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A superfluid spontaneously breaks the usual U(1) symmetry because of condensation. In this article, we
illustrate six linearly independent families of emergent U(1) symmetries that naturally appear in infrared
limits in a broad class of generic gapless topological superfluids (that either belong to a stable phase or are
quantum critical). In gapless states we have considered, emergent U (1) symmetry groups are embedded in a
Spin(4) = SU(2) ® SU(2) group that double covers (and algebraically is isomorphic to) an SO(4) group. All
U(1) charges associated with symmetries are further invariant under an SU(2) spin group or an equivalent
of it but always break preexisting higher space-time Lorentz symmetry of the SO(3, 1) group. Emergent
U(1) symmetries can be further spontaneously broken only if interactions are strong enough and resultant
strong-coupling states become fully gapped. However, if states remain gapless, emergent U(1) symmetries
are always present, despite that these states may exhibit much lower space-time symmetries compared to their
weakly interacting gapless Lorentz symmetric counterparts. In the limit of our interests, we have identified all
possible gapless real fermions with or without Lorentz symmetries and find that they all display emergent U (1)
symmetries in the infrared limit. We argue emergent U (1) symmetries are intrinsic in a broad class of interacting
gapless superfluid or superconducting states and are typically well defined in high dimensions where there are
infrared stable fixed points dictating emergent properties.

DOLI: 10.1103/PhysRevB.107.134517

I. INTRODUCTION

It is well known that the U (1) symmetry is always spon-
taneously broken in superfluids (or to a large extent in
superconductors). So in either superfluids or superconductors,
charges are not conserved because of condensates in ground
states and low-energy dynamics are generically characterized
by emergent real fermions rather than conventional complex
fermions. These emergent particles are not only crucial in
discussions of topological states, but also play critical roles
in studies of topological quantum criticality as well as in
applications to quantum technologies [1-10].

Naturally related to emergent fermions are the emergent
symmetries of these fields or particles. In a broad class of
topological states where not only U(1) symmetry but also
other continuous symmetries such as rotational symmetry are
broken, there can be surprising emergent symmetries of very
large groups in the low-energy subspace. These symmetries
can be totally unexpected as one usually does not anticipate
their appearance in low-energy scales solely based on mi-
croscopic considerations. Their existence at first sight even
appears to be inconsistent with underlying symmetries. Nev-
ertheless, they do emerge in many physical systems.

Consider a topologically nontrivial three-dimensional
(anti) p-wave superfluid or superconductor with time-reversal
symmetry. A well-known concrete example for this can be a
Balian-Werthamer (BW) state of p-wave superfluid or helium-
3 B phase [11] that breaks U (1) symmetry and spatial rotation
symmetry (but with spin-spatial rotation symmetry intact).
In strong-coupling limits where pairing is very strong or
the one-particle band is flat so that Fermi surface effects
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are completely suppressed, the low-energy dynamics can be
fully described by real fermions with an emergent Lorentz
symmetry while underlying fermions are entirely nonrela-
tivistic [6,8]. In this case, strong interactions lead to highly
surprising dynamics with very high symmetry.

These emergent symmetries have played very important
roles in previous studies of topological quantum criticality in
superfluids. In fact, they are part of symmetry groups that have
been used to identify universality classes, apart from discrete
global symmetries [12—-14]. While continuous emergent sym-
metries usually lead to concrete scaling symmetries, discrete
global symmetries define the number of relevant low-energy
degrees in fermion fields or central charges. Both are crucial
in studies of thermodynamics and dynamics near topological
critical points.

The emergent symmetries in gapless limits are also usually
further higher than adjacent gapped phases. This can be un-
derstood in terms of mass operators in gapped phases. The
presence of these additional mass operators always lowers
preexisting symmetries of their gapless counterparts. From
this point of view, gapless states, either critical or belonging to
stable phases, usually have the highest emergent symmetries
when compared with surrounding gapped phases. This article
is mainly focused on those highly symmetric gapless states.
The topological and dynamic stability of various gapless states
has been the focus in many previous studies [15-28] and we
will refer the reader to those original works.

Below we will mainly emphasize two important aspects of
translationally invariant gapless superfluids or superconduc-
tors. One is about connections between physically different
gapless states that exhibit the Lorentz-invariant dynamics with
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the same partition functions, and relations between emergent
U (1) symmetries in different systems. This is effectively to
classify and establish equivalent families of apparently differ-
ent gapless states with different emergent U (1) symmetries
unique to gapless states.

More specifically, each unique emergent symmetry in a
specific gapless state is associated with invariance under a
particular transformation induced by a generator. In the limit
of our interests, all these generators turn out to be purely
imaginary or antisymmetric Hermitian operators. The com-
plete set of such operators can be classified into ones of an
SU (2) spinor rotation subgroup of Lorentz transformation
generated by S # j =X,y z, and ones of its dual SU(2)
group induced by Sy, i # j = x, y, z, that are mutually com-
muting with S/, The combination of these two SU (2) groups,
SU2) ® SU(2), forms a Spin(4) group of real fermions that
double covers an SO(4) group with isomorphic algebras.

Emergent U (1) symmetry groups are thus embedded in
this Spin(4) = SU(2) @ SU(2) group. The conserved charge
associated with the emergent symmetry is always rotationally
invariant under the action of S/ and has to be represented
by one of the generators in the dual group, S;;. However, if
gapless states become gapped, we find the unique emergent
U (1) symmetry associated with gapless liquids is always bro-
ken although the Lorentz symmetry always remains.

The second objective is to explore relations between gap-
less states with higher symmetries including SO(3, 1) Lorentz
symmetry and more general gapless states with much lower
symmetries, i.e., without the Lorentz symmetry. In the limit
we have considered, the emergent U (1) symmetry associated
to the dual group generated by S}/, i, j = x, y, z, and its con-
served charges is always present as far as states are gapless,
disregarding the Lorentz symmetry. Quantum dynamics of
gapless liquids strongly depend on whether they display a full
SO(3, 1) Lorentz symmetry, or there is only a lower SO(3)
or SO(2) rotation symmetry. However, it appears that they all
share the same emergent U (1) symmetries associated with the
dual group of S}J, disregarding differences in dynamics. We
conjecture such an emergent symmetry to be fundamental to
many gapless states in superfluids or superconductors.

The article is organized as follows. In Sec. II, we introduce
effective field theories for discussions of gapless states in
superfluids or superconductors. We argue that Lorentz sym-
metry naturally emerges when only the most relevant terms
are included. We also explicitly list the symmetry properties
(complex vs real) of Dirac operators and Lorentz group gen-
erators in the real fermion representation used in this article.
In Sec. III, we illustrate the structure of unitary rotations of
the real fields. These unitary rotations which are represented
by real matrices only form a Spin(4) group. In Sec. IV, we
briefly summarize the main results.

In Sec. V, we examine all the generators which appear in
the Spin(4) group algebras and show that one can always iden-
tify one of them as a U (1) symmetry generator in any limits.
We therefore illustrate U (1) symmetry as a robust feature in
gapless superfluid states near a stable infrared fixed point and
also discuss to what extent they can emerge in the infrared
limit. In Sec. VI, we discuss the emergent U (1) charges in a
few concrete gapless superfluid states such as strong-coupling

p-wave superfluids and nodal point phases, and explore pos-
sible physical consequences of emergent charges. In Sec. VII,
we illustrate that the emergent infrared U (1) symmetry can
also be an asymptotic symmetry in more generic interacting
gapless states. Moving into higher energies, however, we find
that U(1) can naturally evolve into Z, symmetries in gap-
less liquids. In Sec. VIII, we discuss what happens to the
emergent U (1) symmetries in gapless superfluids in more
general cases without the Lorentz symmetry. We further show
that by condensing one of generalized mass operators that
break the Lorentz symmetry, the gapless liquids can be further
transformed into other gapless states with rotational symme-
tries only, lower than the Lorentz symmetry. Nevertheless, the
U (1) symmetry is still intact in all gapless liquids we have
examined. It can be broken only when the Lorentz symmetry
remains unbroken but states become fully gapped. In Sec. IX,
we conclude our studies and point out a few open questions.
Some of detailed analyses are presented in Appendixes so the
discussions in the article are self-contained. In Appendix A,
we show explicitly the structure of the Spin(4) group which
double covers SO(4) and leads to the desired rotations of real
fermions. We also define a specific basis for the constructions
of effective field theories (EFTs) for different physical sys-
tems in this article. In Appendix B, we show various mappings
between effective field theories for different physical systems
and hence establish an equivalence between different U(1)
symmetries or U (1) charges from the point of view of EFTs.

II. EFFECTIVE FIELD THEORIES FOR RELATIVISTIC
REAL FERMIONS

A. Effective field theories

To understand interaction dynamics in superfluids and
superconductors, especially topological aspects, it is often
very convenient to employ the real fermion representation to
faithfully represent the intrinsic charge conjugation symme-
try. Below we use the real fermion representation to explore
simple relations between physically very different supercon-
ducting states or superfluids. The purpose is to show that
dynamics in many different systems are entirely equivalent
and are universal and therefore studying one is equivalent to
exploring the whole equivalent class.

Without losing generality, we can cast an interacting
Hamiltonian of gapless real fermions in the following infrared
form:

Hur = % f drix” (0 - iV (1)

+gix " Bixx"Bix +gx"Boxx Pox + -1, (1)

where o = (o, @y, a0;). And o4, i = x, y, z, and By > are mutu-
ally anticommuting Hermitian matrices. That is,

{ai, aj} = 281’._)" {:Bmv Bn} = 23771,717 {ai, Bu} =0,
o =i, B =B i=x,y,z, m=12. (2

We will restrict to real fermions with four components,
which turns out to be a minimum number of degrees of free-
dom for our discussions,

xT = Ot x2s 235 xa)s % (0) = xi(0), {xis x5} = 8ij- 3)
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We have also chosen to introduce two interactions, g; , for
later discussions on emergent symmetries, although for the
four-component real fermions, these two operators turn out
to be always equivalent. So for the convenience of the rest of
the discussion in this section, we first set g; = gp and g» = 0,
and ; = By; this is equivalent to a procedure of gauge fixing
in the case of emergent global U (1) symmetries or dropping
a less relevant channel in the case of emergent Z, symme-
tries. One can also verify that to be fully consistent with real
fermion representations, By also has to be purely imaginary
and antisymmetric; otherwise the four-fermion operator be-
comes nullified. And o matrices are real and symmetric, that
is,

T T
ai :aiza;k, ,3():_,302537

In presenting Eq. (1), we have only kept the most relevant
kinetic and interaction terms.

First, we have muted the terms bilinear in x but higher
order in V, ie., xV%x, xV3x, ..., as they are less relevant
in the infrared limit. We have also readjusted the velocity of
fermions along the x, y, z directions to be equal by a trivial
rescaling of x, y, z and keep the terms linear in V. In very
special cases when one of the velocities is exactly zero and
the leading terms involve V2, the effective theory will be of
quantum Lifshitz Majorana fields. The physics of those was
discussed in Ref. [12] and will not be the focus here. However,
most of the conclusions derived here are also applicable to
those models in the infrared limit, as generally V? terms
are less relevant than terms linear in V we have kept here.
Equation (1) is a generic infrared theory for a broad class
of gapless superfluids or superconductors with intrinsic (rela-
tivistic) particle-hole symmetries and with dynamics captured
by leading linear-in-V terms.

From the point of view of scaling dimensions, Lifshitz
Majorana fields are less generic as they require fine tuning of
fermion velocity to zero so that more relevant kinetic terms
vanish identically. Therefore, unless such an effective field
theory violates additional symmetry constraints, Eq. (1) will
be considered to be a more generic form of low-energy in-
teracting real fermions which is naturally Lorentz invariant.
However, if physical systems are further constrained by other
continuous symmetries such as SO(2) or SO(3) spatial rota-
tional ones, effective fields then have to fall into those Lifshitz
classes discussed before [12].

Second, we also have muted the four-fermion terms involv-
ing additional V (i.e., x V3, ...) as they are also less relevant
compared to the four-fermion terms kept.

This generic form of gapless real fermions naturally has a
very high space-time Lorentz symmetry. We will take this as
a starting point of discussions on gapless fermions. For the
purpose of emergent U (1) symmetries to be discussed later,
it turns out that this naturally emergent high space-time sym-
metry is not essential at all and the emergent U (1) symmetry
can appear in all other Lorentz-noninvariant gapless fermion
systems including the ones with Fermi surfaces. Nevertheless,
this highly symmetric limit is the most convenient focal point
where other gapless fermions can be easily related and, for
that reason, we will spend quite a bit of effort to examine this
limit first before extending to other less symmetric but equally
interesting cases.

i=x,y,z. 4

For the same reason, we also first restrict ourselves to
Lorentz symmetric interactions g; » only and do not consider
less relevant interactions that break the Lorentz symmetry.
Later, we will see algebras in Eq. (2) are sufficient for emer-
gent Lorentz symmetry, even when interactions are strong.

B. Emergent Lorentz symmetry

The generic model for infrared physics defined by «, Sy has
an emergent Lorentz symmetry as in the standard relativistic
theories. For instance, one can then construct the 4 x 4 T"
matrices and Lorentz group generators in a standard way:

Lo =Bo, T'i= Bow,
{F/L’FU} zgul)’ /"L’v =07x’ya <. (5)

The Lorentz boost operators are generated by S%, i =
X,¥,z, and rotations are SV, i # j = x,y, z. Together they
generate the SO(3, 1) Lorentz group. They can be explicitly
defined in terms of «;, By, i = X, Y, 2:

i=x,92

o _ 1
S = 5%
Furthermore, the boost operators are anti-Hermitian, sym-
metric, and purely imaginary; the rotation ones as usual are

Hermitian and antisymmetric and purely imaginary, i.e.,

Sffz—sffz—i[a~a-]- i,j=x,yz (6
4 1y ¥l ’ » ) &

SOz — _SOL — _S()z =S()j ,

siit — gii — _giiT _ —SU* it j=x,y.z. ()

It is important to notice that the Lorentz SO(3, 1) group
can be fully generated by S” and S/ which are independent
of the choices of § as far as Eqgs. (2) are satisfied. So the
Lorentz symmetry can emerge even when g, is nonzero and
interactions of 8, type are present. From now on, we can relax
the condition of g = 0 and again keep both g; ».

We can further define 5; = 1¢;%S7*. Following the general
anticommuting relations between ¢; in Eqgs. (2), we verify
that s;, i = x, y, z, being antisymmetric and purely imaginary,
satisfy the simple SU (2) algebra, i.e., S/ form the algebras of
an SU (2) spinor subgroup in the Lorentz group of SO(3, 1).
Together witht; = SY, {s;, #;},i = x, y, zin Eq. (6) indeed lead
to the SO(3, 1) algebras of the Lorentz group,

[si, sj1 = i€jjisk, [t tj] = —i€jjesk, [si, tj] = i€ijte, (8)

where i, j, k = x,y, z.

For an operator to be Lorentz invariant, the operator has
to commute with the rotation subgroup generators S, i #
Jj = x,Y, z, but anticommute with the boost generators of SO,
Following Eq. (6), any operator anticommuting with «; or
the booster operators S is also rotationally invariant; so it
is further Lorentz invariant. For this reason, By is obviously
Lorentz invariant by this definition,

{B0,$"} = B0, S71=0, i#j=nxyz €))

III. Spin(4) GROUP IN EFTs OF REAL FERMIONS

To construct EFTs of real fermions and find a specific
representation for «;, By, i = x,y, z, we group all Hermitian
matrices into two big categories: (1) real and symmetric ones
that can only appear along with gradient operators or odd
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powers of gradient operators and (2) imaginary and antisym-
metric ones that can only appear along with mass terms or
even powers of gradient operators.

In this article, we are mainly interested in four component
real fermion field theories, which is equivalent to one-half of
standard three-dimensional four-component Dirac fermions.
The 4 x 4 Hermitian matrices form a representation of su(4),
a algebraic group [note the SU (4) group itself is not a sym-
metry group for real fermions discussed here] that contains
three independent SU (2) subgroup algebras; these subgroups
play important roles in later discussions. We construct these
operators via a tensor product of two SU(2) group algebras,
one acting on the particle-antiparticle Nambu space by 723
and the other acting on the standard spin space by oy, .. The
15 Hermitian matrices constructed in this way are 6 imaginary
and asymmetric operators and 9 real and symmetric operators:

Ki=17®o0:,, K=1®0, K=1,®0,
FF=tu®g, k=101 Fk=1Q0a0d,
Q0 T®o, QI

.00, T,00;, T,QI,

l1®o,, 1®0, 1,®o0. (10)

Note that six asymmetric operators form two independent
SU (2) subgroup algebras isomorphically and respectively:

[Ki, K;] = i2€;3 Kk, [F, Fj] = i2€; 3%,
[Ki, F;]1=0, i,j=1,2,3. (11)

Unlike the standard Pauli matrices, these purely imaginary
Hermitian matrices form a real representation of SU(2) ro-
tations and can be employed to perform SU (2) rotations of
real fermion fields. They play paramount roles in emergent
symmetries and spontaneous symmetry breaking of them. One
can show in our EFT that all the unitary transformations that
leave real fermions in a real representation can be generated
by these six operators, i.e., a Spin(4) group algebra. We will
name the symmetries associated with real SU(2) rotations
generated by K;, i = 1, 2, 3, as the o symmetry, and the ones
associated with SU (2) rotations generated by F;, i = 1, 2, 3,
as the T symmetry. As evident, these two SU(2) groups are
invariant under an interchange of 0 — v, 7 — o leadingto a
o — T duality (see Appendix A for details).

Two SU(2) groups also double cover an SO(4) rotation
group. Indeed, they naturally form the standard Spin(4) group
for real fermions under consideration. Their algebras are iso-
morphic to those of an SO(4) group:

Spin(4) =SU2)@SU2) — SO4). 12)

So when acting on real fermion fields, they naturally induce
SO(4) rotations in the Hamiltonian of real fermion fields. In
the later discussions, we will mainly focus on the algebraic
aspect of this group rather than the topological ones and
sometimes use Spin(4) and SO(4) interchangeably without
further distinguishing them. The Spin(n), n = 4, group nat-
urally emerges in our current discussions of symmetry as spin
groups are generic to real or charge-neutral fermions. They are
also special limits of more general Clifford algebras defined
for general Riemannian manifolds. We refer to more general

discussions on relations between spin groups and Clifford
algebras in Ref. [29]. From a physics point of view, spin
groups Spin(n) can be thought of as a quantized version of
classical groups SO(n) as groups of Spin(n) take into account
essential quantum aspects of real fermion spin dynamics.

IV. SUMMARY OF THE MAIN RESULTS

The main conclusions are that in gapless superfluids,
generically there can be unexpected emergent U (1) symme-
tries different from the conventional charge-U (1) symmetries
that are already spontaneously broken in superfluids (or su-
perconductors). The results obtained below are inferred by
the EFT introduced in the previous sections and symmetry
structures discussed there. When applied to fermionic super-
fluids that already break the charge-U (1) symmetries or to
superconductors, we find that there are naturally emerging
U (1) symmetries in infrared limits. And these emergent U (1)
symmetries imply a class of new conserved charges in a
variety of gapless superfluids or superconductors which is the
main subject of investigation in this article.

These emergent U (1) symmetries can appear in the in-
frared limit even when real fermions are interacting (but when
certain less relevant irrelevant interactions are suppressed).
Moving into higher energy windows, U (1) symmetries usu-
ally are reduced to lower Z, symmetries. In the presence of
strong interactions or generalized external fields when su-
perfluids become gapped, the U (1) symmetries are always
broken while the Lorentz symmetry is still intact.

We also find that emergent U (1) symmetries are always
present in gapless superfluids or superconductors even when
the emergent Lorentz symmetry of SO(3, 1) is broken down to
a lower SO(3) or SO(2) spin rotation symmetry. In the limits
we have considered, all gapless states have an emergent U (1)
symmetry, disregarding the space-time symmetry. It seems to
suggest that emergent U (1) symmetries are a characteristic of
a broad class of gapless superfluids. All the U (1) symmetry
groups that appear in our studies are generated by a super-
position of six linearly independent generators in a Spin(4)
group.

Finally, let us point out a close connection as well as
differences between the fundamental or intrinsic charge-U (1)
symmetry in Weyl fermions and the emergent U(1) sym-
metries in gapless superfluids (or superconductors) discussed
here where the conventional charge U (1) symmetry has been
broken. For gapless stats with Lorentz symmetry, the map-
ping between these two classes of theories turns out to be
a convenient starting point of discussion, as illustrated in
the Appendixes. Although mathematically they are closely
related and indeed can be mapped into each other, a single
Weyl cone is not a valid low-energy sector for 3D lattice
Weyl fermions with charge-U (1) symmetry, because of the
well-known fermion doubling problem. It can only be a valid
representation of single-cone 3D Weyl fermions living on the
surface of a four-dimensional (4D) bulk, a highly hypothetical
situation. However, such a single Weyl cone turns out to be
a valid representation of 3D bulk lattice fermions in super-
fluids, entirely due to the breaking of the usual charge-U (1)
symmetry. Therefore, EFTs for gapless superfluids appear to
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be anomalous from the standard 3D bulk Weyl fermion point
of view.

In this sense, the close relation between EFTs is purely
at a level of theoretical abstraction rather than at a level of
physical reality. See next section for more discussion. EFTs
of 3D gapless superfluids can in fact be mapped into single-
cone Weyl fermions that do not exist in 3D lattices because
of fermion doubling. Physically, all the different types of
U (1) charges that emerge in superfluids or superconductors
as consequences of the emergent U (1) symmetries are fun-
damentally distinct from the conventional particle number
conservation in metals or insulators.

And as stated before, U (1) symmetries also emerge in the
limit when the Lorentz symmetry is broken down to lower
rotational symmetries in the presence of various condensa-
tion. In those cases, there are no longer explicit connections
between Weyl fermions discussed in standard relativistic
quantum field theories and gapless states that we are interested
in.

V. EMERGENT U (1) SYMMETRIES AND CONSERVED
CHARGES IN EFTs

In Appendixes A and B, we discuss how to identify an
EFT for a particular system using a specific basis that de-
fines the unique relation between real fermions and physical
fermions [see also Eq. (A7)]. Namely, x7 = (x1, x2, X3, X4)
are uniquely defined as

1 .
x1(0) = [0+ vl
1
x(0) = =l @) + ¥l o],
() = %[w(r) —yim),

i
xa(0) = 1Y) - VG (13)
Here 1,2, 3,4 are indices for the real fermions, and 1, |
are ones for spins or pseudospins depending on microscopic
starting points. w; ' (14,1) are the creation (annihilation)
operators of complex physical fermions.

Using this specific basis of real fermions, each physical
system then has a unique concrete EFT in the general form
of Eq. (1) but with definitive «, 8 matrices and a definitive
Lorentz group structure. For each physical gapless state, there
will be a unique emergent U (1) symmetry or U(1) charge
that is conserved in the infrared limit. All the possible U (1)
symmetry groups are generated by one of the six linearly
independent Spin(4) group generators or a superposition of
them.

Furthermore, one can also show that EFTs obtained in this
specific way for different physical systems can be connected
with each other by rotations in the Spin(4) group. The map-
ping establishes an equivalence between a variety of U(1)
symmetries that appear in very different gapless superfluids.
As illustrated in the Appendixes, they can all be mapped
into the charge-U (1) symmetry of a hypothetical single Weyl
cone in three dimensions. It is worth remarking again that

physically, the single-Weyl-cone structure is forbidden in 3D
lattices because of the fermion doubling problem and in the-
ory can only exist on the surface of a 4D lattice. However,
in fermionic superfluids (or superconductors), the effective
dynamics of a single Weyl cone do naturally appear in the
gapless limit as a result of spontaneous charge-U (1) symme-
try breaking.

Now we are ready to focus on hidden U (1) symmetries
that can emerge in gapless superfluids or superconductors. At
first sight, superfluids break the standard U (1) global symme-
tries spontaneously. So the hidden U (1) symmetries generally
differ from the usual charge-U (1) symmetry that leads to
particle number or charge conservation. However, it turns out
that the standard U (1) charge symmetry can be viewed as
one of six more general linearly independent emergent U (1)
symmetries in gapless superconductors or superfluids. In fact,
the charge-U (1) symmetry group as well other more general
hidden U (1) symmetries are all embedded in a Spin(4) group
or an SU(2) ® SU(2) group. They are represented by invari-
ance of the Hamiltonians under one of the special K-type
or F-type SU (2) rotations and therefore we can name these
hidden symmetries as T or o symmetries in general.

The physical significance of emergent U (1) symmetry de-
pends on concrete states of physical fermions that are probed
and measured. In this section we will carry out discussions
using EFTs introduced in Appendixes A and B and identify
the six possible linearly independent generators of emergent
U (1) symmetries in a broad class of gapless superfluids. They
form a complete set and all emergent U (1) symmetry groups
are generated by a linear superposition of these six indepen-
dent charges. In the next section, we explore more practical
physical consequences.

A. Uy(1) symmetry and chiral charge conservation

To start with, we focus on the simplest EFT, Hyey in
Eq. (B10) that can be identified as an EFT of interacting Weyl
fermions in the real fermion basis introduced above. Equa-
tion (B10) has a free or noninteracting real fermion fixed point
that is infrared stable in spatial dimensions higher than one or
d > 1. The dynamics of gapless fermions in the infrared limit
turn out to be equivalent to a simple single copy of noninter-
acting Weyl fermions as the partition functions of these two
systems are identical. The emergent symmetry discussed here
is an asymptotic one even when interactions are included. We
first examine the fixed-point Hamiltonian with g; » set to be
zZero.

The U (1) global symmetry is generated by the operator

2
gy (r) = x(r)t, ® 1x(r). (14)

1
Qo=0; = —/drqi(r), U, = exp (ngo),

The Hamiltonian Hywey remains invariant under this U(1)
transformation and Qy is a conserved charge at the nonin-
teracting fixed point when g; = g, = 0. This is an obvious
result as Hyey also coincides with a free complex fermion
fixed point. For this reason, the model does not break the
U (1) global charge symmetry and the U (1) charge, Qp, will
be conserved.
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The above U(1) transformation is a special F rotation
around the axis n = (0, 1, 0), i.e., F> = 1, ® 1, and therefore
results in a rotation in the Fj-F; plane (see Appendix A). The
other two charges of Fi, F; are rotated accordingly,

1
01 = E/drcﬁ(r), q ()= x )ty @ oy x (1),

1
0; = E/drqé(r), q3(r) = x(r)r, ® oy x (r),

07 — O = cos¢Q} + sin $0,
05 — 05 = —singQf + cos pQ;. (15)
In addition, under the time-reversal transformation,
0f, > 07, 05 —> —05. (16)
Finally, as expected,

(07, 07] = 2ieinQf, i.j.k=1,2,3. 17)

This is a rather peculiar limit as physically a single copy
of Weyl fermions with a given chirality is usually forbidden
in 3D bulk because of the well-known fermion double prob-
lems [30]. Such single-Weyl-cone phenomena usually only
occur on a 3D surface of a 4D lattice and so are hypothetical
from a physics point of view if one is interested in the physics
in 3D bulk.

Nevertheless, the dynamics of a single copy of Weyl
fermions can appear in an effective theory of the bulk of gap-
less superfluids (see below for more elaborate discussions).
As shown in Appendix B, EFTs of all the gapless superfluids
discussed below are equivalent to Hyey and its dual up to a
Spin(4) rotation.

Weyl fermions with single chirality as suggested in Hyyey
surprisingly can appear as emergent fermions in 3D topo-
logical superfluids. The corresponding EFTs can also have
an infrared unstable strong-coupling fixed point in spatial
dimensions lower than three. At those fixed points, there is
an additional emergent supersymmetry and states have higher
symmetries than the noninteracting fixed point. Beyond that
point, the U (1) symmetry of Qy is broken spontaneously and
states are gapped. In this case, they can form a topologi-
cal superconducting state with time-reversal symmetry if the
symmetry is broken along the direction of QF or Fj as QF is
even under the time-reversal transformation. However, if the
symmetry is not broken strictly along the direction of Q7, then
the T symmetry can also be broken and the gapped states will
be superconducting without symmetry-protected topological
features.

Qo conservation here is obviously closely related to chiral
symmetries discussed in quantum field theories and implies
the conservation of Weyl fermions, either right handed or
left handed. However, there is a very important fundamental
difference between the physics in superfluids and that in stan-
dard quantum field theory. In quantum field theories, fermions
with both chiralities do appear coupled at certain ultraviolet
scales and chiral anomalies induced by topological instantons
eventually reduce the U (1) ® Ur(1) to the simple Ur4z(1)
charge gauge symmetry [31]. The right-handed or left-handed

charges are not separately conserved as a result of chiral
anomalies.

However, if Eq. (B10) is taken as an effective field the-
ory of gapless p-wave superfluids in a rotated basis (see
Appendix B), only right-handed (or left-handed) fermions
with single chirality can emerge because the underlying 3D
topological superfluid state has odd parity under the parity
transformation. That is, the order parameter is odd under the
parity transformation

Aaﬂ(_p) = _Aaﬂ(p)’ a, B=1,1. (18)

The ground state transforms nontrivially under this parity
transformation. Therefore, in a given superfluid state where
symmetries are broken spontaneously, only one chirality can
emerge in effective field theories. Fermions with opposite
chirality only live in a different superfluid state or universe
that is related to the one under consideration via a parity
transformation.

Unless these two ground states can be connected by quan-
tum tunneling processes, the dynamics in a given superfluid
can only be related to either left-handed or right-handed
ones but not both. In (3 4+ 1)D, U(1) gauge monopoles are
absent, enforcing single chirality of real fermions. On the
other hand, dynamics in two different superfluids related by
parity transformation can both be represented by the single-
Weyl-cone dynamics, left or right. Apart from that, they are
identical.

For this reason, emergent chiral charges, as emergent
fermions, can be conserved without usual anomalies exten-
sively discussed in quantum field theories. This emergent
symmetry and the conserved charges in the nongauge models
discussed above appear to be more robust than the chiral
charge conservation that only appears at a classical level in
quantum field theories of Yang-Mills gauge fields and in
QED [31-33].

Finally, a generator of emergent symmetry always com-
mutes with the Hamiltonian of EFTs, i.e., commutes with
the noninteracting fixed-point Hamiltonian that exhibits the
Lorentz symmetry. So the generator also commutes with both
spin rotation subgroup generators, S and boost operators S%,
which are basically constructed out of the free Hamiltonian
(see discussions on «, 8 matrices in Sec. II). As it commutes
rather than anticommuting with S%, such symmetry genera-
tors are not Lorentz invariant and do always break the Lorentz
symmetry.

Before leaving this section, we want to point out that
Weyl physics is also useful for discussions on helium-3 A
phase [6,11], where two nodal points emerge on two oppo-
site sides of a Fermi surface. In that case, two copies of
two-component complex fermions, or eight real fermions,
are needed to describe dynamics. Each nodal point forms
a representation of left and right Weyl fermions respec-
tively as a result of fermion doubling. From a fermion
doubling point of view, helium-3 A phase is a conven-
tional state with expected numbers of Fermi degrees of
freedom while EFTs here do not have the issue of fermion
doubling. That is, EFTs discussed here and below only
carry half of the degrees of freedom in helium-3 A phase
in low-energy sectors, thus avoiding the fermion doubling
problem.
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P2 DP2

O

P1 DP1

AW N
(a) (b)

FIG. 1. Equivalence between real fermion dynamics in gapless
superfluids or superconductors. ¢ is the rotation angle of an SU (2)
rotation defined in Eq. (B3) where n = 1/\/5(1, 1, 1). (a) P1 refers
to a time-reversal-invariant p-wave state; P2 as state P1 but with an
additional 7 /2-phase shift to further break the time-reversal symme-
try; W is related to a real fermion representation of complex Weyl
fermions. (b) The t-o duals of the dynamics in (a). DP1(2) is dual
to P1(2) and the dual of state W in (a) is N, which can represent the
dynamics of a nodal point phase.

B. U,,3(1) symmetry and charge conservation of 0 3

Now we are on course to explore much less obvious
emergent U (1) symmetries in other more subtle cases pre-
sented in the previous section. The emergent symmetries in
time-reversal-invariant gapless p-wave superfluids in Eq. (B1)
and time-reversal-symmetry-breaking gapless superfluids in
Eq. (B8) (see also Fig. 1) can be carried out in a similar way
as we have done in the previous section.

In the EFT of time-reversal-invariant gapless superfluids in
Eq. (B1),

T 1 T _ ¢ T
QI_E drg(r), U, =exp lEQl )

g1 (r) = x(r)t, ® oy x (1) (19)

defines a U (1) transformation that leaves the EFT invariant.
Charge Q) is therefore conserved.

In the EFT of time-reversal-symmetry-breaking gapless
superfluids in Eq. (B8),

T _ 1 T _ ¢ T
0; = E drgs;(r), Us; =exp ZEQ3 )

q3(r) = x(r)7; ® oyx (r) (20)

defines a U (1) gauge transformation that leaves the EFT in-
variant. Charge Q5 is conserved.

Q7,5 are three possible conserved charges of real
fermions; their corresponding symmetry groups are embedded
in an SU (2) subgroup of t type, dual to spin rotation SU (2)
subgroup of S%/. And for a given gapless state of superfluid,
only one of them can be conserved. When this emergent U (1)
symmetry is further broken, superfluids become gapped and
none of the charges above are conserved.

C. U, 3,3 symmetry and 7-o duality

Because of the t-o duality, there are three o charges de-
fined below:

1
o7 = E/drx(r)ty ® o x(r),U; = exp <i§Q‘]’>,

1
05 = E/dr)((r)l ®o,x(r),Us =exp (l%Qg)’

¢

1
03 =5 / drx(r)t, ® o, x(r), Us = exp (15

> Qg) 21

Three U(1) transformations U),3 above leave EFTs in
Egs. (B12), (B13), and (B14), respectively, invariant. And so
0f , ; are conserved, respectively. Again if such a symmetry
is broken, gapless states need to be fully gapped and there will
be no more emergent U (1) symmetries or conserved charges.
Just like QF, 07, i =1, 2,3, satisfy the usual SU(2) al-
gebras. Furthermore, they all commute with each of QF,
i=1,2,3:

(07, Q7] = 2ieijn 07 .

[07,07]=0, i jk=123.

(22)

D. Emergent U (1) symmetries: Effects of interactions

So far, we have discussed emergent U (1) symmetries ex-
actly at a free fermion fixed point, the asymptotic theory. Now
we turn to the most subtle effects of interactions and intend to
answer the question of whether these surprising symmetries
are generic.

In the presence of interactions, various U (1) symmetries
discussed above become much less obvious and in general
there are no fundamental reasons why they will be present.
As we will see below, they can still emerge but only in the
infrared limit where energy scales are low enough so that
other less relevant irrelevant operators that we have not in-
cluded in Egs. (B1), (B8), (B10), and (B12)—(B14) play little
role. However, once in an intermediate energy window where
those muted interactions become important, U (1) symmetries
discussed above are no longer valid and dynamics start sub-
stantially deviating from what we have described above.

At first sight, EFTs with interactions g; » appear to break
U (1) symmetries that are present in the noninteracting limit
of g1 » = 0. However, the key observation is that away from
the noninteracting fixed point, these most relevant irrelevant
interaction operators are actually invariant under those U (1)
rotations. This is largely because there is only one single
most relevant irrelevant four-fermion operator (i.e., without
gradient operators) we can construct for four-component real
fermions. And so all interaction operators appearing in our
EFTs are identical; i.e.,

Hp, = HIy = le’

HIXZ/erTTX®0yXXTTx®OyX9
—_ T T
Hly_/drx L, QIxx 1,1y,

Hp, = /.erXTTz®O'yXXTTZ®O'yX- (23)
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As far as only such interactions that are entirely local in x
fields are present in EFTs, U (1) symmetries are still emergent
just like in the noninteracting fixed point.

However, we do not expect these symmetries are present
at higher energy scales when further moving away from the
infrared fixed point and other less relevant irrelevant interac-
tion operators play more important roles. One such example
is interaction operators of the form

Hig = fdrxTrz ® o Vxx't.®0,Vyx, 24)

where the subscript LR implies less relevant. The presence of
such an interaction operator involving gradient fields (x V x)?
invalidates the emergent U (1) symmetry. However, the scal-
ing dimensions of such operators are higher than H; in
Eq. (23), i.e.,

Dim[H;] =d —1, Dim[Hg] =d +1, (25)

near the infrared stable fixed point. Hence, U(1) symmetry
always emerges as an asymptotic symmetry in the infrared
limit.

Below, we summarize our main conclusions. U (1) sym-
metry becomes emergent if one of the following conditions is
met:

(a) Microscopic UV theories further indicate only a con-
tact interaction with zero range appears at ultraviolet scales of
EFTs to forbid the presence of operators of the form of Hyy or
the like in our EFTs.

(b) The U(1) symmetry is also a fundamental one sug-
gested by the intrinsic symmetry of the underlying physics.

(c) In the infrared limit near the noninteracting fixed point
when Hpp are strongly suppressed, remaining interactions
without gradient fields do exhibit the same U (1) symmetry
as the fixed point.

Both conditions (a) and (b) are additional inputs to EFTs,
rather than intrinsic of EFTs themselves. On the other hand,
generically, condition (c) can always be satisfied as far as we
lower the energy scales so close to the infrared fixed point.

For instance, if Hyey is intended as a real fermion represen-
tation of free Weyl fermions, then U (1) symmetry itself is a
fundamental global symmetry that EFTs will also have and the
emergent symmetry is the same as the fundamental symmetry.
The global gauge invariance enforces a U(1) symmetry, or
condition (b) is satisfied. And U (1) symmetry is preserved by
all allowed interaction operators, not surprisingly. In this case,
the U (1) symmetry not only appears near the infrared fixed
point but also in intermediate or higher energy scales and the
corresponding U (1) charge conservation becomes exact.

However, if Hygey is intended as a representation of a
gapless superfluid which already breaks the U (1) global sym-
metry associated with charges, then the U (1) symmetry shown
above is an emergent symmetry, either specifically for certain
interactions so that condition (a) is met, or always appearing in
the infrared limit as stated in (c). In the following section, we
will discuss the generic case (c) so that U (1) symmetry does
emerge in low-energy sectors whenever EFTs are applicable.

VI. EMERGENT U (1) SYMMETRIES AND APPLICATIONS
IN GAPLESS SUPERFLUIDS OR SUPERCONDUCTORS

Now we apply these emergent symmetries and conserved
charges and find out physical consequences in more specific
systems. We will focus on a few most commonly seen states
although it can be easily generalized to many other possible
states. Again in this section, we have assumed an infrared limit
where interactions are fully captured by the discussions in the
previous section.

A. Applications to strong-coupling limit of p-wave superfluids
with time-reversal symmetries

As stated before, the EFT in Eq. (B1) can be directly
applied to understand time-reversal-symmetric spinful super-
fluids or superconductors. x fields are related to physical
complex fermion fields ¥ in a standard way,

1
V2

Using the above convention, we can identify Eq. (B1) as an
EFT for a p-wave superfluid or superconductor. Furthermore,
each EFT representation of real fermions that is generated by
F or K rotations discussed before will be uniquely related to
a distinct physics system.

In Eq. (B1), the spin rotation generators S*/ of the emergent
Lorentz symmetry in this superfluid are defined by K rotations
in Eq. (10) or by 0F , 5. On the other hand, Qy , ; are related

to the generators of the dual group, Sg or F rotations.
Three spin rotationally invariant T generators or charges
for F rotations in terms of complex fermions are

V() = —=[x1a(r) +ixa@®)], o=1{. (26)

Qf = éfdr[WT(r)ayW(r) - w*(r)ay\IﬂT(r)],
1
Q% = E/dr[\w(r)\y(r) — V)W),
Q5 = % / dr[qu(r)quz(r)Jr\Iﬁ(r)q,,\IﬁT(r)], (27)

where W7 = (Y4, ¥)).

In gapless p-wave T-invariant superfluids that naturally
appear in strong-coupling limits near topological phase tran-
sitions, only Qf is conserved due to the emergent U(1)
symmetry. This charge conservation becomes exact in the
limit of contact interactions but for more generic interactions
it is an emergent symmetry in the infrared limit. When vac-
uum expectation values of QF or Q5 are nonzero, the state
becomes fully gapped and the Q] charge is no longer con-
served.

B. Applications to nodal phases in superfluids

Next, we look into the EFT in Eq. (B14). Using the iden-
tification scheme for complex fermions above, we verify that
the EFT can be for a 3D nodal phase physically induced by
a strong magnetic field along the y direction with a parity
symmetry. When the magnetic field is decreased, the nodal
phase will undergo a quantum Lifshitz transition of free Ma-
jorana class into a gapped superconductor [12]. At zero field,
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the gapped superconductor can be a topological one with
time-reversal symmetry.

In this particular case of Eq. (B14), 6, = —1 denotes a left-
handed (L) nodal point while o, = +1 is for a right-handed
(R) nodal point and o, , . acts on the pseudospin space of LR.
The emergent U (1) symmetry in EFTs is due to the under-
lying azimuthal symmetry around the direction of y. Unlike
in the previous section, the spin rotation subgroup S of the
emergent Lorentz symmetry in this superfluid turns out to be
defined by F rotations in Eq. (10) or 07 , 5.

On the other hand, 0F , 5 are all rotationally invariant un-
der the action of spin group S” or, in this case, F rotations
generated by O, ;. In fact, they are directly related to the

generators of the dual group, Sj; or K rotations, and hence all
commute with O , ;. These three U (1) charges of o type de-
fined in Eq. (21) are now directly related to charges at left- and
right-handed nodal points. We introduce a pseudospin repre-
sentation for left and right fields v, g and four-component real
fermion y fields,

1 j .
X (@) = E”’T +UT, )= —ﬁ[qﬂ — ),
1
WT(r) = ~[(1, )yr + (1, =)y ], (28)

2

where we have defined pseudospin real fermion fields as x{ =

(X1t X105 X1 = (X2t» x2y)- Following Egs. (21) and (28), we
find that in terms of complex fermions,

= f dr¥’ (r)o, W(r),
05 = f dr¥’ (r)o,W(r) = Qr — 01,
] = / dr¥ (r)o,W(r). (29)
More explicitly,
of =i / dr (] (D) YR(r) — YL (r)],
05 = / dr[Y g (O)YR(r) — Y] (00YL(0)] = Ok — Q1
03 = / dr{y] (O)YR(r) + Y () (r)], (30)

where Q;, = f d rl/fz Y, is the number of complex fermions at

the L nodal point and Qg = [ d rgﬁ}; Yy the fermion charge at
the R nodal point.

For a nodal phase, the emergent U (1) symmetry leads to
the conservation of QF or Qg — Qp as the Hamiltonian in
Eq. (B14) remains invariant under the rotations of QF . This is
a surprising result: superfluids break the conventional global
U (1) symmetry and so Q] = Oy, + Ok is not conserved. Nev-
ertheless, the difference between Q; and Qg is conserved.

Microscopically, one can also verify that this conservation
law becomes exact when there are no backscattering terms
from two left particles to right ones or vice versa; this condi-
tion leads to the U (1) symmetry of QF . Practically, this can be
achieved by forbidding umklapp processes.

C. U(1) gauge symmetry

So far we have treated the emergent symmetry as a global
one and discovered various U(1) charges carried by real
fermions. One can further extend the discussions and impose
a U(1) gauge symmetry of EFTs discussed before. A gauge
symmetry leads to U (1) charge-current conserved dynamics
and below we briefly identify these currents.

We again focus on the limit where the spin group of the
Lorentz transformation of S/ is an SU(2) group isomorphi-
cally generated by K-type generators,

K1=Ty®dx, K2=Ty®0'z, K3=1®O'y. (31)

Concrete examples of this are the models in Egs. (B1), (B8),
and (B10).

In the case of Eq. (B1) that describes dynamics in gapless
odd-parity superconductors, the emergent U (1) gauge sym-
metry is generated by the following local transformation:

. 1
Ur =exp[ —ig(r,nQf]. O] =3 / dry” (r)7, ® o, x (r).
(32)
A gauge-invariant EFT suggests a standard minimum cou-
pling (mc) between the real fermion fields x (r) and emergent
gauge fields (49, A), i.e.,

1
Hoe =5 f drlAop(r) + A - J(O)L.

1 1
p(r) = EXT(r)‘Cx ® GyX(l‘), Ju(r) = EXT(r)Ty ® oy x(r),

1 1
J,(r) = EXT(r)I ®oyx(r), J.(r)= Ex%)ry ® o x ().
(33)

In terms complex fermions, these charge and current of
emergent U (1) gauge symmetry correspond to

p(r) = %[\v%)ayw(r) — Wi, ()],
J.(r) = ¥ ()0, W(r), J,(r) = ¥i(r)o,¥(r),
J.(r) = Ui (r)o, W(r), (34)

where the U (1) current density in this case is exactly a spin
density field (up to a 1/2 factor) while charge density is related
to singlet condensation.

Real fermions are electrically charge neutral and so do not
respond to electric or magnetic fields. However, the identifi-
cations in Eq. (34) imply possible interactions, analogous to
electric or magnetic ones, between real fermions in gapless
superfluids or superconductors and spin-singlet condensates,
as well as spin-density structures. Potential applications and
other implications will be further discussed in a separate paper
that is in preparation. More importantly, the possible emer-
gence or absence of gauge anomalies when gauging the global
symmetries will be further investigated.

VII. EMERGENT Z, SYMMETRY IN GAPLESS
SUPERCONDUCTOR OR SUPERFLUIDS

As stated in the previous section, a U(1) symmetry can
emerge in gapless superfluid or superconductors if one of the
following four conditions is met: (i) exactly at an infrared
stable noninteracting fixed point of EFTs in dimensions higher
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than (1 + 1)D; (ii) near the infrared fixed point where the
less relevant irrelevant gradient fields are negligible and the
remaining most relevant irrelevant interactions are invariant
under U (1) transformation; (iii) if interactions are strictly
zero-range contact ones and the emergent symmetry is a result
of this specific type of interaction; and (iv) if interactions
in EFTs have to be subject to an additional U (1) symmetry
constraint as a consequence of intrinsic symmetries of micro-
scopic UV model.

If none of these requirements is satisfied, strictly speak-
ing there can be no emergent U (1) symmetries in quantum
dynamics of EFTs. But are there remaining emergent symme-
tries for more general interactions in gapless superfluids? If
there are, what are they?

Below we will discuss one generalization of the above
EFTs to include not only interactions that is completely local
in x (r) fields without gradient fields but also interactions that
are nonlocal in space or time.

Once interactions are generalized beyond the local fields of
x* form, instead, there can be a lower emergent symmetry that
the U (1) symmetry can be reduced to. In other words, in more

J

1
H=Hy+H;, Hy= E/dr[xT(r)(]I ® (0,iVy+ 0,iV )+ 1y

2

PG

i=1,2

2
H = / dr| Y erigi(m)x” (07 ® 0y x (r) + g4
i=1

where 1), = 1, ;, and M, are masses of real scalar fields
¢1.2, respectively. And we have further set the speeds of
real scalar fields, v; o = 1, so as to have a desired emergent
Lorentz symmetry. Two real scalar fields ¢;, and four-
component Majorana fields in Eqs. (35) are defined in a
standard way:
[pi(r), ;(r)] = i8;;8(r — 1),
[#i(r), ¢;(x'] = [mi(r), 7;(x)] =0, i = 1,2,
X" = O Xiys Xars X20)- (36)

In the special limit when M; = M, and gy; = gy», the
model has a U (1) symmetry and remains invariant if we make
the following U (1) transformation:

x = x' =U(@)x =exp <1§Q§>x,
® — & = Up(¢p)® = exp(—i)®, & =¢ +ipy. (37)

However, generically two masses M , are not equal so the
EFT is not U(1) invariant. Instead, it is invariant under the
following discrete transformation or a 7 rotation:

U(r) =exp (i%Q;), Ug = —1.

The transformation U (7) is purely real. Under this transfor-
mation,

U'(m)g} (0)U () = —q](r),
U'(m)g5(r)U () = —g5(r),

(38)

Ut (m)Q[U () = -0,
Ut (m)Q3U () = —Q5. (39)

generic interacting systems, U (1) symmetry only emerges at
infrared energy scales when H;y are entirely renormalized to
almost zero, but at intermediate or higher energy scales, it
breaks down to a smaller group. In the example below, we
will show explicitly that U(1) symmetry evolves into Z, in
higher energy scales.

A. Generalized interaction model

To better understand the origin and consequence of emer-
gent U (1) symmetry and limitation of the above analyses, we
further explore an extended interacting real fermion model by
explicitly introducing two real scalar fields ¢, = ‘H,Z' We
will see explicitly that U (1) symmetry in EFTs discussed in
the previous section appears to be an infrared-limit symmetry
or an asymptotic symmetry of a more general quantum dy-
namics with lower symmetries.

To further carry out discussions, we illustrate our main
point by working with an EFT of the following form although
one can easily arrive at the same conclusion by working with
other rotated EFTs:

2
® 0,iVy)x (X)+ % 3 w2+ Vi) - V() + M?¢?(r)},

i=1

, (35)

One can verify that for arbitrary mass ratio M;/M,, the
Hamiltonian is indeed invariant under this transformation of
x fields combined with a reflection of ¢ fields, i.e.,

a="1,1,
¢ —> —a,

Xla = X2a>

¢1 —> —o1,

X2a =™ —Xlas

Ty —> —Tq, Ty —> —7).

(40)

In the limit when the running scale A < M », the massive
boson fields can be integrated out resulting in an EFT involv-
ing four-fermion operators. In the infrared limit A /M, , — 0,
the most relevant interactions in EFT are exactly of the local
x* fields and a higher U (1) symmetry emerges in this limit
as a result. However, when A is comparable to or larger than
M, », only Z, symmetry can be present in these intermediate
scales (see Fig. 2).

u(1)

FIG. 2. A U(1) symmetry emerges in the infrared limit (IR) in
an EFT that has a generic Z, symmetry up to an ultraviolet (UV)
scale. The red dot indicates an infrared stable fixed point that dictates
possible emergent symmetries in the limit of IR. The stability of the
fixed point implies the robustness of emergent U (1) symmetries.
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B. Z, symmetry breaking

Unlike the emergent U (1) symmetry near the infrared free
fixed point, this discrete Z, reflection symmetry appears to
be a more generic emergent symmetry in gapless topolog-
ical superfluids or superconductors with emergent Lorentz
symmetries as it does not require fine tuning of M, ;. It can
emerge at higher energies away from the infrared limit of
A <K M ;. The emergent symmetries are again absent when-
ever the states are gapped and EFTs become massive.

In addition, Eq. (35) can also exhibit a Z, time-reversal
symmetry. Further combined with this discrete time-reversal
symmetry, the model then is Z, ® Z, symmetric.

Indeed, in the strong-coupling limit of EFTs, the discrete
7> ® Z, symmetry can be spontaneously broken, resulting in
massive real fermions. This mechanism of mass generation is
related to Gross-Neveu physics that had been well understood
for Dirac fermions [34,35]. For this to occur, one of the fields
of Q7 or Q5 has to condense. That is,

(07) # 0 and/or (QF) # 0. 41)

And if Q3 is involved in the Z, reflection symmetry breaking,
the time-reversal symmetry is also broken as QF is odd under
the time-reversal transformation. However, if only condensa-
tion of QF is involved in Z, reflection symmetry breaking, the
time-reversal symmetry is still intact as Q] is a singlet under
time-reversal transformation.

If M = M, =0 and so U (1) symmetry rather than Z, ®
Z, happens to be emergent at the strong-coupling fixed point,
a supersymmetry along with conformal symmetry will also
appear, similar to a strong-coupling fixed point in a complex
fermion nodal phase [35-37]. This feature had been recently
applied to understand a strong-coupling limit of topological
quantum criticality with time-reversal symmetry [14].

VIII. EMERGENT U (1) SYMMETRY WITHOUT
LORENTZ SYMMETRY

As mentioned in the previous section, there are six classes
of U(1) symmetries embedded in an SU(2) ® SU(2) group
generated by O7, Q7, i = 1, 2, 3, that double covers an SO(4)
group. For extended models with nonlocal interactions be-
tween x fields, six 7 rotations generated by these operators
then define six different Z, symmetries for different systems
in even high energy scales.

Below we list the dynamic consequence of breaking a U (1)
or Z, symmetry starting from gapless Lorentz-symmetric su-
perfluids which have such a U (1) or Z, symmetry. The effects
of breaking emergent symmetry only depend on how these
operators transform under the Lorentz group generated by
(8%, i), rotation group of ¥, and a Z, group.

We now fix the spin rotation subgroup of the Lorentz group
to be o type. More explicitly, s; = %eiijjk, i, j,k=x,y,2
are related to 07, i = 1,2, 3. Then, the dual of SV, Sg are

associated to Q7 , i, j = 1,2, 3:

St =07, eSS =07 i=xyz (42)

i

30

2
O

FIG. 3. Breaking of emergent symmetries along different axes
defined by generalized mass operators {Q7, i = 1, 2, 3} (top three in
red) and its dual of {Q7, i = 1, 2, 3} (bottom three in blue). At each
dot on the circle or along each direction, an expectation value of
one of these six generators of group Spin(4) = SU(2) ® SU (2) [that
are isomorphic to SO(4) ones] becomes nonzero. The gapless state
labeled as O in the center has the highest emergent symmetries, with
both (a) Lorentz symmetry and (b) U (1) (or Z;) symmetry. If the
spin rotation subgroup of EFTs of state O is defined by generators
{07,i=1,2,3} or K-type rotations, then only two of top three
states 1,2,3 are invariant under the Lorentz group SO(3, 1) but both
break the emergent U(1) or Z, symmetry. The third one is SO(3)
rotationally invariant but fully preserves the infrared U (1) symmetry.
On the other hand, all the bottom three states break the SO(3, 1)
Lorentz symmetry to an SO(2) rotation one but again all display an
emergent U (1) symmetry.

(a) Only two out of three QF, i =1, 2, 3, are Lorentz in-
variant. For EFTs in Eq. (B1), they are Q7 ;; when (Qf) # 0,
i = 1, 3, amass gap opens up but with full Lorentz symmetry
of SO(3, 1). However, Z, symmetry is always broken (see
Fig. 3).

(b) The third Qf is rotation invariant but not Lorentz
invariant. This is also the generator for a U(1) emergent
symmetry group. For EFTs in Eq. (B1), this operator is Q7.
When (Q7) # 0, a spherical Fermi surface emerges while the
state remains gapless. The Lorentz symmetry of SO(3, 1) is
broken but the subgroup SO(3) rotation symmetry remains.
In addition, Z, or U(1) symmetry in the infrared remains
unbroken.

(c) Three Q7,i=1,2,3, that are dual to Qf,i =1, 2, 3,
are also the generators of the spin rotation subgroup of
SO(3, 1). So they not only fully break the Lorentz symmetry
SO(3, 1), they also break the subgroup rotation symmetry
SO(3). When (Q7) # 0,1 =1, 2, 3, gapless real fermions ap-
pear at two nodal points along one of the x, y, z directions,
i.e., a nodal phase emerges. Furthermore, U (1) symmetry
remains as Q7 , i = x, y, z, are all singlets of a r-symmetry
group which defines the emergent U (1) symmetry group in
the current discussion (see Fig. 3).
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FIG. 4. Schematic of dispersion relations in different gapless
superfluids or superconductors with emergent U(1) symmetries.
(a) Gapless states with highest symmetries, both SO(3, 1) Lorentz
symmetry and an emergent U (1) symmetry (corresponding to state
0 in the center of Fig. 3). (b) Gapless states with either SO(3) or
SO(2) rotation symmetries but no full Lorentz symmetry due to
condensation of one of the Lorentz-noninvariant charges in {Q}, 07 },
i =1,2,3. All these states have the same emergent U (1) symmetry
as the parent state in (a). (c) Gapped states that break emergent U (1)
symmetries in (a) but with full SO(3, 1) Lorentz symmetry. The
dashed horizontal line indicates zero energy and the spectrum below
the line is related to the above via a standard charge conjugation
transformation in superfluids.

In this particular case, although the Lorentz symmetry (of
o type) is broken, there can be an emergent Lorentz symmetry
of t type reappearing in the reconstructed EFT. That is, in
contrast to Eq. (42),

St =0F, euSk =07, i=xyz 43)

Overall, nonzero expectation values of these operators can
be either due to applied external fields that explicitly break
these symmetries or due to strong interactions that break these
symmetries spontaneously. Either way, gapless superconduct-
ing states will become either fully gapped states with Lorentz
symmetry but breaking the emergent Z, or infrared U(1)
symmetry or other gapless states that break the full Lorentz
symmetry but preserve the emergent infrared U (1) symmetry.
Note that all the gapless states under our considerations, with
or without Lorentz symmetry, have emergent Z, or even U(1)
symmetry in the infrared limit (see Fig. 4).

IX. CONCLUSION

In conclusion, we have investigated various emergent U (1)
or Z, symmetries that appear at different energy scales in
gapless superconductors or superfluids and studied relations
between them. We show that emergent U (1) symmetries in
these gapless states can be conveniently characterized by S}/, a
group dual to S%/, the spinor rotation subgroup of the emergent
Lorentz symmetry group. Generators of symmetry groups are
always singlets under the action of S/ of the rotation subgroup
but are not invariant under the Lorentz group. They can appear
either in the form of U (1) symmetry in infrared limits or as a
Z, symmetry in even intermediate energy scales.

All the U(1) symmetries are embedded in a Spin(4) =
SU2) ® SU(2) group that double covers an SO(4) group.

The Spin(4) group has been identified as a product of an
SU(2) Lorentz spin rotation subgroup generated by S%/, i #
J = x,,z, which is associated with F' (or K ) rotations and
its dual SU(2) rotation group induced by S}, i # j =x,y, 2,
that is associated with K (or F') rotations. For real fermions, K
and F rotations or SUk r(2) transformations are generated by
purely imaginary Hermitian operators that are algebraically
defined in Egs. (10) and (11). And all U(1) emergent sym-
metry groups are shown to be spin rotation singlets under the
spin rotation of /.

When the symmetry is broken spontaneously due to strong
interactions, the states become fully gapped while preserving
the Lorentz symmetry. However, these emergent U (1) global
symmetries always remain if strong interactions break emer-
gent Lorentz SO(3, 1) symmetries spontaneously and only
result in other gapless states with much lower symmetries
such as SO(3) or SO(2) rotational symmetries. As an open
question, it is interesting to see what happens to emergent
symmetries and whether emergent symmetry groups become
bigger when the degrees of freedom of real fermions or the
central charges further increase to 4N with N > 1.

There had also been quite a few intensive efforts to gen-
eralize the concept of gapped topological states or phases
put forward before to gapless limits [38—57]. And the vast
majority of these efforts have been mainly on one-dimensional
states. One interesting question that was asked recently in
Ref. [57] is whether there are intrinsic topological states that
can only be defined in the gapless limit and there are no
gapped counterparts.

The main efforts in this article are to illustrate unique emer-
gent symmetries in high-dimensional gapless states. These
may be important observations for future studies of gapless
topological states and orders. Broadly speaking, it remains to
be fully understood whether these or other unique emergent
symmetries in gapless states that always appear to be broken
in the gapped limit are essential for general understanding
of topological physics [S8—61]. The other interesting issue is
possible local gauge symmetries associated with the emergent
global symmetries discussed so far [62]. If we enforce such
a local gauge symmetry, real fermions considered above can
be further interacting with emergent dynamic U (1) gauge
fields or Z, gauge fields. These gauge fields can be in ei-
ther weakly interacting phases or strong-coupling confining
phases. In general, between these two phases there can even
be highly symmetric quantum critical points with emergent
gauge fields, similar to effective field theories discussed re-
cently in Refs. [63,64]. Perhaps an important question is under
which conditions do such gauge fields and their interactions
become practically relevant in studies of practical gapless
superconductors or superfluids and what are potential impli-
cations.

ACKNOWLEDGMENTS

The author wants to thank Z.-C. Gu, G. W. Semenoff, X.
G. Wen, and F. Yang for discussions on symmetries in gapless
states. This project is in part supported by NSERC, Canada,
under Discovery Grant No. RGPIN-2020-07070.

134517-12



EMERGENT U (1) SYMMETRIES IN GAPLESS ...

PHYSICAL REVIEW B 107, 134517 (2023)

APPENDIX A: UNITARY TRANSFORMATION OF REAL
FERMIONS AND 7-0 DUALITY

1. Unitary transformation

Readers can skip this section and move to Sec. V if they
are not interested in the details of algebraical structures of the
symmetry groups.

Unitary transformation of real fermions needs to leave
fermions in a real representation. That requires that all uni-
tary rotations be implemented in a real representation and
so effectively become orthogonal transformations. For that
purpose, we can only utilize pure imaginary, antisymmetry
generators. The only generators that fall into this class are the
ones specified as K; and F;, i = x,y, z, in Egs. (10) and (11),
which are indeed isomorphic to SO(4) group algebras and
generate the entire Spin(4) group.

To highlight the structure of the Spin(4) group, we study
the general rotations of real fermion fields induced by SUk (2)
or K rotations and SUr (2) or F rotations in the Spin(4) group.
By construction, each group element in Spin(4) can be speci-
fied as [Uk, Ur], a pair of K rotation and F rotation. Just like
in standard constructions of SU (2) rotations, we specify each
of these SU (2) rotations by Euler angles (n, ¢), i.e., a rotation
axis m = (n,, ny, n;) (N is a unit vector) and a rotation angle
¢ € [0, 2 ]. Each Spin(4) group element is thus specified by
two sets of Euler angles, one for the K group, i.e., (ng, ¢g),
the other for the F' group, i.e., (ng, ¢F).

Under the action of the Spin(4) group, real fermions can
transform accordingly. In our case, transformations of real
fermions are by multiplication of the pair of SU(2) rotations
in [Uk, Ur] of the Spin(4) group. That is,

x = Ur(ng, ¢g;np, dr)x,

Ur(ng, ¢u;nrp, o) = Ug(ng, ¢g) - Ur(np, ¢r),  (Al)
where the subindices K, F refer to SU (2) rotations of K type
and F type, respectively. In presenting this result, we have
taken into account that each of three generators K;, i = x, y, z
in the SU (2) group of K rotations commutes with each of F;,
i = x,Y,z, in the SU(2) group of F rotations. So, Ur is simply
a product of two SU(2) transformations, Ux and Uf in the
Spin(4) group. Explicit structures of Ur x will be presented in
the next section.

It is important to notice that SUg (2) ® SUF(2), the product
of SU(2) groups of K-type Ux and F-type U, is isomorphic
to 3 ® S3. Each S3 can be conveniently defined by a set of
hyperspherical coordinates,

< ¢ . ¢)
cos —, sin —n ),
2 2

where ¢ € [0, 27] and n again is a three-dimensional unit
vector projecting out an S>.

An inversion in a single S® corresponds to (m,¢) —
(—n, 2w — ¢). Applying the standard SU (2) algebras, one
can verify explicitly that under such an inversion, indeed

(A2)

Ur(—np, 21 — ¢r) = —Ur(np, ¢r),

Uk (—ng, 21 — ¢x) = —Ux(ng, ¢g). (A3)

Thus, under an inversion in an S° ® S3, both Up and Uk
acquire minus signs. That is, each element of the Spin(4)
group acquires a minus sign under inversion and is mapped
into minus of itself, i.e., [Ux, Ur] — [—Uk, —Ur]. This, how-
ever, leaves the bilinear structure in Uy invariant under such
an inversion, although each of U k is not. That is,

Ur(—ng, 27 — ¢x; —np, 21 — ¢r) = Ur(ng, ¢x;np, ¢r).
(A4)
A pair of inverted points in S*> ® S* therefore leads to the
same orthogonal rotation of real fermions. Equations (A4)
indicate a double covering of SO(4) by S* ® S3 and hence by
the spin group Spin(4) = SU(2) @ SU(2) that is isomorphic
to S° ® S3.

In addition, spin rotations of S¥ can be covered by an
SU(2) group, and S*/ are also antisymmetric and Hermitian.
This indicates that they will also be in one of the two SU(2)
groups, either the K group or the F group in Egs. (10)
and (11). Whatever it is, it remains invariant under the actions
of the other group.

For instance, if S, i # j = x, y, z, are represented by K-
group generators, they are invariant under any action of F'
group, and vice versa. However, under the actions of the same
group of %/ or K-group actions, S*/ can be further rotated and
are not invariant. On the other hand, S%, i = x, y, Z, are not
invariant under actions of either K or F group.

2. 7-0 duality

One will notice that K and F rotations are related by a -0
duality,

F; < K; when 1; < 0;. (AS)
Therefore, generally speaking, Spin(4) = SU(2)r ® SU(2)k
is simply generated by S*/ and its -0 dual, whichever S are.
We name the t-o dual of S/ defined in Eq. (6) as Sj. SV are
also purely imaginary and antisymmetric and Hermitian:

S« Sj)j when 1; <> 0. (A6)
This simple observation, the invariance of S under its dual
S}, either K group or F group, suggests a way to classify
EFTs and identify them with different physics reality depend-
ing on the structure of S*/.

The v symmetry below is assigned to EFTs where their
Lorentz rotation subgroup of S% is identified as K rotations
and remains invariant under the actions of its dual Sg or
F group. The o symmetry is assigned to EFTs where their
Lorentz rotation subgroup of S is identified as F rotations
and remains invariant under the actions of its dual S;)’, which
now are K rotations. S/ together with its t-o dual, S, form
the algebra group of Spin(4) and generate the Spin(4) group.

For each class, we can identify a parent Hamiltonian and
generate the rest of the members in the class by the dual of
S, Sy which can be either K group or F group, whichever
is the dual of S%. Within each class, EFTs have the same
representation for the Lorentz subgroup S” up to a rotation
induced by S itself; we do not discuss such a trivial spin
rotation generated by S in this article.
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The action of ng , the dual of S/, on S¥ is trivial as S¥ is
invariant under its dual S’D’; it leaves S% unchanged. However,

Sg acts on S% or a; nontrivially. It can generate other members
of EFTs with the same S¥ rotation group and they correspond
to different physical systems. On the other hand, because
different real fermion representations, or Hamiltonians, are
related by simple rotations, the dynamics and the partition
functions will be obviously identical. This is the focus of
this article: to explore the classes of EFTs that form a group
representation of the dual of the rotation group S, i.e., the
SU (2) subgroup in Spin(4) generated by ;3.

3. Generalized mass operators

All the bilinear operators that are even in momentum and
hence can be nonvanishing in the limit of zero momentum are
relevant operators or in short we call them mass operators. All
mass terms for real fermions are represented by antisymmetric
Hermitian matrices; they have to be one of K- or F-rotation
generators coinciding with the algebraic group of Spin(4).
Two of them are Lorentz invariant that are usually studied
in quantum field theories but the remaining four are not;
furthermore, these four do not not lead to a mass gap in the
spectrum, unlike the other two. Nevertheless, we simply call
them mass operators in this article. Also as K-rotation and
F -rotation generators are mutually commuting, all mass terms
associated with K generators are invariant under F rotations
and vice versa.

As we will be mainly interested in spatially rotationally
invariant states and three rotation generators defined by S/ are
either associated with K or F' generators, the mass operators
have to be identified as the dual of SV, that is, SjJ that can be
either F or K generators.

The maximum number of mass terms allowed by a given
gapless state with «;, 1 = x,y, z, in EFTs already identified
is therefore three. Furthermore, we also find only two of
these three rotationally invariant mass operators anticommute
with Lorentz boost operators S% i =1,2,3, and are Lorentz
invariant.

The third one that commutes with S% or «;, i = x, ¥, 2,
explicitly breaks Lorentz symmetry. On the other hand, it
represents an emergent or hidden U (1) symmetry in gapless
states we will focus on.

The emergent U (1) symmetry can be broken whenever one
of the other two mass operators in S/, or both, condense and
develop finite expectation values in the ground states while the
Lorentz symmetry is preserved.

At last, if the third mass operator which is Lorentz non-
invariant condenses with nonzero expectation values, the
Lorentz symmetry is broken; typically, there will be an emer-
gent Fermi surface in gapless states.

Finally, one can also have mass terms that further break
SO(3) rotation symmetries, in addition to breaking the
Lorentz symmetry. This is actually a path leading to nodal
phases. However, in this case, a new Lorentz symmetry can
reemerge, replacing the original Lorentz group; the mech-
anism is similar to the emergence of relativistic physics in
(1 + 1)D due to the emergence of Fermi points at fermion
surfaces.

4. Identifying an EFT with a physical system

Real fermions are emergent particles in physical systems
instead of fundamental ones. The relations between physical
complex fermions and real fermions are usually simpler in one
particular representation than other ones. So although dynam-
ically different systems can be equivalent, when it comes to
physical interpretations or predictions, we always prefer one
with the simplest relation between physical complex fermions
and real fermions. If we specify real fermions x directly in
terms of complex ones i for a given physical system and
only work with a particular choice of real fermion fields,
then the EFT Hamiltonian in terms of those real fermions is
entirely fixed. Further rotated EFTs involve yx fields defined
in different ways in terms of complex fermions. A popular
choice is to identify

1 .
X1 = L) + VNGB
1
x2(r) = E[lh(l') + WI(I')],

() = \Lﬁ[w(r) —yim,

i
xa(0) = 1Y) - ¥l o).
Here 1,2, 3,4 are indices for the real fermions, and 1, |
are ones for spins or pseudospins depending on microscopic
starting points.

For this reason if we only work with this particular choice
of x fields or effectively fix a Spin(4) gauge, every Hamilto-
nian in the two classes discussed above corresponds to one
single physical reality. This is the point we will be taking
in this article. Every physical system has a specific EFT.
As each can be further related to other Hamiltonians in the
same family if one performs a purely real unitary rotation of
X, dynamically speaking, different physical systems can be
mapped into other ones by redefining x fields. And we will
be exploring the relations between emergent symmetries in
different states using the K group and F group.

(A7)

APPENDIX B: MAPPING BETWEEN REAL FERMIONS

1. F rotations and mapping

We first focus on a class of EFTs where the SU (2) rotation
subgroup of S¥ in Lorentz group SO(3, 1) is given by K
rotations in the Spin(4) group. We will study the members
generated by the dual group S; which in this case is the
SUr(2) subgroup in Spin(4). All F rotations leave S¥/ and
their rotation group SUk(2) or K rotations invariant; all EFTs
here have the same structures of S, i # j = x,y, z.

We start with the most well-known model for p-wave su-
perconductors or superfluids in a strong-coupling limit, an
EFT for topological quantum critical points (TQCPs) with
time-reversal symmetry:

1
Hrs = 5 / dl‘[XT(I')('L'Z ® (041V, — 0;iVy)

+ . LiVxm +gix txx" wx

+ex" . ®oxx . ®oyxl, (B1)
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where xT = (X11> X1}> X21»> X2))- x are real fermions defined
by the following standard algebra:

Xo@) = (@), {xa(), xp(0)} = 80 5,
a,B=1110,24,2].

(Here we have renamed y;»34 in terms of xi4 1,242, tO
illustrate the spin structures explicitly.)

The EFT in Eq. (B1) is a minimum representation for
TQCPs [12,14] with spinful time-reversal symmetry and
emergent Lorentz symmetry. It can further have emergent
supersymmetry in strong-coupling limits. We now examine
the effective field theories that we can further obtain via
SU(2) rotations generated by the F' group in Eq. (11) and
the T symmetry associated with it. The general structure for
arotation along the direction of n = (ny, n,, n;) with an angle
¢ (following the right-hand rule) is

(B2)

Ur(n, ¢) = cos %5 — isin g(nxrx ® oy +nyT, + 1.7, ® 0y),

Ur(n, ¢) = Ui, $), Uy '(n, ¢) = Uf (n, ). (B3)
Note that for F' rotations, the range of ¢ will be set as
2 > ¢ > 0. (B4)

As expected, Up(n, ¢) defines a simply connected three-
sphere manifold S°. Specifically,

UF(_nv 27 _¢) = _UF(n3 ¢)7 (BS)

which effectively defines a pair of diagonally opposite points
in S3. On the other hand, Ur (n, ¢) and —Up(n, ¢) obviously
result in the identical rotations in the Hamiltonian manifold.
Inclusion of the other three S° defined by Uy that is the dual
of U effectively allows a double coverage of an SO(4) group
by a Spin(4) group, similar to a universal coverage of SO(3)
by a quantum spin group Spin(3) = SU(2).

Below are two examples where H in EFTs after F rotations
are transformed into the Hamiltonians in other superconduct-
ing states or superfluids when we apply the same identification
in Eq. (A7) to the rotated real fermions. Hence we show
that interaction dynamics are completely identical as they are
given by the same partition functions.

Under such a purely real rotation,

H{{x (™} - H = H [{x(™)}],
(B6)

x(@®) — x(r)=Upx(r),

where fermions remain to be real, i.e., ¥’ (r) = ¥ f(r).
Al: TQCP model with time-reversal symmetry broken. First
we consider a rotation where

1 21
—(1,1, D), =——.
ﬁ( ) @ 3

One can easily verify that this is also equivalent to a rotation
along the n = (0, 1, 0) axis and ¢ = %; therefore, the resul-
tant EFT describes a p-wave state with a 7 /2 phase shift. The
state therefore breaks the time-reversal symmetry, physically
distinct from a T-invariant state. The EFT for ¥ (here we

n= B7)

rename them as y) is
1 . .
Hrs1 = 3 / drlx" (r)(1; ® (04iV, — 0.iV,)

- ®LiV)x(™) +gix twxx tx

+ox e @oyxx T ®oyx]. (B8)
where x7 = (x11, X14» X21» X24)-
B: Weyl fermions. We then consider a rotation,
Loy, o= (B9)
n=—1—(«U,rl, ) = -
NG 3

This transformation leads to a more surprising EFT, one
that is related to a real fermion representation of interacting
Weyl fermions but with single chirality:

1
Hyeyr = b / dl‘[XT(l')(]I ® (04iVy + 0;iV;)

+ Ty ® U_\’iVy)X (r) + ngTTx ® Uy’XXTTnyX

+ox ' ®oxx . ®axl. (B10)

This mapping was also applied to understand topological
quantum criticality in previous studies [14]. Phenomenologi-
cally, the emergent symmetries we are going to discuss below
can be easily related to a chiral symmetry in Weyl fermions
but with a very distinct feature. The standard U (1) chiral
anomalies in quantum field theories are absent and Weyl
fermions as emergent particles implied in Eq. (B10) have
only one fixed chirality, either left or right but not both. Weyl
fermions with one single chirality usually do not appear in
three-dimensional bulk Weyl metals so their appearance here
in an EFT of gapless superfluids is a big surprise. Such single-
Weyl-cone phenomena usually only occur on a 3D surface of
a 4D lattice and so are hypothetical from a physics point of
view. However, equivalent dynamics can be physical reality
in gapless superfluids.

2. K rotations and mapping and 7-o duality

We now turn to a class of EFTs where the SU (2) rotation
subgroup of S in Lorentz group SO(3, 1) is given by F
rotations instead of K rotations in the Spin(4) group. We will
study the members generated by the dual group Sg which in
this case is the SUk(2) subgroup in Spin(4). All K rotations
leave S and their rotation group SUr(2) or F rotations in-
variant; all EFTs here again are given by the same S/

We can further apply K rotations and generate mapping
between EFTs for different physics systems. The discussions
are very similar to those in the previous section and we simply
list the results below. They can also be related to F rotations
by a simple t-o duality transformation,

T, —> 0,0, —> T;,

C: Dual of model A.

i=x,yz2 (B11)

1
HDTS = E/dr[xT((TxiVx - tzivz) ® oy + 1 & Gxiv,v))(

+g1XTty ®GZXXTTy ®GZX

+ox"1®oxx" 1 ®oyx]. (B12)
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CI: Dual of model Al.

1
Horsi = 5 / drixT (iV, — 1.iV2) ® 0y — 0, ® 1iV,)x

+g1XTfy ®UxXXTfy®UxX

+gx"1®oxx"1 ®oyxl. (B13)

D: Dual model of B as gapless nodal phase with P symmetry.
The t-o dual of Weyl fermions is exactly an EFT for gapless
superconducting nodal phases with parity symmetry. It has the

following explicit form:
1
Hyp = > / dr[x" (4iV, + 7iV,) ® I + 1, ® 0,iV,)x

+eix"ty®oxx T ®oux

+82XTT,V®GZXXTTy®GZX]- (B14)

Indeed, Hyp in Eq. (B14) is related to Hprs and Hprg; via
F rotations; Ur is defined below:

Ur(n, 0) = cos % — isin %(nxry ® o, +nyoy + 1,17, ® 0,),

1 2
—{,1,1), ¢=+—.

e . (B15)
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