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Subdimensional criticality: Condensation of lineons and planons in the X-cube model
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We study quantum phase transitions out of the fracton ordered phase of the Zy X-cube model. These phase
transitions occur when various types of subdimensional excitations and their composites are condensed. The
condensed phases are either trivial paramagnets, or are built from stacks of D = 2 or 3 deconfined gauge theories,
where D is the spatial dimension. The nature of the phase transitions depends on the excitations being condensed.
Upon condensing dipolar bound states of fractons or lineons, for N > 4 we find stable critical points described
by decoupled stacks of D = 2 conformal field theories. Upon condensing lineon excitations, when N > 4 we
find a gapless phase intermediate between the X-cube and condensed phases, described as an array of D = 1
conformal field theories. In all these cases, effective subsystem symmetries arise from the mobility constraints
on the excitations of the X-cube phase and play an important role in the analysis of the phase transitions.
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I. INTRODUCTION AND SUMMARY

Fracton phases [1-7] are an exciting class of states of
matter in three dimensions which defy many expectations for
the types of behavior one expects to see in zero-temperature
quantum systems. They have subextensively large ground-
state degeneracy, excitations whose motions are restricted to
lie along low-dimensional submanifolds of space, and provide
examples of gapped phases not described within the context of
conventional topological quantum field theory.!

Fracton phases can be separated into two types, depending
on the nature of their excitations [4]. Type-I fracton phases
possess mobile excitations, which are typically lineons or
planons that can move along one- or two-dimensional sub-
manifolds of space, respectively. One paradigmatic example
of a type-I fracton phase is the X-cube (XC) model [4].
Type-II phases by contrast do not have any nontrivial mobile
excitations, with Haah’s code [2] being the classic example.

An important question in fracton physics is where fracton
phases may arise in the phase diagrams of various systems.
One way of approaching this problem is to examine what sorts
of continuous quantum phase transitions can occur between
a phase with fracton order and a more conventional phase
of matter. This question has already been partially addressed
in the literature. Previous works have identified first-order
quantum phase transitions out of fracton ordered phases via
a range of techniques [8—10], and studied the breakdown of
fracton order in series expansions [11]. Reference [12] ex-

"We will not attempt a review of the many interesting recent ad-
vances in the field of fractons; for an introduction to the literature,
the reader may consult the reviews [6,7] and the references therein.
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ploited a duality to three-dimensional (3D) Zy gauge theory
to propose a continuous transition between the Zy XC phase
and a trivial gapped phase; we comment on this proposal in
Sec. VI. (Here and throughout the paper, we refer to spatial
dimension rather than space-time dimension, unless explicitly
stated otherwise.) A recent work introduced the notion of
hybrid fracton orders, which combine the fully mobile exci-
tations of 3D topological orders with the restricted-mobility
excitations of fracton phases, and found continuous phase
transitions between such hybrid phases and fracton-ordered
phases [13]. However, fracton order is present on both sides
of these phase transitions. Other recent works have stud-
ied continuous quantum phase transitions in two-dimensional
systems with subsystem symmetry but without fracton order
[14-16].

In this work, our focus will be on continuous phase tran-
sitions out of fracton orders, where the continuous nature
and stability of the phase transitions may be demonstrated
rigorously. We will study both critical points, which can
be accessed by tuning a single parameter, as well as stable
gapless phases proximate to fracton orders. Given that the
excitations in a fracton phase have restricted mobility, it is
natural to imagine that any putative critical point would neces-
sarily involve a rather unconventional field-theory description,
perhaps of a similar flavor to the novel types of field theories
that have appeared when analyzing fracton phases themselves
[17-25].

The easiest place to start when thinking about continuous
phase transitions out of fracton phases is to examine phase
transitions in type-I fracton phases where certain types of
excitations with restricted mobility are condensed. In these
types of phase transitions, it is, however, not clear whether or
not one should expect a critical point characterized by scale

©2021 American Physical Society
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FIG. 1. A schematic of the phase transitions we consider. Tuning
a parameter g drives a quantum phase transition between the Zy
X-cube model and a condensate of nontrivial lineon or planon excita-
tions. The resulting condensed phase is either trivial or is some form
of deconfined gauge theory. A critical point or intermediate gapless
phase can be described as a stack of 2D or 1D CFTs.

invariance, and to what extent the standard theory of critical
phenomena should be applicable.

In this paper we will make some first steps towards ad-
dressing these questions. We will focus on what appear to be
the simplest examples of continuous phase transitions out of
fracton orders, viz., various types of condensation transitions
in the Zy X-cube (XC) model [4,12]. The nature of the con-
densed phase varies depending on which type of excitation is
condensed. In some of the phase transitions, the condensed
phase is trivial, while in others it possesses topological or
fracton order (distinct from that of the Zy X-cube phase).

Taking inspiration from the many approaches which con-
struct fracton phases by coupling various well-understood
lower-dimensional phases together [12,18,26-31], our ap-
proach to studying phase transitions in these models will be
to look for critical points, or intermediate gapless phases,
which can be understood within the context of one- or two-
dimensional (1D or 2D) critical phenomena. These critical
points and gapless phases arise when condensing planon or
lineon excitations of the Z, XC model, and can be described
as stacks (arrays) of familiar 2D (1D) conformal field theories
(CFTs) (see Fig. 1 for a schematic).

An interesting feature of the critical points and gapless
phases we study is the emergence of effective subsystem sym-
metries. By definition, subsystem symmetries are those which
act on degrees of freedom lying only in a subspace, which may
be a line, a plane, or even a fractal. Subsystem symmetries
are interesting in their own right and also play a variety of
important roles in the theory of fracton phases. The effective
subsystem symmetries in the theories we study arise from the
gauge structure of the Zy X-cube phase, and are robust to
arbitrary perturbations, even though such symmetries are not
assumed to be present microscopically.

A summary of this paper is as follows. We start in Sec. II
by reviewing some facts about the Zy XC model which will
be relevant for the following sections. In Sec. III we study
what happens when dipoles of fractons, which are planons,
are condensed. In order to identify the resulting condensed
phases we employ a dual representation of the XC model

TABLE I. The phases obtained when condensing various types
of excitations in the Zy XC model. ¢¢ denotes a lineon mobile in
the a direction, while 9% and 9, are dipolar bound states of lineons
and fractons, respectively, with dipole moment in the a direction;
see Sec. II for more details. Zy , denotes a deconfined Zy gauge
theory in d spatial dimensions, a “stack” refers to a decoupled set of
theories, and “trivial” refers to a paramagnet lacking any topological
order. We have identified continuous phase transitions involving li-
neon condensation provided that N > 4, and continuous transitions
involving dipole condensation provided that N > 3. “Anisotropic
model” refers to the model of lineons and planeons discussed in
Ref. [32].

Sector Condensate Condensed phase
Lineon ¢t Zy » stack
et Trivial
0% Two Zy» stacks
0i7 ZN13 + ZN,Z stack
o z,
Fracton [ Anisotropic model
ot Zy » stack
i Zys

in terms of a generalized gauge theory, which is detailed in
Sec. IIT A. Condensing fracton dipoles allows single fractons,
which in the XC model are immobile, to move freely in
directions parallel to the moments of the condensed dipoles.
When dipoles with a single direction of dipole moment are
condensed, the resulting phase is an anisotropic model studied
in Ref. [32], when two orthogonal directions of dipoles are
condensed one finds a stack of deconfined 2D Zj, gauge theo-
ries, and when all dipoles are condensed the resulting phase is
a deconfined Zy gauge theory, with single fractons serving
as the gauge charges. In Sec. IIIC we examine the nature
of the condensation transition. When N < 4 the condensation
transitions are likely to be generically first order, while when
N > 4 continuous phase transitions exist, and are described
by stacks of critical 2D XY models.

Section IV is analogous to the previous section, except we
instead consider the condensation of lineon dipoles. When
lineon dipoles condense the mobility restrictions on single
lineons are relaxed, and single lineons become capable of
moving freely in two or three dimensions. When a single
orientation of lineon dipole condenses the resulting phase is
two interpenetrating stacks of 2D Zy gauge theories, when
two orientations of dipoles condense one obtains a 3D Zy
gauge theory and a stack of 2D Zy gauge theories, and when
all dipoles condense the result is a 3D Z3% gauge theory.
These results are summarized in Table I, and are obtained by
utilizing a generalized gauge theory which makes the nature of
the condensed phases very explicit, and which is explained in
detail in Sec. IV A. The condensation phase transitions in this
case are exactly the same as those that occur when condensing
fracton dipoles.

In Sec. V we discuss the slightly simpler problem of con-
densing lineons. When only one type of lineon condenses the
resulting phase is a stack of 2D Zy gauge theories, while if
more condense one obtains a trivial paramagnet. In Sec. VA
we introduce yet another generalized gauge theory, which is

165121-2



SUBDIMENSIONAL CRITICALITY: CONDENSATION OF ...

PHYSICAL REVIEW B 104, 165121 (2021)

Av
B A 2
oy (@)
@] .

y @zt 07
A
X

oxtox

FIG. 2. A graphical representation of the terms in the Hamilto-
nian of the Z, XC model.

used to obtain a field-theory description of lineon conden-
sation. In Secs. VB and V C we show that for N < 4 the
condensation transition is likely to always be first order, while
for N > 4 it is possible for an intermediate gapless phase
to exist in-between the X-cube and condensed phases. This
gapless phase is described by an array of strongly coupled
Luttinger liquids, and is related to the 3D sliding phases
discussed in Ref. [33]. The stability of this gapless phase is
somewhat delicate, and we argue that (1) by adding interchain
derivative couplings the phase can be made stable down to
very low temperatures and (2) a truly stable phase with more
complicated interchain couplings should exist in principle.

Finally, Sec. VI contains a conclusion and a brief discus-
sion of some remaining open questions.

II. PRELIMINARIES

Before starting in earnest, we will quickly summarize a few
important properties of the Zy X-cube (XC) model [4,12], as
well as some of the notation that we will be making frequent
use of. Z, X will denote Zy clock and shift operators, which
obey the relations

ZX = iINX7,  7'X = e 2iINX 7T 1)

where N will be inferred from context. When discussing mi-
croscopic Hamiltonians, we will be making use of various
dual representations. These dual representations will be in
terms of discrete Zy matter spins and discrete Zy gauge
fields. The clock and shift operators for the matter fields will
always be written in serif font (z, X), while those for the gauge
fields will always be in mathcal (Z, X).

The Hilbert space of the Zy XC model is built from Zy
spins placed on the links of a 3D cubic lattice. We will write
the Hamiltonian for the commuting projector limit of the XC
model as

Hyc=—g) (A} +A] +4;)—K> B.+Hc, (2

where the sums over i and ¢ run over the sites and minimal
cubes of the lattice, respectively. The operators A{ are defined
as products of Z operators over the 4 links touching a given
vertex i, while the B, operators are defined as products of X
operators over the 12 links of the cube c. Half of the X and
Z operators appearing in the A and B, terms are Hermitian
conjugated in the manner shown in Fig. 2, which ensures that
all of the terms in (2) commute, and that

ATAAZ = 3)

at every site i.

Sometimes it is convenient to refer to links of the lattice in
an oriented manner. We imagine that each link comes with
a given orientation in the +x, +y, or +z direction. Then,
denoting by (ij) a pair of nearest-neighbor sites, and letting
4 be the unit vector pointing from i to j, we define X;;; = X
if & is parallel to the link’s given orientation, and X;;, = X if
4 is antiparallel to the given orientation. Note that X;;, = X (,;”.
The same notation and conventions are used to define Z; . For
simplicity, we will use / to denote links when keeping track of
the orientation is not necessary.

The excitations of the Hamiltonian (2) are divided into two
sectors. The first sector consists of lineon excitations and their
composites. Single lineons correspond to violations of two of
the A{ terms, and come in three species, which we will denote
as ¢, ¢”, ¢. An ¢" excitation at a given site i corresponds to a
violation of the two terms A'f and A?, and similarly for ¢, ¢*.
Our convention is that acting on a ground state with Xy,
where, e.g., (ij) is directed along the positive or negative x
direction, creates an e} lineon at site i and a (e} )" antilineon
at site j. Each isolated ¢“ lineon may only move along the &
direction; any attempts to move it along the directions normal
to 4 necessarily result in the creation of additional excitations.
String operators for the lineons are formed from products of
Xi;j) operators in their direction of motion. Due to the relation
(3), the lineons obey the fusion rule

efelel = 1. 4)

Because of this fusion rule, a lineon ¢* moving along the
% direction may split into an (¢”)" antilineon and an (¢%)"
antilineon, and likewise for the other two species.

The mobility of individual and multiple lineons can be
understood by viewing ¢“ as carrying a unit Zy charge in each
of the two lattice planes that intersect at the a axis along which
¢“ is free to move. (This was discussed in Ref. [34] for the Z,
X-cube model; the generalization to Zy is straightforward.)
The Zy charge in each plane is conserved in the sense that
it cannot be changed by any local operator. This gives rise
to effective planar Zy subsystem symmetries that will be
important in understanding critical points where lineons and
their composites condense.

Another interesting feature of the XC model is the behavior
of dipolar? bound states of lineons. Consider a bound state of
a pair of ¢” and (¢”)" lineons separated by a given distance
in the a direction, where a # b. Because the two linecons
cannot move in the & direction, they cannot move together
and annihilate to vacuum, and indeed it can be shown that an
isolated dipole of this sort is stable, in the sense that it cannot
be destroyed by any local process.> One consequence of the
fusion rule (4) is that such dipolar bound states may move
freely within the plane perpendicular to &, as they may change
the direction of their motion within the plane by having their

2Since lineons are Zy objects, the “dipole moment” of two lineons
is rather ill defined. In what follows we will, however, abuse ter-
minology and refer to a bound state of two lineons on neighboring
vertices as a lineon “dipole.”

3By contrast, if lineon and antilineon are separated in the b direc-
tion, they can annihilate, and such an excitation is trivial.
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FIG. 3. An example of a string operator which moves a d lineon
dipole (the lattice is not shown for ease of visualization). The pattern
of Hermitian conjugates can be determined by comparing to the
pattern appearing in the definition of the B, operator.

constituent charges exchange an ¢“ lineon. However, motion
parallel to a is not possible, and consequently such dipolar
bound states are planon excitations.

We will denote a “minimal-strength” lineon dipole by 0,
where & is the normal vector to the plane of motion. Each
29 is built of an ¢” and an (¢?)" separated by one lattice
spacing in the & direction, where b # a. There are no local
processes which turn a ¢ dipole into a D}fé“ dipole. The string
operators which move lineon dipoles in their planes of motion
are “wireframe operators” and are given by products of X;
operators along the edges of rectangular prismlike shapes. The
best way to understand the geometry of these string operators
is with a picture (see Fig. 3 for an example). In terms of planar
Zy charges as described above, ?¢ carries Zy charges +1 and
—1 in the two planes normal to 4 in which the constituent
lineon excitations reside.

The second sector of excitations consists of fractons and
their composites. Isolated fractons arise as violations of a
single B. term in Hxc, and are created with Z;;; operators.
Acting with Z;;; on a ground state creates a configuration of
four fractons at the cubes that contain (ij) as an edge, with
the Zy charges of the fractons arranged in a “quadrupolar”
pattern. More generally, acting with a product of Z;;, opera-
tors over all links (ij) dual to a rectangular membrane M of
dual-lattice plaquettes creates one fracton at each of the four
corners of the membrane M, as shown in Fig. 4. A membrane
operator supported on M obeys Zy commutation relations
with lineon string operators that intersect M; this fact enables
certain types of statistical braidinglike processes to be defined
between fractons and lineons [34].

A single isolated fracton cannot move without creating
additional excitations. In more detail, and more generally, the
mobility of any collection of fractons can be understood by
thinking of each fracton as carrying a conserved Zy charge
in the three planes normal to X, ¥, and Z that intersect at its
position [4,34]. As for lineons, local operators carry vanishing
planar Zy charges. It is important to note that the planar
charges carried by lineons and fractons are distinct; these are
two independent sectors of excitations.

Similarly to the lineon sector, dipolar4 bound states of
fractons can freely move in the plane normal to their dipole
moment. More specifically, by a fracton dipole we mean a

4As with lineons, we will continue to abuse terminology by refer-
ring to these bound states as “dipoles.”

FIG. 4. A membrane operator supported on the green membrane
M, which is formed as a product of Z;;, operators on the links
marked by the purple circles. Acting on a ground state, this operator
creates four fractons living on the shaded cubes. Blue cubes have
charge +1, and red cubes have charge —1 (mod N).

pair of fracton and antifracton excitations separated along the
x, y, or z axis. The separation between the two constituent
excitations cannot change by a local process, and moreover
the dipole cannot move along the direction of its moment.
We will denote a “minimal-strength” fracton dipole capable of
moving in a plane normal to & as 0% . The constituent fracton
and antifracton excitations in 0j, are separated by a single
lattice spacing along the a direction. There is no local process
which can convert a 0%, dipole to a a’:,f“ dipole. Fracton
dipoles are moved using products of Z;;, operators along links
lying within the plane of their motion, with an example shown
in Fig. 5. Moreover, just as for lineon dipoles, 0% carries +1
and —1 planar Zy charges in the planes normal to a that
contain the constituent fracton and antifracton excitations. As
a consequence, the mobility restrictions on fracton and lineon
dipoles, if no other types of excitations are present, are exactly
identical.

Due to the relation between the XC model and coupled
layers of Zy gauge theories [12,26], we will refer to lineon
excitations and their composites as “electric” excitations, and
fracton excitations and their composites as “magnetic” excita-
tions.

o o
o o
o o
@ O
o o
A > (02)'

@7 0Z

FIG. 5. Anexample of a string operator which moves a 0% fracton
dipole from one location to another.
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FIG. 6. An example of a string operator which moves an isolated
fracton along the X direction in the presence of a condensate of 0},
dipoles.

III. FRACTON DIPOLE CONDENSATION

We now turn to discussing the condensation of fracton
dipoles in the Zy XC model. We will first identify the phases
that result upon condensing the fracton dipoles, using a rather
explicit generalized gauge theory construction with some sim-
ilarities to the membrane-net model of Ref. [18]. Later in
Sec. III C we will examine the critical points that occur at the
condensation transition.

A. Condensed phases and dual gauge theories

Before getting into details, let us ask on general grounds
what types of phases we expect to obtain upon condensing
various types of fracton dipoles, while leaving single fractons
uncondensed.

Consider first condensing all three types of fracton dipoles.
Since fracton dipoles have nontrivial statistical phases with
lineons which move in their plane of motion, all of the lineons
will be confined in the condensed phase. Nevertheless, the
resulting phase is not trivial. Indeed, single isolated fractons
remain as well-defined deconfined excitations, as there re-
mains no local process which can create an isolated fracton.
Furthermore, by absorbing dipoles from the condensate, iso-
lated fractons may now move freely in all three dimensions,
via processes like the one shown in Fig. 6. It is therefore
natural to identify the resulting phase with deconfined 3D Zy
gauge theory.’

We can also contemplate condensing only a certain subset
of the 0§, dipoles. First, consider condensing just 0%,. The
condensate allows isolated fractons to move in the Z direction,
so that they become lineons. The condensate confines ¢* and
¢’ lineons, while ¢° lineons remain deconfined. As before, the
¢* lineons can pair into 0" dipoles, which are planons.

Next, consider condensing both 0}, and 0),. This conden-
sate leaves 0% dipoles deconfined, but confines the rest of the
lineon sector. In the fracton sector, isolated fractons can move
in both the % and ¥ directions, but remain immobile in the Z
direction. The deconfined excitations are thus single fractons
and 9% dipoles, both of which are capable of moving only

SIn fact, in this case standard 3D Zy gauge theory is the only
possibility: the set of 3D topological orders with bosonic gauge
charges which have fusion rules given by a group G are fully
enumerated by 3D Dijkgraaf-Witten G-gauge theories (aka twisted
G-gauge theories) [35], which in the case of G = Zy are classified by
H*(Zy;U(1)) = H>(Zy; Z) = Z,, meaning that Zy gauge theory is
the only possibility.

within planes normal to Z. Since both of these excitations are
bosons, the excitation content of the phase obtained this way
is the same as a stack of 2D deconfined Zy gauge theories,
with the fractons corresponding to the e excitations and the 9%
dipoles corresponding to the m excitations. We will see later
that this is indeed the correct identification of the condensed
phase.

Now we will show how these expectations can be demon-
strated explicitly. For simplicity of notation, in what follows
we will specialize to the N = 2 case. The case of general N
is similar, and is presented in Appendix A. We will first focus
on the case where all species of fracton dipoles condense.

Since in the condensed phase fractons become deconfined
mobile particles, it is helpful to reformulate the XC model
as a generalized gauge theory, where fractons are the gauge
charges. To do this it is convenient to perform a duality map-
ping on the XC model, with the dual representation being
formulated in terms of spins living on the dual lattice. In what
follows, we will use sans serif symbols to denote elements of
the dual lattice, with i, I, p, and ¢ standing for dual vertices,
links, plaquettes, and cubes, respectively. Our duality map-
ping involves matter qubits X;, Z; living on the vertices of the
dual lattice, and gauge qubits &,, Z, living on the plaquettes
of the dual lattice. Sometimes it will be convenient to use |
to refer to a unit vector along the given link, and p to refer
to a unit vector normal to the given plaquette, so that for
instance | || Z denotes a link parallel to Z, while p || Z denotes
a plaquette with normal in the Z direction.

The duality works in much the same way as that between
the Z, toric code and Z, gauge theory coupled to Ising matter
[36], with the operators mapping as

X=X, Z - Z]]z Q)
iep
where p is the dual lattice plaquette dual to /, and the product

is over the four corners of p. In the dual formulation, there is
a Gauss’ law constraint at each vertex i,

x = [T % (©)

where the product is over the 12 dual plaquettes meeting i at a
corner. The Hamiltonian in this representation is

z&cz—KE:m—gEZAg @)
i c,a

Here A is a product of Z, over four of the six plaquettes in the
cube C, excluding the two plaquettes normal to the 4 direction.

We will now modify this model to include a separate field
for fracton dipoles. As such dipoles naturally live on the links
of the dual lattice, we introduce a qubit on each link with Pauli
operators X), Z| (not to be confused with the Pauli operators in
the original formulation of the XC model, which live on the
direct lattice), where X is the dipole number operator and Z
creates a fracton dipole at the link I.

Since single fractons carry gauge charge, a dipole at |
should carry gauge charge on the vertices at the two ends of I.
We therefore modify the Gauss law constraint to be

xi[Txi=]T%. ®)

[E] pai
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FIG. 7. Conventions for indexing the links on plaquettes. All
plaquettes with a given unit normal are labeled identically.

where the products are over all the links and plaquettes
neighboring the vertex i. With this Gauss law two fractons
at adjacent vertices can be converted into a dipole via the
gauge-invariant operator z;Zj Z;, and two dipoles with parallel
dipole moments can be created on opposite edges I, I of a
plaquette p via the gauge-invariant operator Z| ZpZ;.

To analyze what happens when we condense the dipoles,
it will be notationally helpful to fix a standard set of links
Iy, ..., l4 for each plaquette of a given orientation. Our con-
ventions for each plaquette are shown in Fig. 7, and are such
that for any plaquette |, is always parallel to |, and |5 is always
parallel to l4.

We now consider the following Hamiltonian:

Heon = _KZXi - gZA:l
i i,a

—h Y Xi— 1Y (2,202, + Z,202,).  9)
| p

The last term proportional to A is a kinetic energy term for the
dipoles, and allows dipoles on links parallel to 4 to move in
planes normal to a.

When h/A > 1, we are in the regime where both the
dipoles and fractons are gapped, and the gauge field Z is
deconfined. In this limit we are clearly in the same phase as
Hxc. In the following we will instead be interested in the limit
h/) < 1, as in this limit the dipoles are condensed. In this
limit the second term in (9) can be dropped without changing
the low-energy physics. This is because A{ can be obtained
by taking products of the dipole kinetic terms, so that if these
terms are set to 1 then so are the A{’ terms.

We will now show that in the phase where dipoles are
condensed, the Hamiltonian (9) can be transformed into the
standard Hamiltonian of Z, gauge theory, plus an unimportant
decoupled paramagnet arising from the plaquette gauge fields.
For simplicity and to work at a solvable point within the
dipole-condensed phase, we set & = g = 0. Note that if we
ignore the plaquette variables A, the Gauss law (8) becomes
the ordinary Z, gauge theory Gauss law constraint. Our strat-

egy will therefore be to arrive at the Z, gauge theory by
performing a unitary transformation designed to eliminate the
Ap variables appearing in (8).

To begin, for each plaquette, define the CNOT-like operators

\+2.7 \— 77
UPE< +2" '2)+( 2" 'Z)Xp. (10)

Note that Up = Ug is unitary, and is not gauge invariant, thus,
we can use it to transform both the Hamiltonian and the gauge
constraint.

The unitary Uy conjugates the various Pauli operators as

Up2pUp = 2p2, 2,
UPX|1,2UP = X|1.2XP’ (11)
UPX|3,4 UP = X|3,47

with other conjugations trivial.
Noting that [Up, Uy] = 0, we now perform a unitary con-
jugation by the operator

U= ]—[Up. (12)
p

While the support of Uy, operators on adjacent plaquettes does
overlap, U can be written as a depth-two quantum circuit
by dividing the plaquettes into two subsets. The transformed
Hamiltonian then takes the form

H) = UH.U

con

= KY X~ Z-1Y Z[[z. 1P
i p p

lep

Here the first term proportional to A comes from conjugating
terms which hop dipoles between |; and |, links, while the
second comes from terms which hop dipoles between |; and
l4 links. The product in the final term is over the four links in
the perimeter of p.

To compute the transformation of the gauge constraint,
note that for a given vertex i, for each of the 12 plaquettes
meeting i, one of the links |y, |, has i as an end point. When the
X, operator on this link is conjugated by U, it produces by (11)
an A&}, operator, which cancels one of the &X},’s appearing in the
Gauss law. The transformed gauge constraint is therefore

xi = []x. (14)

I>i

which is obtained by conjugating both sides of (8) by . This
is exactly the gauge constraint of Z, gauge theory.

It only remains to deform H/ , to the standard solvable
Hamiltonian for the deconfined phase of Z, gauge theory.
This can obviously be done without closing the gap simply by
freezing out the now gauge-invariant Z, degrees of freedom in
(13), which are gapped and have no dynamics. More precisely,

we may introduce a parameter s € [0, 1] and write
Hi () =—-KY x—21Y 2
i p

—A) M1 =9Z +s1] [ 2. (15)
P

lep
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Clearly at s =0 we have H/  (0) = H,,, the ground state
does not change as a function of s, and the gap remains open.
At s =1 we have

Hwn(l)_—KZx. szp ,\Z]_[z. (16)

lep

This is nothing but the usual Z, gauge theory in its deconfined
phase, stacked with a trivial paramagnet.

Note that the gauge field variables in the condensed phase
are precisely the dipole creation operators. This can be argued
intuitively: in the condensed phase, single fractons can only
move with the help of string operators built from dipoles,
and in the gauge theory description these strings become the
Wilson lines which render isolated fractons gauge invariant.

B. Condensing a subset of fracton dipoles

Identifying the nature of the phases obtained when con-
densing only a subset of the fracton dipoles can be done
similarly. We give the details here in the case N = 2.

1. Condensing a single orientation of dipoles

Suppose first that we condense dipoles with only a single
orientation of dipole moment, which given our conventions is
most conveniently chosen to be Z. This can be done simply
by using the Hamiltonian (9), but only including X, Z; dipole
fields, and the corresponding hopping terms, for links parallel
to Z. We thus consider the Hamiltonian

Hcon;z =-K Z X — gz (A)(C: + A?:)
i (¢}

~L) % ZpZ, (17)
plz

where we have left out A in the second term on the grounds
that it can be written as a product of dipole kinetic energy
terms, and where the last term involves a sum over plaquettes
with normal vectors perpendicular to Z. Note that the pairs
I, I, are parallel to Z for both orientations of plaquettes with
p L 7; see Fig. 7. The Gauss’s law constraint is an appropriate
anisotropic version of (8), viz.,

xi[Tx=]]%: (18)

1|z>i pai

where the product over | on the left-hand side is over the two
z-axis links | that touch the vertex i.

We now perform a unitary transformation with the operator
U, = [1,.; Up, which is the same as the operator U/ defined
above, except for the omission of plaquettes with unit normal
along Z. After this conjugation, we have

=U. Hcon zu

—KZX, gZ (AL + A7) ]_[ 7 — AZZp
llzec plz
(19)
Importantly, the second term is modified by the transforma-
tion, which adds a product of Z; over the four z-axis links |

con Z

contained in the cube c. This can clearly be deformed to

Hony = szu STz Tz 2.

c plizec lllzec plz

where the first product in the second term is over the two
plaquettes on the boundary of the cube ¢ with normal vectors
along Z. Under conjugation by U, the Gauss’s law transforms

to
xi[[x=]] % Q21

1|Z>i pllzai

Here the product on the right-hand side is over the four pla-
quettes with normals along Z that meet i at a corner.

The Hamiltonian (20) together with the above Gauss con-
straint is nothing but the “anisotropic model with lineons and
planons” discussed in Sec. 5.7 of Ref. [32] (mapped to a
generalized gauge theory in the usual way), with the two types
of lineon excitations identified in Ref. [32] corresponding here
to single fractons and ¢ lineons.

2. Condensing two orientations of dipoles

Consider now condensing dipoles with dipole moments
oriented along Z and X. By exchanging dipoles with the con-
densate, the fractons in the condensed phase will be able
to move along both the Z and X directions, and hence the
natural expectation is to identify the condensed phase with a
decoupled stack of Z, gauge theories.

This is indeed what happens. We include Xj, Z; for | parallel
to Z and X, but not §. The Gauss’s law is thus

xi [T x=]]%: (22)

where the product on the left-hand side is over the x and z links
touching i. For the Hamiltonian we take (9) and include only
kinetic terms for dipoles oriented along the Z, X directions. We
have, referring to Fig. 7,

conzx = KZX, —A Z ZIIZpZIZ

pIIX,2
_)LZZP(ZHZ'z +Z|3Z|4). (23)
pIIy

We have again set 1 = g = 0, noting that the A terms can be
obtained as products of the dipole kinetic energy terms that
are present. Conjugating with U/ as in the analysis of the case
where all dipoles condense, we obtain

UH onld = —KZX, AZzp ,\Zzp]_[z., (24)
plIy lep
while the Gauss law becomes
Xi = 1_[ X. (25)
112,%3i

After eliminating the now-trivial Z, degrees of freedom, this
indeed describes a set of decoupled deconfined Z, gauge
theories, stacked along the § direction.
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C. Phase transitions

We now turn to studying the critical points that occur
between the Zy X-cube phase and the condensed phases
described above. We will first focus on what happens when
we only condense fracton dipoles with a single orientation of
dipole moment, which we take to be along 2.

To analyze the critical points, we can ignore the fracton
matter spins X, z, as single fractons remain gapped across the
transition. In addition, excitations of the generalized gauge
field are gapped across the transition, so we may also ignore
fluctuations of the generalized gauge field Z,. Indeed, we
may set Z, = 1 and focus on an effective Hamiltonian for the
dipole matter alone, provided that we remember to only con-
sider correlation functions of gauge-invariant operators. Since
for now we are only interested in condensing 9%, dipoles, we
only need to retain the corresponding kinetic terms. Thus, we
can consider the Hamiltonian

Hslack =—h Z XI —A Z Z|—;LZ|2 + H.c., (26)
112 plz

where the |y, |, links are parallel to Z (see Fig. 7), and where
we are again working with Zy spins. Since only the spins on
the links parallel to Z enter into the above Hamiltonian, we see
that Hgek is simply a decoupled stack of 2D Zy clock models,
with one clock model at each z coordinate of the lattice.

In this effective matter theory, the Zy planar conservation
laws governing mobility of lineons (see Sec. II) lead to a
subsystem symmetry. In particular, the number of dipoles in
each xy plane is separately conserved modulo N.° From a
formal perspective, this symmetry arises from the fact that any
local term in the matter theory can be consistently coupled
to the generalized gauge field if and only if it is symmetry
invariant.

The critical point of the Hamiltonian (26) is then the same
as a decoupled stack of critical 2D Zy clock model layers,
with the added restriction, coming from gauge invariance,
of the effective subsystem symmetry. The allowed operators
are precisely those that are invariant under independent Zy
transformations on each layer.

I.N=2

What happens at the critical point depends on the value
of N. First, consider the case of N = 2. Here the decoupled
critical point is built from Ising* CFTs on each layer, where
as usual the * denotes the restriction to the Z,-neutral part of
the spectrum. The most relevant way to couple different layers
together is through their energy operators, via a perturbation
to the fixed-point action of the form

8S= gup / d*xdt eep, (27)
aFp

SStrictly speaking, this conservation only holds for local terms;
nonlocal processes that add a dipole to every plane are allowed,
because each dipole carries two opposite-sign Zy charges in neigh-
boring xy planes. A more general statement is the difference in
number of dipoles between any two planes is conserved.

where ¢, is the energy operator on layer «. Since the scaling
dimension of the energy operator in the 2D Ising model is
A, ~ 1.41 < 3/2[37], these couplings are slightly relevant at
the decoupled fixed point. In Appendix B we argue that there
is in fact no stable fixed point to this RG flow, with the result
being an instability towards a first-order transition.

22.N=3

When N = 3, we have a three-state Potts model on each
layer. The transition in the three-state Potts model in three
space-time dimensions is well known to be first order, and
hence we do not obtain any stable fixed points in this case.

3. N=4

The case of N =4 can be understood by noting that the
Z4 clock model can be mapped to a pair of two decoupled
Ising models, written in terms of two Z, spins Z;, Z; (see, e.g.,
[38]).7 The (gauged) Z, symmetry acts in this representation
as

Ly 1 Zy > 2o, Zp — 71X, (28)

and as such at the critical point it exchanges the two energy
operators €] and &,. The operator | + &; is therefore gauge
invariant, and since the Ising models are decoupled ¢; + &;
has the same dimension as the energy operator in a single Ising
model. Therefore, according to the discussion of the N =2
case above, the decoupled fixed point is again unstable.

4. N >4

When N > 4, we describe the critical point on each layer
with the action

S = /dt d’x (|aw|2 + ety + Z|w|4

gAt”

N!

with ¥ a complex scalar field. It is known from Monte Carlo

simulations that the Zy anisotropy term is irrelevant as long

as N > 4 [39,40], so that the phase transitions on each layer

are in the universality class of the (2 4+ 1)D XY™* model. The

most relevant gauge-invariant coupling between the layers is

the energy-energy coupling. The energy operator in this case
is known to have scaling dimension [37]

Ap ~ 151 > 3/2, (30)

+

N
WY@+ ), (29)

"To see this, we write the Z, clock matrix Z in terms of two Z,
Pauli matrices Z; =0°® 1, Z, =1Q® 0% as

| B .
7= %(e"f/“zl + e 7).
The real matrix X + X also has a simple representation in terms of
Xi=0*®1land X, =1® o*, with
X+X" =X +%.

It is then easy to check that in terms of the Z, variables, the Z, clock
model Hamiltonian splits as H; + H,, where H; (H,) is an Ising chain
Hamiltonian for the Z; (Z,) variables.
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and so the decoupled fixed point consisting of a decoupled
stack of (2 + 1)D XY™ models is (barely) stable.

5. No particle-hole symmetry

For N > 2, the discussion above strictly speaking pertains
only to models which possess a Z; particle-hole symmetry C,
which acts on the spins of the Zy clock models (as well as on
the original spins of the XC model) by conjugation with the
N x N matrix C, where

1 . .
C = . , Cczc=z", cxc=x'". (31

In terms of the coarse-grained field ¥ employed above in (29),
this sends C : ¢ — ¢*.

This symmetry can be broken for N > 2 by letting the
parameters i, A in (26) be complex. We are then prompted
to consider an action on each layer of the form

1 u
S = /dtdzx (w*a,w + 2—|V1p|2 +tly)? + =y
m 4

L8

A47N N #\N
Y+ @ ), (32)

where the C-breaking first term, which leads to nonrelativistic
z = 2 scaling, is included instead of |3,v|*> on the grounds
of it being more relevant. Since (2 + 1)D is the upper critical
dimension for the above model, the RG flow can be accurately
computed through a perturbative analysis of the above action
(32).

The nonrelativistic nature of the theory means that the one-
loop computation of the B functions is exact,® giving

Bu=—u?/2, PBy=(4—N)g—ug/2. (33)

The anisotropy is therefore relevant at N = 3, marginally
irrelevant at N = 4, and irrelevant for N > 4. When N = 3
Ginzburg-Landau theory predicts a first-order transition due
to the shape of the potential for i, and so this case can be
ignored. For N > 4, however, we obtain a nontrivial critical
theory describable by the nonrelativistic XY* model.

We therefore need to understand the stability of a decou-
pled stack of nonrelativistic XY* models.” The most relevant
gauge-invariant couplings are again those which couple the
energy operators on different layers; in the present notation
they read as

5= Y sup [drdxivaPiual. G
a.B

8For example, in momentum-shell regularization with a cutoff A,
the only diagrams depending on In(A) are those built from concate-
nations of one-loop bubbles, meaning that the full beta functions are
determined by the one-loop terms.

9This story is very similar to the analysis of stacks of Fermi liquid
< orthogonal metal phase transitions studied in Ref. [41].

The beta function for g, g is similarly exactly computable
from the one-loop term, which gives

By = —3(8up)*. (35)

Due to the nonrelativistic nature of the theory, none of the g, g
mix with each other. As a result, the decoupled fixed point is
stable, provided that all of the g, 4 are positive.'

Before moving on, we add a brief aside about a subtlety in
the above discussion of stability. In the argument above, we
have restricted our attention only to the g, g couplings, which
are marginal. In principle, however, the irrelevant operators
we have neglected may drive some of the g, g negative during
the initial stages of the RG flow. If this occurs generically,
the stability of the proposed fixed point would be called into
question.

This worry is not a serious issue in the present context,
however. First, note that due to the nonrelativistic scaling,
the only irrelevant operators which can renormalize g, g are
those containing ¥, Yo ¥ ¥4 and no other field operators, the

least irrelevant of which is (W;V;wa)(w;Viwﬁ), which has
an RG eigenvalue of —2. Unless the bare value of this term is
significantly larger than that of g, g, g, Will never be driven
negative during the flow. Therefore, if we make the (rea-
sonable) assumption that the bare values of these irrelevant
operators are not significantly larger than the bare values of
the appropriate g, g, the above fixed point is indeed stable.'!

6. Condensing multiple species of dipoles

So far we have only been concerned with condensing a
single species of dipole, but the same analysis can be applied
when simultaneously condensing multiple species. The start-
ing point for the critical theory is simply multiple decoupled
stacks of critical Zy clock models, with one stack oriented
along the dipole moment vector of each of the condensing
dipoles. The effective matter theory again has a subsystem
symmetry, where (for local terms) the number of z dipoles is
conserved modulo N in each xy plane, and similarly for x and
y dipoles. Dipoles with different orientations of dipole mo-
ment are separately conserved because they carry Zy planar
charges in distinct planes. The discussion of stability of the
decoupled critical point is not modified because the couplings
between perpendicular planes are always less relevant than the
couplings between parallel planes.

'ONote that getting a stable fixed point does not require fine tuning:
we just need to that g, g > 0 for all o, B; we do not require that each
of the g, g be tuned to any one particular value.

!t is instructive to compare the story here with the Kohn-Luttinger
instability that occurs in Fermi liquids [42]. In that scenario, irrele-
vant operators lead to instabilities by renormalizing certain marginal
couplings. This occurs, however, only due to the fact that the bare
values of certain marginal terms are naturally exponentially smaller
than the bare values of the irrelevant operators which renormalize
them. In the present setting, by contrast, the bare values of the
irrelevant terms and of the marginal terms they renormalize both
scale similarly with the distance between the « and § layers.
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FIG. 8. An illustration of a string operator moving an e* exci-
tation in the Z direction in the presence of a 9% condensate. The
extra excitations created by the middle part of the string may all be
absorbed into the condensate.

IV. LINEON DIPOLE CONDENSATION

In this section we discuss what happens when lineon
dipoles are condensed. The analysis is similar in many re-
spects to the case of fracton dipoles treated in the previous
section, although the phenomenology is slightly richer due to
fact that there are three different types of lineons, as opposed
to only a single type of fracton. As in the previous section,
we will proceed by first using a generalized gauge theory to
identify the nature of the condensed phases, and then later turn
to discussing the nature of the phase transitions.

A. Condensed phases and dual gauge theories

Before discussing concrete Hamiltonians, let us assess our
expectations for the condensed phases. First consider con-
densing a single species of dipole, say 9%. In the electric sector,
¢* and ¢’ lineons now become capable of moving along the Z
direction, as they can do so by absorbing dipoles from the con-
densate. An example of a string operator implementing this
type of process is shown in Fig. 8, where an ¢* lineon moves
in the Z direction by absorbing 9% dipoles from the condensate.
The ¢* and ¢’ lineons still remain distinct excitations, however,
as there continues to be no local process which converts an
isolated ¢* into an isolated ¢”. The electric sector thus consists
of two types of Zy charges, each of which are free to move in
planes normal to the X and ¥ directions.

In the magnetic sector, the condensate gives a tension to
the membrane operators creating fractons at their corners in
a rather subtle way. For such membrane operators lying in an
xz plane, the string operators of the condensed 9% dipoles only
fail to commute with the membrane near its edges running
along the x direction; an example of such a process is shown
in the left panel of Fig. 9. This means that the x edges of the
membrane acquire a line tension. Similarly, the y edges of
membranes lying in a yz plane also get a line tension from
the condensate. On the other hand, membranes lying in xy
planes get a surface tension because the string operators of
condensate dipoles lying in the same xy plane anticommute
with the membrane operator, if the dipole turns a corner any-
where within the area of the membrane; an example is shown
in the right panel of Fig. 9. These results imply that isolated

NN\
NN N
NN N

(a) (b)

FIG. 9. Processes which give tension to fracton membranes in
the presence of a 0% condensate. In both panels, purple links denote
the support of fracton membrane operators, while orange links de-
note the support of condensed lineon dipole strings. (a) A process
giving line tension to a membrane in an xz plane. (b) A corner-turning
process giving surface tension to a membrane in an xy plane.

fractons, as well as 0%, dipoles, are confined. However, the o
dipoles remain deconfined.

The deconfined excitations of the theory are thus the same
as that of two stacks of deconfined 2D Zy gauge theories,
with one stack oriented along § and another along X. We will
see later that the condensed theory is indeed given by two
interpenetrating stacks of 2D Zy gauge theories.

Now consider condensing a second species of dipole, say
o). Since 0 is a bound state of the gauge charges in two
adjacent layers in the gauge theory stack oriented along ¥,
condensing 9 will turn this stack into a single 3D gauge
theory, while leaving the stack oriented along X unchanged.
We therefore obtain a 3D Zy gauge theory (with gauge charge
¢*) and a stack of 2D Zy gauge theories oriented along the X
direction (with gauge charges given by ¢’ on each layer).

Finally, consider the phase obtained when all the ?¢s are
condensed. Each ¢“ is now free to move in all three directions,
and since there is still no local process turning an e¢* into
an ¢, a natural assumption is that the condensed phase is a
deconfined 3D Z3 gauge theory.

The above logic gives plausible identifications for the con-
densed phases in each case, but is not completely rigorous.
For example, while the electric sector in the phase where all
99 condense is the same as that of Z% gauge theory, it is
not obvious how the magnetic degrees of freedom in the XC
model end up organizing themselves into a Z3,’s worth of loop
excitations.

To conclusively demonstrate that these expectations are
borne out, we will employ a generalized gauge theory
construction similar to that used when discussing the conden-
sation of fracton dipoles.

We will first focus on the case where all orientations of
dipoles condense. We will furthermore specialize to the Z,
case for simplicity of notation; the generalization to Zy is
done using the same methods as employed in Appendix A.
According to the discussion above, we expect that the result-
ing phase will be a deconfined Z3 gauge theory. To show this,
it is helpful to realize the XC model as a particular limit of
a Hamiltonian defined in a larger Hilbert space. Since we
are aiming for a Z% gauge theory, we will want to have two
degrees of freedom on each link. In fact, we will find it more
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FIG. 10. Representations of the gauge field terms appearing in
the generalized Gauss laws. The operators A®” are defined as products
of pairs of XX operators over each of the black links, with ¢, d
indicated by the pairs of letters.

convenient to work with a model containing three qubits on
each link, together with a single constraint reducing the total
number of degrees of freedom on each link to two.

We thus start with a Hamiltonian defined on a Hilbert
space with three qubits on each link of the direct lattice, with
Pauli operators X/, Z{' (a = x, y, z), which are subject to the
constraint

777 = (36)

for each link /. Within this Hilbert space, we can write a
Hamiltonian that reduces to Hxc as

Hye = —gZ ZA;”’ — KZ]‘[Z; — hZXl“Xl”, (37)

i a#b ¢ lec 1

where le means Z{ with & || /, and where in the last term a #
b with &, b L . The operators Ai“b, a # b, are defined as

AP =TT x TT x¢ T & (38)

[1asi I'1b>i 1" 1esi

where ¢ is neither a nor b, and where for instance the first
product is over the four links touching i that are perpendicular
to &. Note that A?b = Af’“. An illustration of the three different
types of A%’ operators is given in Fig. 10. Hy. preserves the
constraint (36) since each term contains an even number of
X/ operators on each link. Moreover, all the terms in Hy
commute with one another.

To see why Hy. is equivalent to Hxc, we work in the
ground-state subspace of the & term, where we have the addi-
tional local constraint X;‘Xl’7 = 1 on each link. (Again, a # b
and 4, b L /) We thus have a single effective qubit on each
link, with Pauli operators

Xleff — X[C Xla — ch le (39)

and
z" =77 =777, (40)

where € || I. The remaining g and K terms of Hy. are easily
expressed in terms of X/ and Zf™, and reduce to Hxc.

As in the case of fracton dipole condensation, in order to
condense lineon dipoles while keeping single lineons gapped,
it is convenient first to map Hy,. to a generalized gauge theory.
The gauge theory is constructed by placing three qubits on
each vertex and on each link of the lattice. We first discuss
the site variables, whose Pauli operators are denoted X{, z{ on
each vertex i, and a = x, y, z. We will see that z{ creates an
¢ lineon at the vertex i. In accordance with the lineon fusion
rules, we impose the constraint

2’27 =1 (41)

[ )

at each site.

On each link, the Hilbert space is the same as in the con-
struction of the ungauged model Hy., except that we denote
the Pauli operators for the three qubits by Xe, Zf’ We impose
the same constraint on each link, namely, 2;‘21’211 =1. We
define operators X;”’ in terms of the X; by the same formula
as (38).

To reduce down to the original number of degrees of
freedom, we then impose, for each a # b, the Gauss law
constraints

XIxb = A%, (42)

Note that this is compatible with the constraint (41). More-
over, only two of the three equations in (42) are independent
because taking the product of all three equations gives the
triviality 1 = 1.

The mapping is established by the following dictionary
between the operators in Hy and those in the generalized
gauge theory:

XXP — X?X" (any pair a # b), (43)
Ziy e 278,78 @] (i), (44)
Zhy > 220,25 (bo@ L (ij).b+# o). (45)

Under this mapping, the modified X-cube Hamiltonian H
becomes

Hye=—gy Y xixt =Ky [[2 —h)_ XX} (46)

i a#b ¢ lec I

The operator dictionary tells us that, on a link (ij) || 4, the
non-gauge-invariant operator Z<bl. ;) creates an excitation in the
same superselection sector as the 0F lineon dipole z{Z}, where
b, & L (ij)and b # c. This is so because the gauge-invariant
local operator Zfo’i]-)Zji necessarily creates a trivial, locally
creatable excitation. We also observe that acting with Zf’,. i

violates the A term in ﬁ>/<c’ and no other terms, so that ~ can
be understood as setting the energy gap for lineon dipoles.
Since g controls the gap for single lineons, we can control
the single-lineon and lineon-dipole gaps independently in this
formulation, as desired’.v We note that, by the same reasoning
as above, acting with Z (a || (ij)) creates an excitation in
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FIG. 11. An illustration of the operators B;’,”. The indices on each
link / denote the corresponding Z;' operators.

the same sector as a pair of ¢ lineons separated in the &
direction; however, as discussed in Sec. II, such a pair is a
trivial excitation.

Now we introduce operators that, when added to the
Hamiltonian, will play the role of kinetic energy for the lineon
dipoles. Recall that a lineon dipole is a planon, moving in the
plane perpendicular to its dipole moment. On each plaquette
p lying in the ab plane, we define two operators, B;b and Bﬁ’,“.

sz hops a ¢ dipole along b, where the dipole consists of a

pair of ¢” excitations. Similarly, BZ“ hops a Dﬁ (consisting of a
pair of ¢“’s) along &. More concretely, we define

B =Z7,7,7,7), (47)
By =27 77, (48)
B = Z\ 2, 2,7, (49)
By =Z\Z; Z; 7, (50)
BY = ~;1 Z,}Z; ~fz , (51)
B =Z;Z\ 17 (52)

These operators are displayed graphically in Fig. 11. The
indexing of links in each plaquette is exactly as illustrated
for dual lattice plaquettes in Fig. 7. These operators are easily
checked to be gauge invariant. In each term, the two factors
of Z;" written on the outside of the product create or destroy
lineon dipoles, while the two factors of Z“ written on the
inside are needed to make the term gauge 1nvar1ant We see
that for a || [, Zl“ plays the role of a gauge field, while for

all, ZZ” is a matter field creating a lineon dipole. By taking
products for instance of B} and B} operators, we can obtain
string operators for a 0% dipole moving along an arbitrary path
in the xy plane. Whenever the dipole turns a corner, the string
operator contains a factor of Z with [ || Z, corresponding to
the two constituent particles converting from ¢*’s to ¢’’s (or
vice versa) by exchanging an e?.

The following solvable Hamiltonian condenses all species
of lineon dipoles, while keeping single lineons gapped:

Hon ==Y ) XX/ =2 ) (BY +B). (53)

i a#b a#b plaxb

Here, in the last term, the sum is over plaquettes p lying in the
ab plane. In addition to adding the kinetic energy term to Hy.,
we have set & = 0 to allow the lineon dipoles to condense
and obtain a solvable Hamiltonian. Moreover, we have also
set K = 0, as the K term can be obtained as a product of the
BaP kinetic energy operators.

It turns out that H,,, is the Z% gauge theory we expected
to find. To see this, we first recall that given the constraint
Z"Z ZZ = 1, we effectively have two qubits on each link. We
define le 2, X,1 2 Pauli operators for these two qubits, where
the upper index will label the two Z, gauge theories. Specifi-
cally, we choose

72l =7, z}=7Z" %, (54)
7l =7, 7}=7" (9, (55)
7} =75 Z}=77 (|2 (56)

From this choice it follows that X' = )A(Jf}?,x and X = )?Zy X
for [ || X, with similar choices for the two other orientations of
1. For the lineon matter fields, we define

X! =xx), XxI=Xxx, (57)

i
1 _ 5y 2 _ 52
z, =2z, ZzZ;=12;. (58)

With these choices the Gauss law equations for ab = xy
and ab = xz become

AP =Al =x], (59)
AT = A} =X, (60)

where A1 2 =[] % is a product over the six links touch-
ing i. Similarly deﬁmng B1 =11, Z

becomes
Hen =—gy_ (X} +X7) = 1) _ (B, +B))
i plx

—1Y_(Br+B)Bl) — 1> _ (B} +B)B). (61)

ply plz

, the Hamiltonian

This is not quite the standard Hamiltonian for two decoupled
Z, gauge theories, due to the presence of the B},Bi terms.
However, acting on the ground state we clearly have Bll, =
B? = 1, so the ground state is the same as that of the standard
Hamiltonian. Moreover, it is trivial to deform this Hamiltonian
to the standard one by the obvious linear interpolation, so Hcqy
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is indeed in the same phase as the standard deconfined Z3
gauge theory.

B. Condensing a subset of lineon dipoles

We can similarly consider what happens when only a sub-
set of the lineon dipoles condense. First consider condensing
only a single orientation of dipole, say with dipole moment
along Z. To treat this case, we modify (53) as follows:

Heonz = —gZZx?xf’ —A Z BY — ). Z BY

i a#b plzxg plzxy
—hY X)XP—hY XX} (62)
1% 1y

Here we include the kinetic energy terms only for 9% dipoles,
and retain the 4 terms on x and y links, which keep 0 dipoles
gapped. The K term is not included as it can be obtained as
a product of kinetic energy terms. A similar analysis to that
above shows that, in the ground-state subspace of the & term,
H.,y:, is precisely two independent stacks of 2D Z, gauge
theories, stacked along the X and § directions.

Now consider condensing dipoles with moments along
both Z and X. In this case we consider

Hons = —8 2 Y XX 1 Y (55 +55)

i a#b pllZx%
—A ) BY—x Y BY—hY X'Xi. (63)
plizxy plXxy 1y

This includes kinetic energy terms for 97° dipoles, while
keeping 0} dipoles gapped. Again, a similar analysis shows
that this model is in the same phase as a 3D Z, gauge theory
plus a stack along § of 2D Z, gauge theories, as expected.

The generalization of these constructions to the Zy case is
straightforward, and can be done in much the same manner as
described in Appendix A for the case of fracton dipoles. All
the prescriptions for adding Hermitian conjugates to operators
are the same as in that case, and as such we will omit the
details.

C. Phase transitions

Because we are again condensing excitations that can move
in 2D planes, with the number of excitations in each plane
separately conserved modulo N (for local processes), the crit-
ical points to analyze are the same as those that appeared
in Sec. IIIC. The stability analysis of the critical points is
identical to the previous fracton dipole case, and so we will
not repeat ourselves.

V. LINEON CONDENSATION

In this section we will discuss what happens when we
condense one or more species of the lineons ¢*>*. We will see
that when we condense a single species of lineon the resulting
phase is a stack of deconfined 2D Zy gauge theories, while
if more species are condensed the resulting phase is trivial. If
N > 4, we find that the system enters an intermediate gapless
phase upon condensation of lineons, described as an array of
strongly coupled Luttinger liquids. The transition from the XC

phase into the gapless phase is expected to be of Berezinskii-
Kosterlitz-Thouless (BKT) type.

A. Condensed phases and dual Hamiltonians

Before getting into details let us discuss our expectations
for the condensed phases. Consider first condensing a single
type of lineon, for example, ¢°. In the electric sector, the fusion
rule e¢’¢* = 1 means that the condensed phase contains a
single type of electric excitation ¢* ~ (¢”), which is able to
move in both the x and y directions by fusing with the ¢?
condensate. In the magnetic sector, the ¢ condensate leads to
confinement of fractons. Consider first fracton membrane op-
erators lying in the xy plane. Such operators do not commute
with string operators of the condensate ¢° lineons, and thus
acquire a surface tension. Naively, xz- and yz-plane fracton
membrane operators do not acquire any tension, and indeed
they do not feel the ¢* condensate. However, in the presence of
the condensate, the edges of such membranes running along
the z direction become locally detectable, via processes that
create, e.g., a pair of ¢* lineons, and move one of them in a
small loop encircling the edge before annihilating the lineons
to vacuum (the movement around the loop creates no addi-
tional excitations due to the presence of the ¢* condensate).
Nothing prevents adding terms to the Hamiltonian that effect
such processes, giving a line tension to the z-direction edges
of the xz- and yz-membrane operators. These effects result in
confinement of 9y;" dipoles, while leaving 9%, dipoles decon-
fined. The excitation content is thus the same as a stack of 2D
Zy gauge theories oriented along the Z direction. Indeed, we
will see momentarily that this is the correct identification.

When we further condense a second species of lineon,
all of the lineons become condensed due to the fusion rule
¢‘e¥e* = 1, and consequently the magnetic sector is entirely
confined. We therefore obtain a trivial paramagnet.

Now we will see how these expectations are borne out at
the level of explicit Hamiltonians. To condense lineons we
may simply add the kinetic energy term

Hy ==Y "2 (X +X). (64)

a lla

To identify the phase that results upon condensing ¢® lineons,
we take only A* # 0 with A* =AY = 0. Moreover, we drop
the AT and A} terms in Hxc, which tend to gap out ¢* lineons
and do not commute with the A* kinetic energy term. We thus
arrive at

Heonz = _gZA? - KZBC - )\ZZXI
i c

1|z

-K Z B, +H.c. (65)

plz

Here we have also added a term with coefficient K’, where
B, is a product of X; and XlT over the four links in the xy-
plane plaquette p, as shown in Fig. 12. This term corresponds
precisely to a process where a pair of ¢* lineons are created,
one is moved around a small xy-plane loop, and then the pair
is annihilated. As discussed above, such a process detects the
edges of fracton membrane opeators parallel to Z, and so the
K’ term gives these edges a line tension. Moreover, if the K’
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0O
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OX" OX

FIG. 12. An illustration of the operator B, appearing in Hcop,,
of (65).

term is not added, then an undesirable unstable ground-state
degeneracy remains.

To analyze Hconz, We first observe that all the terms in-
cluded commute with one another. We can then set X; = 1 for
I || 2, upon which B. = B,,B|,, where p (respectively p') is the
bottom (respectively top) face of c. We see that the K term is
redundant and can be dropped in favor of the K’ term, giving
a stack of Zy toric codes as expected.

Now suppose we condense both ¢ and ¢* lineons. This is
achieved by the following Hamiltonian:

conzx=—l<ZB —REY X =AY X (66)

Iz 1%

Here we have completely dropped the g term to allow both
species of lineons to condense. Setting X; =1 for [ || X, Z
reduces B, to a product of X; over the four links along §.
The resulting model is thus a stack of 2D Ising plaquette
models (see, e.g., Ref. [4]) along the ¥ direction. There is
a ground-state degeneracy associated with breaking of sub-
system symmetries, but since we are not imposing these
symmetries microscopically, the degeneracy is not robust.
Indeed, we can resolve the degeneracy by adding the term
—AY Zzuy(Xl + H.c.), which results in a trivial gapped phase
with a unique ground state. Not coincidentally, this term is
the kinetic energy for ¢’ lineons, which are automatically
condensed, given the fusion rule e“¢¥e* = 1.

To discuss the lineon condensation phase transitions, it is
convenient to work in a dual description in terms of Zy spins
more directly associated to the lineon excitations, following
a logic similar to that used when discussing condensation of
fracton and lineon dipoles. We will begin by fractionalizing
Xij) in terms of dual spins that create ¢“ lineons.'?> We do this
by writing, for each link (ij) || &,

.
Xip =2{24(2]) . Zup = X, (67)

where z{ is to be thought of as creating an ¢“ lineon on site i,
and where the Z;;y, X;;;, are dual gauge field variables. The
dual representation of Xj;;y is shown in Fig. 13. As in Sec. IV,
in accordance with the lineon fusion rules, at each site we
impose the constraint

2z = (68)

[ )

12See Ref. [43] for a similar type of duality.

Xijy

FIG. 13. The dual representation of the operator X;;, in terms of
a gauge field Z;;) and two matter spins z;, Z;. The arrows denote the
orientations of their parent links.

The dual representation and the constraint (68) are invari-
ant under the Zy gauge transformations

Zl — fib(fic)*zzq’
Zijia = (67) e Zaptl ()",

where the ¢/ are valued in the Nth roots of unity and a, b, ¢
are all distinct. The Gauss laws originating from this gauge
redundancy are, for each a # b,

(69)

i
X (%) = Xiira XL gy X ', iy Vi (70)
where the terms on the right-hand side are precisely the duals
of the A¢ operators appearing in Hxc (cf. Fig. 2).

There are two types of gauge-invariant operators that create
lineons which will be important in what follows. The first
is the dual representation of the Xj;;y operators, which hop
¢“ lineons along the & direction. The next-simplest term is a
“ring-exchange” operator

]
Nz zZd
(i.i+b) ( z+b) (i+b,i+b+&) i+b+e

¥ T
Z<i+e.i+6+e> (2fe) Ziivo, (71)

Rl =27{Z

where as usual a, b, ¢ are all distinct. This operator creates
four ¢“ lineons at the corners of a plaquette normal to 4 and
with a corner at the site 7, and will be seen to play an important
role in our analysis of the condensation transition.

The Hamiltonian can now be written as

Heon = —gZ (xf)Tx” — KZBC

a#b

—ZA“ZZZU

a (ij)lla

"4He, (72

where B, is B. but with Z;;, operators instead of X;;;, oper-
ators. Magnetic excitations are gapped, so as in the previous
examples we can ignore fluctuations of the Z;;, generalized
gauge field, which indeed are not present in (72).

If we set Z;;y = 1, we obtain an effective matter theory
for the lineons, which is valid when considering correlation
functions of local, gauge-invariant operators. This effective
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matter theory enjoys planar Zy subsystem symmetries, arising
from the planar Zy conservation laws for lineons in the X-
cube phase discussed in Sec. II. Concretely, the Hamiltonian
and any perturbations are required to be invariant under the
transformation

28— chefze, (73)

where a, b, ¢ are all distinct, and where g“l-b and ¢ are constant
within planes normal to b and €, respectively.

B. Phase transitions for N < 4

We now examine the nature of the phase transitions that
occur when the lineons condense. We will first consider only
the simplest case when a single species of lineon condenses,
which as in the previous section we will take to be ¢*. We will
therefore take A¢ = (0, 0, A), and consider the condensation
transition that occurs as a function of g/A.

In this limit, X*, X both commute with the Hamiltonian
(72), and to study the phase transition we may work in the
x* = x¥ = 1 subspace. In this subspace the Hamiltonian (72)
clearly reduces to an array of 1D Zy clock model wires
oriented along the Z direction, all of which are coupled to the
(nonfluctuating) Zy gauge field Z;;). In this limit, the critical
point is simply described by a decoupled array of 1D critical
clock models, with the critical fluctuations occurring on each
wire independently.

Of course, the limit where the Zy chains are completely
decoupled is very finetuned, and we are interested in the
fate of the decoupled fixed point under generic perturbations
respecting the effective subsystem symmetry. This can be
determined by performing an RG analysis: if all of the per-
turbations which couple different chains are irrelevant, the
decoupled fixed point will correctly describe the phase tran-
sition in a finite region of parameter space. If some of the
perturbations are relevant, they may drive the system into a
nontrivial coupled fixed point, or may lead to the transition
being driven first order. Using our knowledge of the critical
properties of the 1D Zy clock model, the RG analysis can
be performed straightforwardly. Two classes of terms need to
be considered, those which are (a) invariant under separate
Zy transformations on each wire or are (b) built from the
ring-exchange terms of (71).

1. N=2

First, consider the case where N = 2. The decoupled crit-
ical point is then described by an array of critical Ising
CFTs. Energy-energy interactions are an important class of
couplings between pairs of chains. Labeling the chains by w
and assuming translation symmetry, these couplings give us a
perturbation to the decoupled fixed point which can be written
as

55.= 3 Cou / dzdT susu, (74)

w#w’

where ¢, is the energy operator on the chain w (note that
since there is no &? operator in the 1D Ising CFT, we only
sum over w’ # w). Since the critical fluctuations are only
in the z-t space-time plane, the relevance of §S is obtained

by comparing the scaling dimension of &,¢&,, to 2. Since the
dimension of the energy operator in the 1D Ising model is 1,
the couplings C,, ,» are all marginal at tree level.

However, it is unnecessary to actually compute the beta
functions for the C,_,  couplings. This is because there is
another gauge-invariant coupling which is relevant, which as
we will see destabilizes all of the decoupled critical points
when N < 4. This is the ring-exchange term (71), which at
the critical point is written as (dropping the Z gauge fields
as they do not affect calculations of scaling dimensions at the
critical point)

55, = rZ//dzdrRﬁ’

dzdT 0y, 00,0u,0u,, (75)

where o0, is the spin operator on wire w and the notation
4 € U means a sum over configurations of four wires
w4 whose x,y coordinates form the corners of a square
with unit normal along Z. Since the scaling dimension of ¢ is
Ay = %, the scaling dimension of the above term is

A =47, =3 <2, (76)

which is very relevant. Higher-order contributions to the beta
function for » do not lead to fixed points accessible at small
couplings. We therefore conclude that the transition is likely
generically first order, in agreement with suggestions from nu-
merics [9]. The same conclusion holds when multiple species
of lineons condense simultaneously.

22.N=3

Now consider N = 3. In this case, the putative decoupled
critical point corresponds to an array of Z3 clock models. At
the critical point of the Z3 chain, the scaling dimension of the
spin operator o is A, = %, while that of the energy operator
is A, = ‘g‘ [44]. Therefore, both the ring-exchange term and
the energy-energy couplings are relevant, and the transitions

are again expected to be first order.

3.N=4

Next up is N = 4. While in this case there is a one-
parameter critical line of fixed points (the Ashkin-Teller line),
the scaling dimension of the spin operator on each chain is
always A, = é [45]. As such the ring-exchange term is again
relevant, and destabilizes the decoupled critical point.

C. Phase transitions for N > 4

For N > 4, the 1D chains are more conveniently dealt with
using a continuum XY description [46]. We do this by writing
the z° and X? variables as exponentials of slowly varying fields
®,,(z) and ©,(z), so that in the IR near the phase transition
we have the approximate identifications

Z2, ) ~ exp i, (2)],

. 1 2n )
Xy ~ €Xp lﬁ(‘)z@w(z) = exp lﬁ]’[@w(z) ,
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where 7o, = ﬁBZG)u, is the momentum conjugate to ®,,, and
where a suitable continuum limit is taken in the Z direction,
assuming a continuous transition. The Zy nature of the prob-
lem can be accounted for by including a Zy anisotropy term
cos(N®,,) in the action.

The most general action for the putative fixed point can
then be written as S = Sy + S;, where S; contains interactions
and where the first term represents a noninteracting quadratic
fixed point:

1
So = E u%;fdzdf (28111,u,1’3r®waz®w’

+ 8uw—w ;00,0 + Ny_y 0, Dyd; Py), (78)

where we have assumed translation invariance for the inter-
chain derivative couplings g,,—w', Ny—u-

S; contains the Zy anisotropy and further cosines in
®,, ®, allowed by gauge invariance, with the most important
ones for the present problem being

S = a—Z/dzdr [chos(NdJ,u)
w

cos (P, — oy, + Doy — Do)

+sZcos(®w)+-~-:|, (79)

where a is the lattice spacing. Despite the fact that we naively
need u — o0 to enforce the Zy nature of the problem, u can
in fact be treated perturbatively.'?

1. Decoupled limit

Let us first compute the scaling dimensions of the terms
in S; in the case where there are no interchain derivative
couplings, i.e., let us first consider setting

Nw—w = 77611),11)’- (80)

The scaling dimensions of the most relevant gauge-invariant
cosines are then found to be

Ew—w' = gaw,w’ s

N2
T 2R

2
:ﬁ’

R2
:7,

u

A, 81)

A,

where we have defined
R* = \/n/g. (82)

The relevance of a given term in S; is determined by com-
paring the appropriate scaling dimension to two. When the
field term is small, so that the lineons are not condensed, R? is
also small. Here the cos(®,,) operators are relevant, pinning

13This can be shown by requiring that the known physics of the XY
model be recovered in the N — oo limit; see Refs. [47,48].

the values of the ®,, fields. This regime occurs for R?> < 4.
In the limit of large field where the lineons are condensed,
R? is large, and here the cos(N®,,) term is relevant. This
happens for R?> > N?/4. In the absence of the ring-exchange
term this would give an intermediate massless regime for
4 < R?> < N?/4 with no relevant perturbations. However, we
see that the ring-exchange term is relevant for all R> > 1,
meaning that there is in fact no choice of R?> for which all
three terms in (81) are irrelevant.

It remains to understand the nature of the intermediate R?
regime when the ring-exchange term is the dominant relevant
perturbation. What happens in this case is explained in Ap-
pendix C. In brief, we find that the ring-exchange term leads to
a putative fixed point corresponding to an anisotropic version
of the exciton Bose liquid [14,20,21,49], but that the three-
dimensional nature of the problem produces an instability
with respect to lineon dipole condensation. We then conclude
that when the ring-exchange term dominates, the transition is
expected be first order.

2. General derivative couplings

That the decoupled fixed point is destabilized by the ring-
exchange terms does not necessarily mean that there do not
exist stable fixed points described by the quadratic action
(78); it only means that any such fixed point must owe its
existence to interchain derivative couplings which frustrate
ring-exchange processes. In this section we show numerically
that a relatively simple choice for the derivative couplings can
be made which renders the Gaussian fixed point stable with
respect to low-body finite-range cosines. Whether or not the
chosen couplings ensure stability with respect to all possible
deformations is a more complicated question, which we leave
to future work. However, we also argue that there exist other,
more complicated, choices of interchain couplings that result
in a truly stable fixed point.

We begin by Fourier transforming in the x,y directions
normal to the chains, writing Sy as

1 d*q
So=— | —— [ dzdt|20,9}0,0
O7 4x (2n)2/Zt|: e

1

X Vg (ﬁaz(a;;az@q + Rgachgazcbq)}, (83)
q

where the g, and ¢, momentum integrations run over [0, 27)

(with the interchain spacing set to unity), and where we have
defined

Vq = /Mq8q> R%‘ = /Nq/8&q- (84)

For stability we require that the couplings be chosen so that
0< R(21 < oo for all q; in what follows we will assume that
this is the case.

The scaling dimensions of perturbations to this fixed point
can be computed as various integrals of R(zl—dependent func-
tions. Therefore, to demonstrate the existence of a stable fixed
point, all that remains is to find an appropriate choice of Rfl
which renders all the allowed perturbations irrelevant. The
problem of finding such a function R(Z1 is very closely related

to the problem of constructing examples of “sliding Luttinger
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w+b

w+a+b

w w—+ a

FIG. 14. An illustration of the geometry of a ring-exchange term
R Here the vectors a, b are in the x-y plane and connect four wires
to form a rectangle as shown.

liquids” [33,50], which are anisotropic metallic phases built
from strongly coupled arrays of Luttinger liquids.

At the fixed point (83), general cosines of the & and ®
variables have scaling dimensions

A _1/ d2q |Olq|2
Coet) =3 | Gy K2

1 d*q
Acos($, 8,0u) = 35 )

(85)

2 2
R21ql?.

where «,,, B, are integer-valued functions of the wire index
w, which are nonzero only for finitely many w.

The simplest gauge-invariant cosines are cos(N®,),
cos(®y,), cos(®, — Oy4a), and cos(R®), where now the
more general ring-exchange operator R is defined as (again
omitting the unimportant Z gauge field)

Rab =, — (bw+a + chJraer - q>w+bv (86)
where a L b form the edges of a rectangle (see Fig. 14).
Using the above formula, we see that these have the scaling
dimensions

A N ooa Ry
cos(N®y,) = 552 cos(®y) = 7 s
2R 2
1 [ d’q ,
Aeos(©,-0,0) = 5 2 )2 R,[1 —cos(a - q)],
qu |1 _ e—ia-q _ e—ib-q + ei(a+b)-q|2
A al = .
oos(R=5) (27 ) 2R?

87)

By taking N large enough we see that we can always make
the first term (the Zy anisotropy) irrelevant; hence, we can
ignore it for the time being. For the remaining terms, we see
that in order to make the above scaling dimensions large we
should take Rfl to be (a) everywhere nonzero, (b) small at
the wave vectors where the numerator in the integrand of the
expression for A gm) is small, and (c) large enough at other
wave vectors so that the cosines of ® are kept irrelevant.

No=3.5
0'10 'l'YII|||I|['[I|||’I|||'l"'|

0.05

0.00 3 rel couplings

-0.05
12 —0.10
-0.15

-0.20

Jq:RZ=0
-0.25

L LR B B L B L BN BB R

R PR FTETE NS T

0.350 0.375 0.400 0.425 0.450 0.475 0.500

m

FIG. 15. A region of stability (shaded gray area) in the n;-n,
plane, where the fixed-point model has no relevant perturbations.
In the upper region marked “3 rel couplings” there exist relevant
deformations to the fixed point, while in the lower region the model
is unstable, as there is always some ¢ for which Rﬁ =0.

We will not concern ourselves with a completely general
analysis of which functional forms of R«21 do the job, and
will be content with simply demonstrating that one particular
choice of R(21 works.

One such choice, which was employed in Ref. [33] in the

context of a slightly different problem, is

R2 = no{1 + mi[cos(qx) + cos(gy)] + 12 cos(gx) cos(gy)},
(83)
with 19 > 0. For stability Rﬁ must be nonzero for all q, which
ends up restricting 71, 17, to be such that

—t<m<3 2ml—l<m<l (89)

2 ki
The dimensions of the first two operators in (87) are easy to
compute, and are

2
1o n
Acos@) = > <1 + 77% + ZZ>

NZ
2001+ 0?4+ n3/4)

To figure out if there are any regions in the n;-n, plane
where all of the scaling dimensions in (87) are greater than
2, we resort to a numerical search. For these purposes we
restrict the search to couplings involving fields up to 10th
nearest neighbors. We find small regions of stability near the
boundaries of the region in which Ré is strictly positive; one
such region is shown as the gray shaded area in Fig. 15. In this
region cos(N @) is irrelevant for all N > 4. Note that although
the fixed points described here are very anisotropic, they are
nevertheless not completely decoupled (indeed, the coupling
is crucial for their stability), unlike the fixed points considered
in Sec. IIIC.

Of course, demonstrating that the scaling dimensions in
(87) are all greater than 2 does not actually guarantee stability,
as there may be more complicated higher-body and longer-
range operators which are relevant. Note that as a matter

Acos(NCb) (90)
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of principle it is always possible to construct a stable fixed
point with sufficiently complicated interchain interactions, as
was shown in Ref. [51]. In that work, authors showed that
a single quantum wire of interacting bosons has a stable
gapless “perfect metal” phase, where all cosine operators are
irrelevant, when the number of channels is 8k, with k > 3.
The action is quadratic and crucially involves interchannel
derivative couplings, as in Sy of (78). It was also pointed out
that arrays of such perfect metals give rise to stable gapless
phases in 2D and 3D. In the present case, we can employ
these results by bundling the wires of our model into groups
of 24 (which breaks full translation invariance), and choosing
interchain couplings within each bundle to put it in a perfect
metal phase. The resulting system of decoupled bundles is
then a stable gapless phase.

Even with the present choice of relatively simple inter-
chain couplings, any relevant cosines must necessarily involve
rather high-body interactions'* and/or involve very long-
range interchain couplings. Therefore, as in the case of the
“almost perfect metals” of Ref. [52], any relevant deforma-
tions are likely to have very small bare values, meaning that
the examples constructed above will only show instabilities at
very low temperatures.

With the aforementioned caveats about stability in mind,
we thus arrive at a scenario where the XC model is separated
from the condensed phase by a massless critical phase ex-
tending over a finite region of parameter space. The transition
from the XC phase to the intermediate massless region is
likely to be of BKT type since the operator which becomes
relevant in the XC phase is the cosine cos(®). The nature
of the transition from the massless region to the condensed
phase is not completely clear, and may depend on the type of
operator which becomes relevant at the transition.

Finally, we note that although in this section we have
only considered the transitions that occur as a single species
of lineon is condensed, the generalization to the case where
multiple species condense simultaneously is straightforward,
due to the fact that couplings between perpendicular wires
are always less relevant than those between parallel wires.
In particular, when multiple lineons condense we continue to
find no stable fixed points for N < 4.

VI. DISCUSSION

In this paper we have discussed various types of condensa-
tion transitions in the Zy XC model, with the phases on both
sides of the transitions described in terms of various types of
gauge theories. We have identified continuous condensation
phase transitions, and intermediate gapless phases, provided
that N > 4, although our analysis does not rule out the exis-
tence of continuous transitions for smaller N. Clearly, there is
a lot more work along these lines that may be done.

“The scaling dimensions of higher-body interactions of the ®
fields are easy to check since Rf] only contains a handful of Fourier
modes. 1/ Rf] on the other hand contains an infinite number of Fourier
modes, which makes a systematic search of the scaling dimensions
of the ® cosines more difficult.

One obvious extension of this work is to consider similar
decoupled critical points in other fracton models, and to un-
derstand them using our existing knowledge of 1D and 2D
critical phenomena. This strategy is likely to yield many other
interesting examples.

One interesting question to ask is then whether or not
there exists a continuous phase transition between a fracton
phase and a phase without fracton order, where the critical
modes at the transition fluctuate in the full four-dimensional
space-time. In fact, one such critical point was proposed in
Ref. [12]. This work discussed the transition between the XC
model and decoupled stacks of two-dimensional Zy gauge
theories. Based on a duality between a model of coupled
Zy gauge theory layers and a 3D Zy gauge theory, it was
proposed that this transition is first order for N < 4, but that
there may be a continuous transition out of the XC phase for
N > 4. This transition is dual to that between the deconfined
phase of 3D Zy gauge theory and a massless Coulomb phase,
which was claimed to be continuous in early Monte Carlo
studies [53]. However, we believe that this transition is in fact
likely weakly first order. Indeed, starting from the Coulomb
phase, one may obtain the Zy gauge theory by condensing
electric particles with charge N. If we assume a second-order
transition, the critical point can presumably be described by a
charge-N Higgs field coupled to a U(1) gauge field. The Higgs
transition with n < 365 flavors in 3D is, however, generically
made first order by fluctuations [54], and hence the transition
from the XC model to the intermediate massless phase is also
likely to be weakly first order.

One possible route to a continuous transition with 3D char-
acter could potentially lie in Higgs transitions into the XC
phase, of the type studied in Refs. [55,56]. The nonstandard
dispersion of the matter fields in these examples may help
to stabilize against a fluctuation-induced first-order transition,
although the ultimate character of the phase transition may
also end up being quasi 2D. Another possible route lies in
finding a theory where the decoupled fixed point is unstable,
but can be shown to flow to a stable fixed point with nontrivial
couplings between different planes and chains. We leave a
more detailed treatment of these possibilities to future work.
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APPENDIX A: Zy FRACTON DIPOLE CONDENSATION

In this Appendix we discuss how the generalized gauge
theory employed in the discussion of fracton dipole con-
densation in Sec. IIT A is generalized to the Zy case. The
generalization is rather straightforward, with the difficulties
lying only in keeping track of the correct ways to take Hermi-
tian conjugates in various expressions.
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FIG. 16. A reference for the pattern of Hermitian conjugations
appearing in the Gauss law (A1l). Links shaded in orange denote XIT
operators, and those shaded in teal denote X| operators. Each orange
plaquette denotes a /’\.’J operator, and the unshaded plaquettes denote
A}, operators.

As in Sec. Il A we dualize the XC model by writing it
in terms of Zy matter qubits X, Z on the vertices i of the
dual lattice, and Zy gauge qubits X', Z on the plaquettes p
of the dual lattice. We then add additional Zy qubits X, Z on
the links of dual lattice which represent the dipole degrees of
freedom. The Gauss law reads as, in analogy to (8),

Xj = l—[ XJXlT l_[ prXy.

queaioul |'~P’Eaiin

(AD)

Here i,y consists of the collection of outward-oriented pla-
quettes and links neighboring i, while di;, consists of the
inward-oriented plaquettes and links. Here outward-oriented
(inward-oriented) plaquettes are those whose centers have
coordinates with respect to i which are all of the same sign
(of different signs), and are indicated as shaded (not shaded)
in Fig. 16. Outward-oriented links are those oriented parallel
to the coordinate axes (orange in Fig. 16), and inward-oriented
links are those oriented antiparallel (cyan in Fig. 16).

With this notation and the above Gauss law, the gauge-
invariant kinetic terms which hop dipoles across a given
plaquette are then ZthZﬁ2 and ZpZ|3Z|Z, together with their
Hermitian conjugates. The correct Zy generalization of the
Hamiltonian (9) is then

Heon = _gzxi - hZX| —A ZZP(Z|12I1-+Z|3ZID
i | p

+H.c., (A2)
where as before we have ignored the dual representation of
the A{ terms, which will not be important for discussing the
condensed phase.

To demonstrate that H., above is equivalent to the Hamil-
tonian for deconfined Zy gauge theory in the 2/A — 0 limit,
we again need to perform a unitary transformation which

decouples the plaquette degrees of freedom. This is done by
directly generalizing the analysis of the Z, case.
To begin, define the operators

1 T\ ikm
Mox = > (az)"e

meZy

(A3)

which form a complete set of Hermitian projectors. Now
define the unitaries

Up =) Mpdy, (A4)
k

and as before let U = ]_[p Up. The unitary U/ conjugates oper-
ators as

U XU = X,
U'ZU = 7,7, Z,,
UX,U = XpX),,
. (AS)
U'x,U = XX,
U'X, U =X,
U+Z|au =27,

which can be verified using the orthogonality and complete-
ness of the Iy as well as the relations

X, Mpx = Hpe1 Xy,
Xlz 1_ka = l_[karlxlzy
X'},AHPIC = HPkX|3,4'

(A6)

Using these relations and referring to the pattern of Hermi-
tian conjugation in Fig. 17, one sees that under conjugation by
U, the Gauss law constraint maps to

xi= [ xx

l€diou, I €iin

(AT)

which is the desired Gauss law of Zy gauge theory.

By conjugating the kinetic term in H with U/, one sees
that as in the Z, case, the conjugation generates a set of
plaquette terms identical to that of the standard presentation
of Zy gauge theory, together with a trivial paramagnet coming
from the plaquette variables. After getting rid of the plaquette
degrees of freedom, the Hamiltonian is

H,, = U Heonld

=-gY X—AY By+Hec.
i p

where the By terms are given by the operators appearing in
Fig. 18. This completes our identification of the condensed
phase with deconfined Zy gauge theory.

(A8)

APPENDIX B: RG FLOW FOR STACKED ISING MODELS

In this Appendix we argue that L-stacked layers of critical
2D Ising models are always unstable with respect to interlayer
interactions that preserve the Z4 subsystem symmetry

Z5 i e fivi fie {11
where v; is the Ising field on layer i.

B
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FIG. 17. The kinetic terms employed when condensing dipoles
(plus their Hermitian conjugates, not shown). The standard labeling
of ;4 for each orientation of plaquette is indicated in the left
column.

We will address this question within the context of the &
expansion. Our starting point is then the critical action

3 1 < 2 A - 2.1,2
S:/d*x 3 E (9v:) +§ E Vivigi| (B2)
I

= ij=1

where the couplings g; ; are symmetric and dimensionless, A
is a UV cutoff, and where the absence of mass terms denotes
tuning to the critical point.

Enumerating all the symmetric RG fixed points for even
moderately small L is essentially impossible since the sym-
metry group Z% possesses many quartic invariants. However,
since we are only interested in symmetric fixed points which

|

A —

FIG. 18. The plaquette terms appearing in the Zy gauge theory
(Hermitian conjugates not shown).

are stable (viz., those which have no relevant quartic terms),
the situation becomes much more tractable. This is because
we may take advantage of powerful results about the proper-
ties of one-loop beta functions, which follow from interpreting
the RG flow as a gradient flow on the space of quartic cou-
plings.

In the following we will make use of two facts. The first
is that for any subgroup H C O(L) (we will be concerned
with H = Z%), there is at most one stable H-symmetric fixed
point [57,58]. The second is that the action of O(L) on the g; ;
couplings maps fixed points to fixed points since for the pur-
poses of calculating the beta functions O(L) transformations
are simply redundant relabelings of the fields.

These two facts mean that if the g; ; couplings describe
a stable symmetric fixed point, the g; ; must be invariant
under the action of any O(L) transformation which preserves
the Z% symmetry (otherwise the fixed point would not be
unique). In particular, consider the action of o € S, C O(L)
on a given Z5-invariant coupling g; ;. The action of o takes
8i.j 7> 8&o(i),0(j)» and therefore a necessary condition for g; ;
to give a Z5-stable fixed point is for g, (j) = gi.; for all
o € Sr. This means that any symmetric stable fixed point will
have couplings of the form

g =g —Mdij+h (B3)
for some constants gg, i. If & # O this set of couplings gives
very nonlocal interactions, as it contains all-to-all quartic
interlayer couplings. On physical grounds we may then be
justified in restricting our attention to 2 = 0. However, even
in the general case with nonzero &, we will see that no choice
of gy, h gives a stable fixed point.

Indeed, it is not hard to explicitly compute the one-loop
B functions at fixed points of the form (B3) and show that
as long as L > 4, none of them are stable (at least within the
context of the & expansion). We find

9 L—1
P
L+2
ﬁh=h—3goh—%h2.

(B4)

There are three fixed points to these equations. One is the
decoupled fixed point where & = 0, which is unstable. The
other two are the O(N) symmetric fixed point S and the cubic
fixed point C. The couplings at each are given by

. C: (2(1—-1/L), &),
o= [ E i %)

8+L> 8+L

(B5)

It is then straightforward to check that both fixed points are
unstable (provided that L > 4).

The above discussion has focused on the RG flows ob-
tained in a perturbative expansion about the free fixed point.
One might imagine a possible way out by first introducing a
strong deformation that drives the system to a different fixed
point, around which the RG analysis is modified. The simplest
possibility is to add the term

55 = 3 gpa [ dxdrenen (B6)
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In the absence of further couplings between pairs of layers,
this term drives the system to a decoupled stack of 2D XY
models.">

This fixed point is, however, also unstable. Indeed, as
was mentioned in the main text, the energy operator &; xy ~
&2 + €241 in the 2D XY model is known to have scaling
dimension A, &~ 1.51 > % [37], and as such energy-energy
couplings between the XY layers are irrelevant. However, the
Z5-invariant operators XY = y; — €241 [which in a given
XY layeris ~@? + (¢*)*] has dimension A, ~ 1.24 < % [59],
and hence couplings between #; operators on neighboring lay-
ers are relevant, destabilizing the fixed point.

Therefore, while we do not have a rigorous proof, the phase
transition that occurs in the N = 2 case generically seems to
be driven first order by fluctuations, as was suggested by the
numerics of Ref. [9].

APPENDIX C: EFFECTS OF THE
RING-EXCHANGE TERM

In this Appendix we discuss what happens to the critical
point (78) in the limit where the chains are decoupled and
the ring-exchange term is the dominant relevant perturbation
(as discussed in Sec. VC, for N > 4 there is always a region
where the ring-exchange term is the only relevant perturbation
to the decoupled fixed point).

When the ring-exchange term is relevant, we are prompted
to expand the cosine as 1 — %az(ax 8y<I>)2, where now the field
® fluctuates in all four space-time directions. Doing this and
integrating out the ©,, fields'® then gives the continuum action

S=x / d*xdt{a?[(3; D) + (3,D)*] + a(d,8,D)*},

(ChH
where ® and « are dimensionless and A is some nonuniversal
parameter. This is a variant of the Bose plaquette model ap-
pearing in the analysis of exciton Bose liquids [14,20,21,49],
which differs from the original model by the presence of an
extra spatial dimension and the (3.®)? term. In the original
model, the degeneracy of the dispersion along the k, = 0 and
ky =0 axes in momentum space leads to strong IR diver-
gences which prevents ordering, leading to a stable massless
phase. As we will see, things are rather different in the present
case.

The symmetry-invariant operators we may consider corre-
lation functions of are polynomials in d,®, 9.®, and 0,9, ®P,
as well as exponentials of N®. On one hand, exponentials of
single N® operators have correlation functions which essen-
tially vanish. Indeed, looking at correlation functions along

Indeed, two 2D Ising CFTs coupled by their energy operators
flow in the IR to the 2D XY fixed point, which can be derived either
from the & expansion or from conformal perturbation theory, using
the known values [37] for the OPE coefficients at the Ising fixed
point.

19The vertex operators ¢’®» create vortices in ® in the z-7 plane,
which are very energetically costly in the presence of gradient terms
in the x and y directions. As such, it is best to first integrate them out
and then work entirely in terms of the ® fields.

the 7 direction and setting « = 1 for simplicity, we calculate

(P()®(0)) = 2 a2/ e
(1) =
R2 K. w? + k2 + (akxky)2

—Tu

a? o e
== dy————
2R Jioky Japky)  Ju? — (akyky)?

a?

= 21’R?
a
4Rt

/ dk, dk, Ko(akek,T)

~

In(L/a), (C2)

where L is an IR cutoff, with L/a — o0 in the thermodynamic
limit. As such, the correlator

(eNPO N0y (z)g(liam — 0, (C3)

L

where ¢ = N2 /47 R? is ultra-short-ranged.

However, correlation functions of exponentials which cre-
ate N lineon dipoles on neighboring wires (which preserve
the subsystem symmetry due to the factor of N) do not vanish
in this way. In the continuum theory these operators map to
exponentials of N9,® or N9, ®, and the derivatives are able
to eliminate the IR divergence encountered in the momentum
integration of (C2). For example, by a similar calculation as
above we find

(eiN[CI>(r.X+a)—<I>(r,x)] e—iN[<I>(O,x+a)—<I>(O,x)]>

~

3N2 1/a
~ exp (—az 2/ dkxkx>
27%TR 1/L
aN?
P\azir? )

which goes to a nonzero value in the limit t/a — oo (the
same behavior occurs for correlation functions along different
space-time directions). The dispersion along the k, direction
is therefore enough to soften the IR divergences coming from
unusual dispersion in k. and k,, enabling the model to order
in the IR.

Indeed, upon adding the subsystem-symmetry-allowed
terms cos(Nad, ,®) to the action, the above correlation func-
tion means that lineon dipoles condense. Fluctuations about
the condensate give rise to (3,®)?, (3,®)* terms in the action,
which eliminates the IR divergences that prevent ® from fully
condensing. Therefore, the relevance of the ring-exchange
term does not induce a flow to an intermediate massless phase,
so that the transition into the condensed phase is expected to
be first order.

While all of the above discussion has been within the con-
text of condensing a single species of lineon, the case when
multiple species condense can be treated in the same way,
as the most relevant interwire couplings continue to be those
dealt with above.

(eiNaSXCD(r)e—ithE)XCD(O))

(o))
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