {1,y, 0> ® 1y}. Again, there
will be mixture between V°, V3 and also between V', V2. For {V°, V3},

dtai 1+ M (AS56)
= - PYEEYIITN o, j u j s
dg 37T2(2N) ( ) )a(ﬁ’]) ﬁ#]
4(512¢2-1) 1 0
(256K2+1)* 2 -1 2 -1 2 -1
s (256k2 + 1)1, (256k2 + 1), (2562 + 1)1,
0 256k2+1
M= (256k2 4+ 1)1, 0, —1 40" —t1+ah | (A57)
(256x2 + 1)1, —1y 40" 0, —1dy 40"
(256K + 1)"'1, —1y 40" —ty 40" 0,
The relevant channel is the same as previous case with a smaller eigenvalue,
d
Uoi = £0.3((—0.03,0.82), (—0.071, 0.32), (—0.071, 0.32), (—0.071, 0.32))", % = 1.35g00.3). (A58)
For {V!,V?},
dita P! (A59)
= - PYEEYIITN o, j u j s
dg 37T2(2N) ( ) )a(ﬁ’]) ﬁ#]
(e — 1)l (256K + )71, — 2ol (2567 + 1)1, — 10! (256k% + 1), — 10!
(256k% +1)"'1, — Jo! —11, ~11, —11,

M= 2 -1 11 1 1 1 - (A6D)
(256x2 + )71, — 1o —11, ~l1, ~11,
(256K + 1)7'1, — 1o -1, -1, —11,

There are two relevant channels,
1 dg((ll)z) ]
tai = 81/ (=3,3), (=1, D, (=1, D, (=1, ), —2= =2.24g), (A61)
8(21)2
i = 811y ((41,4.1), (1D, (L D, (4, D), —2 b= 1.497),. (A62)

The first relevant channel is the antisymmetric combination of V!, V2, it is interesting that this relevant channel has the same
scaling dimension as the relevant channel V* with (3, 1, 1, 1)” in the O(4) DQCP (A45).
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6. Mass scaling

Combining the diagrams in previous sections allows us to calculate the scaling dimension for the fermion mass term, which
corresponds to the vertex ¥V ® IO = ¥V ® 1,9. As discussed in the main text, we use the Ny = 2 QEDj; description
of DQCP, and consider its large-N generalization. The vertex of singlet mass is thus V¥ = 1,y and for the triplet mass is
V¥ = 03 ® 1. The diagram equation for the corrections of the mass scaling dimension is

IR

+—>—0—>—g—://0—>—+

For M? being full rank, M = 2N, Cy, equals to the num-
ber of critical boson N,. For singlet mass term, Cy o =
Np, but for the triplet mass, Cy, depends on the choices
of M¢, the coefficient is calculated explicitly by Cy o =
tr[(Y_, MVEM*)V]/tr[V¥V*]. For boson associated to sin-

glet mass, the result is simple, M* =1, witha =1, ..., N,
CM,a = N/,.
For the mass scaling, m = 0, C,, 0),; = 3, and there is no

two-loop correction by critical boson. Collecting the logarith-
mic divergent part, we get

128(512«% — 1) 16N,
Arg =2 — . (A64
Viawvy 372(2N)(1 + 256x2)> ' 372(2N) (A64)
A =2 64 4(3CM,01 + Nb)
PRIy = C T 30 ONY(1 4 256K2) 372(2N)
(A65)

where the last term in each equation comes from the critical
boson contribution. This general result agrees with previous
work with certain parameters.

7. Boson mass scaling

We can also calculate the scaling dimension of the bo-
son operator ¢>. Following Ref. [31], we define the scalar
two-point function as Gfb = (¢, (p)Pp(—p)), and its O(1/N)
1PI scalar self-energy contribution is represented by Efb(l)( D).
From the Dyson’s equation, the two-point function to O(1/N)
is

G = Dup(p) + Doc(P)EX" (0)G2, (p)

~ Dup(p) + Dae (D)X (9)Dan(p), (A66)

where the self-energy is obtained by summing over the basic
diagrams for fermion mass scaling but with nontrivial choices
of M%s. Because of the coupling ¢,y M%yr, the self-energy
corrections depend on M“s and can therefore change the scal-
ing dimensions of the corresponding bosons. The self-energy
has the following generic form:

dpl (A2
20 () = 802 1y (—2>
p

A67
TIN (A6T)

e o — (A63)

>
\§=”

(

2_1) k—0
For example, for M¢ =1, ¢ = % — % = 6, and for

8 k—>0

M¢ is traceless, ¢ = 2 = —2. The self-energy

37 3(256x241D)
will contribute to the scaling dimension of the ¢> in the
following diagram:

e
2? s, (A68)
where the shaded bubble is the self-energy correction

22’;1) (p). There is one more diagram at O(1/N) will con-
tribute to the scaling of ¢:

: (A69)

the fermion “box” is the summation of fermions running
clockwise and anticlockwise. The scaling dimension of ¢? is
combining Eqs. (A68) and (A69), this gives

16¢, 8
72N’
Note that the hourglass diagram [the first diagram in
Eq. (A71)] will not contribute to the anomalous dimension,
a simple argument is that similar diagram with one internal
boson line appears in the self-energy correction (second and
third diagram in Eq. (A71)) and it contributes to the anoma-
lous dimension, while the hourglass diagram has two internal
boson line, the power in the denominator is larger by 1, hence,
it will not contribute to the anomalous dimension.

(A71)
With O(1/N) correction, the scaling dimension of the boson
operator ¢? are listed in the Table II. These scaling dimensions
are not trustworthy for small fermion flavors N, but they
show a trend for the scaling dimensions when having different
boson-fermion vertices in large N.

(A70)
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TABLE II. The scaling dimensions of ¢? with several choices of
the boson-fermion vertices, these choices correspond to the axis and
origin of the phase diagram Fig. 3 in the main text.

M} Ag
_ 8 256651221 #2205 88
{1} 2= 508 T 0N = 72N
3 8 _ 18 k20 40
{o°} 2= 5yt sameay = 2t o
; _ 40 _256(5122-1)
{1,,0°} 2= 5on + 2

}KQO{Z 26 o 88 }

322N 372N

40 128
2 372N + 372(256x2+1)N

APPENDIX B: DETAILS OF Ny = 2 QED;
AND SELF-DUALITY

The single flavor fermion coupled to the U(1) gauge
field is dual to free fermion theory and this is dubbed as
fermion/fermion duality [5,19],

.= . 2 1
l\DlDAI\I—’ < leDaIX — —bidb; + —a1db,;
4 2

1 1
—A1dby — —AdA, — 2CS,, B1
+ o 140, yp 1aA g BD

= L 1 2
l\I—’DAZ\I’ <= lXDaZX + —arda, + —brdb,
4 4
1

1
— —aydb, — —A>db, +2CS,, (B2)
2m 21

where CS, denotes the gravitational Chern-Simons term
which will vanish in the flat space-times. The second line
is the orientation reversed (time-reversal) version of the first
one. We can then product them together on each side with
the substitution A} — A, A, - A — 2X. Next, adding the
counterterms 5-Ad(Y — X) + ;=(XdX —YdY) + ;-AdA +
2CS, to both sides and gauging A, after integrating out most
of the gauge fields, we get,

. . 1 1
iV DV + VD, ox Vs + —ada+ —ad(Y —X)
4 2

1
+ 4o (XdX —YdY) +2CS, = (B3)
T

L . | 1 _
iX1Da—2y x1 +ij2Pax2 + —ada+ —ad(X —Y)
4 2

1
+ - (YdY —XdX) +2CS,, (B4)
T

the self-duality exchanges X <> Y and y; <> ;. After relabel-
ing the dynamical gauge fields a and &, it gives back Egs. (1)
and (2).

The self-duality exchanges the monopole symmetry and
the Cartan subgroup of the flavor symmetry. It is also the
duality between strong and weak couplings, this can be seen
from the duality transformations amongst the derivation and
their corresponding transformations in the (3+1)D bulk. Con-
sidering the (241)D U(1) gauge matter theories live at the
boundary of (3+1)D U(1) gauge theory with the coupling

constant T,

1 2 i0
1A= — | & ZF F™ + —— €y FF P
@) 871/;; xﬁ(ez +4n€ b )

(B5)
i
- — / d*xJe(ZF Ft™ — tF~ F~™),
8w X
0 27i
-2 4 B6
TR TR (B6)

where g is the metric for the space-time, the theory and the
transformation properties are well-defined also in the curved
space-time. F = dA and F' is decomposed into self-dual and
anti-self-dual pieces, FE, = 1 (Fyy & (%F ) With (xF ),y =

%emnqu P4 also (xF ) (xF )™ = F,,,F™. The S transforma-

tion and 7 transformation act as

, 1 0 -1
S: r—)r_—;, (1 0),

1
/.I-A—)/ J-a— —adA’; (B7)
ax ax 2n
1 0 -1
. /I
-S: o1 = > (l O)’
1
/J-A—)/ J-a+ —adA’; (B8)
ax ax 2
) ; 1 k
Tkl: tT—>1=1t+k, <O 1>,
k
/J-A—)/ J-A— —AdA. (B9)
ax ax 4r

The SL(2, Z) matrix acts on the coupling constant t as

, _at+b a b

T—> 1T = et <c d) e SL(2, 72). (B10)
The fermion/fermion duality in the derivation of the Ny = 2
QED; self-duality is essential in connecting the left-hand-
side and the right-hand-side (the other procedures, adding the
counterterms and gauging the background gauge fields are
the same for both hand sides). Using the above notation, the
fermion/fermion duality and its orientation reversed version

are

1
T[1]o(=8)oT[2]o(=8), T — 2720t —1)

1 1
SoT[-2]oSoT[-1], T — = — —— .
2 2Qt—1)

(B11)

(B12)

Take the coupling of the bulk theory v = % + ze—ﬁi, under the

duality T > } — 5515 = 1+ &1 If ¢ — 0, which is the
weak coupling limit, the dual theory has the strong coupling
with 7 — % + 0i. This suggests the fermion/fermion duality
is a strong-weak duality, and similar calculation can be done
for the Ny = 2 QEDj3, which involves the U(1) x U(1) gauge

theory in the bulk.
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APPENDIX C: CONNECTION TO THE GAPLESS 7, SPIN
LIQUID IN REF. [43]

1. Matrix form of fermion operators

The two flavor Nambu spinor can be written in matrix

form,
(e

The SU(2) gauge symmetry and physical spin symmetry act
as

SUQ), : X — XU, (€2)
SUQ); : &i — Uy, X (C3)
In majorana basis, one has
1
X = —= (o +ixa0). (C4)
/2 Xo T IX

Note that there is a discrepancy in the conventional notation
and this, but it is merely relabeling,

ft 1 i 0 0 X1,1
|t i o 01 x12
fi 0 0 1 | X2
fi 0 0 1 —I X2.2
1 0 0 i X0
—10 i -1 0 X2 (©5)
0o —-i -1 0 X3
the relabeling is
X0 I 0 0 0\ /xi1
X1 0 0 0 1][xi2
= <. Co6
el =lo o 1 o)k (€6)
X3 0 1 0 0/ \xa2
X(l - X(l],uz'
2. Hamiltonian and Higgs fields
Define the 4 x 2 matrix operator,
1 .
Xa,v;ﬁ = _(XO,u]lot,B + |Xa,va(;1/3)a (C7)
V2
1 . a
X, = E(XO,UUO + iXa00®) (C8)

with x,,,a=0~3,v=1,2. The y matrices act on the
spinor index m in X, 4.y, and it is left implicit. The mean-field
Lagrangian is

L=iTr{Xy"3,X}
=1Tr{(x¢,¥ 0" — ix[,¥°0")y" 8, (x0.00° + ixp.00")}

= ixa,v"7" 0 Xaw-
a,v
where y* = {02,073, o'} and X = XTy0.
Let’s now proceed to translate the Lagrangian for the Higgs
fields in Ref. [43], the matrix u’ acts on the v indices, one of

the Z, Higgs field is
OITr{oc*X u*y*X}

= ¢iTr{oC(x&Uy°o° —ixI o) ul v (Xo.wo®
+ iXb,wab)}

= (X0, ¥ Y I wXew — Xe oV VS X0w).  (C9)

one can also get the matrices that act on the index a,

c=1,808;1— 8180 =—i(c? +0™), (C10)
€ =2,808j1—818;0=—i(c* + ™), (C11)
c=3,808;1— 8180 =—i(c"? + o). (C12)

To compare with our model, we need to change the basis
following Eq. (C6),

c=1,-iM" = —i(c"? + o), (C13)
c=2,—iM?* = —i(c® + ¢?), (C14)
c=3,—iM? = —i(c? + %), (C15)

and using the basis x.y.q,.4,» therefore, the Higgs field be-
comes

S x"1(0y) @ @ MC]x. (C16)

The other Z, Higgs field is
5 x"1(r°y") @ ' ® MFlx (C17)

and the U(1) Higgs field is
D5 x Iy (ke 4+ vhy) @ ' @ M. (C18)

3. The Higgs configuration

Reference [43] proposes the staggered flux state is
obtained when (®3) o (0, 0, §¢) and the Z2Azz13 state fol-
lows from (®1) o (Y1 — y2, 1 + 2, 0) and (P3) x (—y1 —
¥2, Y1 — ¥2, 0). Recall that, y* = {02, 03, o'} and

c=1,—iM"=—i(c"? + o1, (C19)
c=2,—iM?* = —i(c® 4+ o3), (C20)
c=3,—iM? = —i(c” + 3. (C21)

When condensing the Higgs fields, it corresponds to generate
the mass for the combination of the fermion bilinears,

q):,z o312y 51321 51320 4 1323 (C22)
®é‘2 g2 3121 53120 4 (3123 (C23)
@3 01202](}' +01232k}" 3% 4 o3 (C24)

and the kinetic terms are
o 1000 03000ky. (C25)
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The only Pauli matrix commutes with the above matrices is
09230 which is also the symmetry generator.
a. Our model. In our model, the kinetic terms are

o' %%, 3%k, (C26)
and the pairing terms are
3B, g 1B 512 (C27)

and the Pauli matrices that commute with the above are

0_012’ 0_020’ 0_032'

(C28)

4. Basis rotation

We can match both theories by examining their symmetry
generators. The only matrix ¢%23° that commutes with other
matrices in Ref. [43] can be rotated to

0,0012’ by ei%aozzz; (C29)
0,0020’ by ei%anzm; (C30)
o2 by 57, (C31)

where the rotation is generated by o/ — e'i% 6/¢li9” The
Z, Higgs fields in Eq. (C22) will be rotated to

1.2 . _1312 1321 _1102 1323,
d 0o +o , O +o ;

i100222 .

CD%J . 0_3112 +O'3121, _0,3302 +U3123 bye z (C32)

1,2 . 1102 1321 1320 1323,
P o +o , O +o ;

i 0210
CD;J . _03302 + 0.31217 03120 + 03123 by el4(T : (C33)
cDiaZ . _0_1210 +O'1321, _0_1222 +0'1323;

i 0102
cDé,Z . 0_3112 _ 0,302370_3120 +O.3021 by €|40 (C34)

If one takes the second index as labeling the original theory
and the dual theory in our model, some terms of the Z,
Higgs fields in Ref. [43] correspond to the pairing in the
form of 02!, 6123, 632!, 5323 that appear in both the original
theory and the dual theory according to the Eq. (C34). For
example,

Ty = T2 T2y,
~ Y To Yy Y — Ty,
(C35)
)Ty ) TR 4 TRy,
~ Y To Ry Y + Ty Yy,
(C36)

where  is the original fermion and i is the dual fermion,
they are corresponding to the pairing fermion bilinears that ap-
pear in the Z, Higgs fields (C34). However, the dual fermion
pairings are not explicit in the self-dual Ny = 2 QEDj; theory
and the linear combinations with another fermion bilinears are
crucial to obtain the Z, Higgs fields in Ref. [43], for example,
Ol T (=019 + o1321) x in the first line of Eq. (C34).
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