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Low-energy dynamics of many-body fracton excitations necessary to describe topological defects should be
governed by a novel type of hydrodynamic theory. We use a Poisson bracket approach to systematically derive
hydrodynamic equations from conservation laws of scalar theories with fracton excitations. We study three
classes of theories. In the first class we introduce a general action for a scalar with a shift symmetry linear
in the spatial coordinates, whereas the second one corresponds with a complex scalar, while the third class
serves as a toy model for disclinations and dislocations propagating along the Burgers vector. We apply our
construction to study hydrodynamic fluctuations around equilibrium states and derive the dispersion relations of

hydrodynamic modes.

DOLI: 10.1103/PhysRevResearch.3.043186

I. INTRODUCTION

Recent years have seen a dramatic growth of interest in
the study of fracton phases of matter [1,2]. In these phases,
the motion of the elementary fractonic excitations is spatially
restricted. While earlier spin models with such excitations
(e.g., Refs. [3—7]) describe gapped fracton phases, gapless
phases have also been proposed in the context of certain spin
liquids [8-12], dipole-conserving lattice models [13-17], and
quantum elasticity [18-28] (see also Refs. [29-31], where
similar structures appear). From an effective field-theory per-
spective, such gapless phases are of particular interest as they
are typically the ones that survive and remain robust at very
low energies. The dynamics of such a low-energy regime
should be governed by a hydrodynamic theory, which reflects
the symmetries and, in consequence, the conservation laws of
a fractonic system.

Hydrodynamics offers a phenomenological description of
interacting many-body systems. It focuses on a subset of
physical quantities that remain conserved at low energies such
as the particle number or momentum. Fractonic excitations
conserve not only charge but also one or several higher mo-
ments of charge. It follows that the low-energy regime is
characterized by long thermalization, subdiffusive behavior
of systems without momentum conservation, and a different
structure of continuity equations. This has already been no-
ticed in models of a scalar field with fracton excitations that
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emerge as a generalization of ordinary superfluids [32,33] or
in the dissipative diffusive evolution of charges with restricted
mobility [34]. Another class of fractonic fluids arises in the
dynamics of topological defects [35].

Topological defects arise in many areas of physics and
play an important role in, e.g., superfluids [36], quantum
Hall effect [37], liquid crystals [38], and metamaterials [39].
The interpretation of topological defects as fractons is most
visible in the language of elastic dualities [40—43] that map
elastic displacements to tensor gauge fields and the defects
to charges that source the gauge fields. As was first observed
in Refs. [10,11], fractonic charges with restricted mobility
naturally source tensor gauge fields. Therefore topological
defects can be interpreted as fractons. This interpretation al-
lows one to construct low-energy coarse-grained models of
defect dynamics based on the underlying symmetries, which
are otherwise difficult to obtain and challenging to study from
first principles, even numerically. Such an approach was suc-
cessfully applied to superfluid vortices [44-51].

In this paper, our interest is in the effective field-theory
description of fracton fluids. For simplicity, we will only con-
sider nondissipative fluids and leave the study of additional
phenomena, such as dissipation, for future work. We follow
the approach of Refs. [52-56], starting from a sought-after
algebra of symmetries, the corresponding conservation equa-
tions, and eventually deriving the hydrodynamic equations
of motion for an ideal fluid. We focus on three classes of
models: A real scalar theory with a shift symmetry linear in
the spatial coordinates that extends previously studied mod-
els [34,57,58], a complex scalar theory with a global U (1) and
a global vector symmetry previously studied in Refs. [59,60],
and a chiral scalar theory that has a Burgers-like vector,
constraining the movement of charges. While the nonchiral
models are analyzed in general dimensions, the proliferation
of the types of defects in spatial dimensions higher than two
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leads us to focus the analysis of the chiral model to two
spatial dimensions. The chiral theory can be viewed as a toy
model to understand the basic physical properties of many-
body disclination dynamics. Given these theories we motivate
the corresponding hydrodynamic Poisson structure and the
derivative expansion in hydrodynamics. The main outcome of
our analysis is that the Poisson structure for fracton systems
is the same as in conventional fluids, but the constitutive
relations change, thus leading to novel types of hydrodynamic
theories. We analyze the corresponding hydrodynamic modes
in both theories. Our construction paves the way for a system-
atic study of transport properties in fracton theories.

II. HYDRODYNAMIC EQUATIONS FROM POISSON
BRACKETS

Hydrodynamic equations represent the macroscopic con-
servation laws for quantities preserved during the time
evolution of a physical system. Although conceptually simple,
the precise form of these equations can be rather challenging
to obtain. The difficulty may be associated with the nonlinear
terms or the proper inclusion of degrees of freedom in the
case of systems with multiple conserved quantities. Therefore,
in order to circumvent these difficulties, it is convenient to
use the Poisson bracket formulation of hydrodynamics (for
a review, see Ref. [55]). This has been successfully applied
to various systems and theories, e.g., to superfluids [52,53],
liquid crystals [61], and more recently the fractional quantum
Hall effect [56]. One starts by postulating the Poisson brackets
between conserved densities. Such a postulate can be justified
a posteriori by computing corresponding commutators in a
microscopic model. As an instructive example, we present a
derivation of the conservation laws for a fluid with Galilean
symmetries. The relevant degrees of freedom are the number
density p(x), the momentum density p;(x), and the entropy
density s(x). The Poisson brackets for these variables read

{pi(x), p(y)} = —p(x)3,id(x —y), (1a)
{Pix), s()} = —5(x)3,id(x —y), (1b)
{pix), p;)} = —[p;(x)d + pi(¥)3:ild(x —y), (o)

with all other Poisson brackets vanishing. In the subsequent
analysis, we focus on the zero-temperature fluid. The energy
density in the fluid is a function of hydrodynamic variables
h = h(p, p). This is a thermodynamic potential whose differ-
ential is given by

dh = pudp +v'dp;, 2

where we have introduced the chemical potential o and fluid
velocity v. Note that we consider a nonstationary fluid con-
figuration. The equations of motion follow from the Poisson
brackets of the hydrodynamic variables with the Hamiltonian'

o ={p, H} = —di(pv'), (3a)
pi = {pi, HY = —p dipn — 9;(v/ p;)) — p;ov’,  (3b)

!Note that many references use different conventions, which results
in a time evolution given by {H, -}.

where H = [ d?x h(p, p). The momentum equation is not
yet in the form of a conservation law. However, using the
Legendre transform of pressure dp = pdu + p;dv’, we can
rewrite it as a momentum flux

qpi=—0 (W p) — dp = =0 (V¥ pi + p8f) = —aTh . (@

As a result, momentum conservation defines the stress tensor.
This is a general form of the hydrodynamic equation in a
theory that conserves particle number and momenta. It is
valid both for nonrelativistic and relativistic fluids. In order
to derive the final form of Euler’s equations for a fluid that
respects the Galilean symmetry, we need to impose appro-
priate constraints. At this point, we can directly supplement
the Poisson brackets (1) with a specific Hamiltonian or with
a generic one whose form is fixed by the appropriate symme-
tries and thermodynamics. For example, in the Galilean fluid,
the momentum density is equal to the mass flux of particles

pi = mpv;, )

where m is the mass of the fluid constituents. Equation (5) can
be rewritten as a constraint on the pressure thermodynamic
potential

op _9p

= my; , 6
av; UB/L ©

with a solution given by p = p(u + %mvz). We can interpret
this new variable as the chemical potential in the frame mov-
ing with the fluid element ji = u + %mvz. Using this result
we can recover the usual form of Euler’s equations. The stress
tensor now has a manifestly symmetric form

T;j = mpvjvj + péij, (7
and the energy density is equal to
h=pp+vipi—p=1mpv* + fip — p, ®)
where we can identify the kinetic energy and the internal
energy.
As a final step we want to justify our postulate (1) in a mi-
croscopic theory. This was first done by Landau in the context

of superfluid helium [52]. We start with a Galilean-invariant
Lagrangian

2
£=¢<ia,+v—>w, ©)
2m

where v is a complex scalar field. Since we need the com-
mutator between density and momentum current, we need to
compute the Noether currents for U (1) symmetry and transla-
tions. The symmetry transformation is given by

Y(t,x) = Yt x),
V(t,x) = e Pt x).

We promote the parameter « to be a function of space and
time and perform a variation of the action with respect to it,

(10a)
(10b)

88 = Ot(t,x)[az(lﬁ(t,x)W(t,x)) + ﬁ(vw(r,xwa,x)

- xﬁ(r,x)vzw(r,x»} : (11)

We can now identify the density,

pt,x) =y, )P, x), (12)
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and the particle current density from which we can compute
the momentum density,

pi= %[Vﬂﬁ(t,x)xlf(t,x) OV e ). (13)

Taking {y(x), ¥ (y)} = 8(x —y), we can derive Eq. (1). In
our analysis of the fracton fluids, we will employ the same
procedure by postulating the brackets and justifying them
using microscopic models.

III. MONOPOLE-DIPOLE-MOMENTUM ALGEBRA

Our analysis will be phrased in the language of multipole
algebras constructed in Ref. [57]. The basic ingredient of this
construction is the simultaneous conservation of the fracton
monopole charge Q and the dipole moment Q', i =1,...,d
ranging over the spatial directions. These are defined to be the
spatial integrals of their respective densities:

aQ d [ ,
= _ = 14
d dt/dx'o 0, (142)
o' d [, .

& _° iy = 14
I dt/d xx'p=0, (14b)

where p(t, x) is the fracton charge density.
A sufficient condition to guarantee these conservation laws
is a generalized continuity equation of the form

dp+ 89,07 =0. (15)

In addition, we assume that the system is translationally in-
variant, which implies the conservation of momentum

dp, d J

TR d’xp; =0. (16)
The charges Q, Q', and P, naturally act on the system as
generators of the symmetry group. Fields & in a given
representation will transform according to §,® = {®, ¢ 0},
Sp® = {@, ;0'}, and §,® = {®, y'P}, where «, B, and
y! are constant infinitesimal parameters. For example, these
symmetries can be represented by a real scalar field ¢(z, x)
transforming as

Sa(t,x) =, (17a)
3pp(t,x) = Bix’, (17b)
8,p(t,x) = y'9,p(1,x). (17¢)

Another example is that of a complex scalar field ¥ (¢, x)
transforming under a global vector transformation

U(t,x) = Py, x), (18)

in addition to the usual U (1) transformation in Eq. (10) and
the same momentum transformation as for the real scalar in
Eq. (17c). In fact, the real scalar ¢ transforms precisely like
the phase of the complex scalar field vr. Indeed, the low-
energy limit of a theory of ¢ in the spontaneously broken
phase, in which the global U (1) and vector symmetries are
broken, is described by the corresponding Nambu-Goldstone
boson, which is precisely the phase ¢ of ¥. However, it must
be noted that not all theories of ¢ with the symmetries (17)
necessarily arise in this way.

The monopole transformation, Q, is nothing but the
constant shift symmetry familiar in the context of Nambu-
Goldstone bosons. The dipole transformation, Q', is just
the spatial part of the linear shift symmetry familiar in the
context of Galileons [62]. In general, one can consider the
so-called polynomial shift symmetry whose charges are gen-
erated by polynomials in the spatial coordinates of any finite
degree [63]. An example of such a scenario that has been
studied previously is the traceless scalar theory [11], which
in addition to the conserved charges Q, Q' also conserves the
second moment 0 = [ d?x||x||?p.

The form of the monopole-dipole-momentum algebra
(MDMA) is as follows,

(0,0 ={0, P} =1{0. 0} =0,
(P, 0’} =8/0.

(19a)
(19b)

Notice that momentum and dipole charge are charged with
respect to each other. In fact, if we shift the origin of the
coordinates system in some direction (p), its dipole moment
will change accordingly to §,0" = y'Q. On the other hand,
it is less intuitive that a dipole transformation with param-
eter B likewise modifies the momentum. Nevertheless, the
algebra (19a) dictates that it does it according to 8gP; = B;Q,
which can be written in terms of the densities as follows

3gpi = Bip - (20)

In the next sections we will focus on the hydrodynamic
description of systems that are invariant under the whole
symmetry group. Then, we apply the Poisson bracket for-
malism to write down hydrodynamic equations for fractons.
In particular, we will study two different classes of fracton
theories that we dub chiral and nonchiral. However, the struc-
ture of hydrodynamic equations appears to be universal. The
Poisson brackets (1) do not change, but the final form of the
constitutive relations strongly depends on the Hamiltonian.
The main distinguishing feature between the nonchiral and
the chiral theories is that the former will be assumed to be a
time-reversal invariant whereas in the latter case we will allow
for the breaking of time-reversal invariance while preserving
a combination of time inversions and a & rotation.

In our analysis we do not introduce an additional inde-
pendent charge for the dipole symmetry because the dipole
charge is a derived quantity from the ordinary scalar charge.
The situation is analogous to the orbital angular momentum
or, in conformal theories, the charges associated to scale and
conformal transformations. Those are not assigned indepen-
dent charges but are constructed from the components of the
energy-momentum tensor. Their conservation follows from
the properties of the energy-momentum tensor, conservation,
symmetry, and tracelessness. Similarly, the conservation of
the dipole charge follows from the properties of the charge
current, which is a total derivative of a symmetric tensor.
One might consider the presence of an intrinsic dipole charge
with a separate charge density, but we would not pursue this
possibility here.

043186-3



KEVIN T. GROSVENOR et al.

PHYSICAL REVIEW RESEARCH 3, 043186 (2021)

IV. HYDRODYNAMICS OF NONCHIRAL FRACTONS

We start with theories preserving time-reversal invariance.
First we will do a general analysis of hydrodynamics based on
symmetries alone. In the hydrodynamic description we have
to postulate the form of the Poisson brackets between con-
served charges based on the action they are expected to have
as symmetry generators. On the other hand, the dependence of
the Hamiltonian on the charges is constrained by the symme-
tries. Combining these two together, we are able to derive the
constitutive relations for the currents in terms of the conserved
charge and momenta. We do not make any assumption about
the underlying microscopic theory other than the symmetries.
Once we derive the hydrodynamic equations and constitutive
relations, we proceed to confirm our assumptions about the
Poisson brackets and the hydrodynamic equations that follow
by computing them in simple models where the symmetries
are realized explicitly.

For the present case, we find it convenient to introduce the
generalized velocity V; = o~ 'p; which transforms as 3gVi =
Bi [see Eq. (20)] and constrain the Hamiltonian to depend on
the momentum only via the B-invariant combination 9;V;. In
fact, notice that a linear shift acts similarly to a Galilean boost,
since the generalized velocity is shifted by the “boost” param-
eter B;. Therefore we postulate that the low-energy effective
Hamiltonian of the system has the following form:

H = /ddxh(,o, 3V, 3ip) + OD%). 1)

Since the independent dynamical variables of the system are
p and p;, the variation of the Hamiltonian will have the form?

SH — / dx (uSp +v'spy), 22)

where the out-of-equilibrium chemical potentials take the
form

; 1 oh
V' = ——0; , (23a)
p T 0(d;Vi)
oh oh pivt
=3 -
ap 3(0;0) o
In addition, we postulate the same Poisson brackets (1) as
for ordinary fluids. In fact, in the next section we shall verify
for a certain class of theories with linear shift symmetry that
our assumptions are correct. We now derive the equations of
motion for the conserved densities using 9,5 = {S, H}, Which
are the same as Eq. (3). However, in the present case, pv' is
a gradient as expected for a fractonic system. Therefore the
constitutive relation for the fractonic current reads

P — (24)
Vi)

(23b)

2Notice that we are not considering the dipole density p'(t, x) =
x'p(t, x) as a hydrodynamical variable since its conservation follows
from the conservation of the charge density p(z, x).

On the other hand, we can read out the momentum conserva-
tion equation the stress tensor

T! 8.+ v'p; + oh dip+ oh ERY (25)
= pst 4+ uip; ‘ Vi,
R TCS M TEA A R

with the pressure p defined as p = pu + p;v' — h.

To be more precise and understand the consequences of
this proposal, we consider a time-reversal invariant quadratic
Hamiltonian which would capture the dynamics of linear per-
turbations around the equilibrium state p = pgy, p; = 0. The
most general such Hamiltonian density reads
Mo o 1 i Po ijki
il 1Y 8.00: 2
Zpop + Zpoluq ip 0;p + B Uy
with the phenomenological susceptibilities being positive def-
inite in order that the Hamiltonian be bounded from below.
Then, we fix the background density p = po and pick the
“frame” p; = 0. In particular, the out-of-equilibrium chemical
potentials x and v* are

h= VoV, (26)

1= py " (nop — 1 3id;p) . @7
v = —Maa v, (28)

which imply the following set of linearized hydrodynamic
equations

3,8p — v 3,0;0.8p; = 0, (29)

0,8pi + (1o — 1] 0;0¢):8p = 0. (30)

After Fourier transforming the system of equations, it is pos-
sible to verify the existence of two modes, One of which is
nonpropagating (at @ = 0)° while the propagating mode has
the following dispersion relation

o* = W@ qigiqa . 31)

where u(q) = po + i qiq;. Note that the positivity condi-
tions required of all the susceptibilities appearing in Eq. (26)
guarantee that (g)v M is positive definite and, therefore, that
the mode with dispersion (31) will be a stable propagating
mode. Also notice that the antisymmetric components vE” k)
are only relevant at the nonlinear level since they do not appear

in the linearized equations of motion.

A. Real Scalar field with linear shift symmetry

In this section we will confirm the Poisson algebra and
structure assumed in the hydrodynamic Hamiltonian for the
fracton system with linear shift symmetry (17). In particular
we shall assume theories with Lagrangian of the form

L= /ddx£(8,¢, 30;) . (32)

For simplicity and clarity of presentation, we will consider
this restricted functional dependence of the Lagrangian on the
derivatives of the scalar field. Although a priori this theory

3In general, we expect that dissipative terms will modify the dis-
persion relation of the nonpropagating mode.
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does allow for chiral modes, we impose an additional sym-
metry requirement that they are absent. The generalization to
Lagrangians depending on higher-order spatial derivatives of
the scalar field is quite straightforward but leads only to a
proliferation of terms with no significant added insight. Such
a form of the Lagrangian ensures that £ by itself is invariant
under the linear shift symmetry and not just its spatial integral
L. We can allow L to vary by a total derivative, in which case it
can depend on the first spatial derivative 9;¢ as long as we in-
sist that ﬁ%) is itself the gradient of some expression. Again,
it is easy to handle adding this extra functional dependence
in Eq. (32), but it does not lead to any added insight, at least
insofar as the present analysis is concerned. Thus we choose
to restrict to the form (32) (see the Appendix for the more
general case).
After taking variations of the Lagrangian, we obtain

SL=— / d'x (7 + 3;0,77)5¢

+/ddx(8,(7r6¢) + 3;(3;78¢ — JV;8¢)),  (33)

where we have defined

oL . oL

T=— Ji=—_—= (34)
9(0:9) 0(0;0;0)

For simplicity, we assume that the time derivative of the field
can be obtained from & by inverting with some functional F

&¢p = F(m, 0:9;¢). (35)

In the next section we will consider the example of a theory
where this is not possible. From the variation of the action
we can simultaneously read the equations of motion and the
Noether currents associated with the constant and linear shift.
In fact, the equation of motion reads

dm +8;9;J7 =0, (36)

which can be identified with the monopole charge conserva-
tion with p = 7. In addition, the dipole density defined as
p' = x'm is also conserved,

" +0:j% =0, G7N
where
j*=xkagi — gk, (38)

The system is also translationally invariant in time and space,
which implies the conservation of energy and momentum. The
energy density and flux are

h=md¢— L(F,00;¢), (39a)
T = @JNd¢ — 73,8, (39b)

while the momentum density and stress tensor are
=T =70, (402)
T/ = =7 0ip + I 0,0 + 8/ L(F, 3,;8,0).  (40b)

They satisfy the usual conservation equations

dh+ 9T, =0, (41a)
pi+d,T/;=0. (41b)

The definition of the momentum and charge densities for
this class of systems automatically satisfies the transformation
rule (20), and the Hamiltonian density (39a) can be written as
a functional of p and 9;V;,

h=hip, V), (42)

as expected. Finally, for this class of theories, it is not hard to
verify that the canonical bracket

{p@), m(y)} =8(x —y) (43)

implies the usual algebra (1) used above to derive the hydro-
dynamic theory.

B. Complex scalar field with linear shift symmetry

Imposing the global vector symmetry (18) on a theory of
a complex scalar field ¢ forbids an ordinary kinetic term that
is quadratic in v and contains some number of spatial deriva-
tives. Instead, the theory of this kind that has been considered
previously in [59,60] reads

A
L=y —mly* - Z(WY — 3y lF oy

— 2l = sl (W)’ x +Hel, (44)
where H.c. is the Hermitian conjugate,
Xij =¥ 0:0;% — ;¥ 9, 45)

and x = x; is its trace. The canonical momenta of this sys-
tem are 7y = 9% and 7y = 0. For such theory the U (1)

Noether’s charge p and current J' = 3;J" densities are
p =iy ¥y —He.),
Ji' = l.CZ(Iﬁinj - HC)

On the other hand, the translational invariance of the sys-
tem implies conservation of momentum. In particular, the
momentum and stress densities are

(46a)
(46b)

pi = —(&y 7y + Hee),
T/; ﬁ5,~j + 2¢19; ¥ 129w |*

(47a)

1
+o ()_(jk(in — 20 0i) — Eak)_(jkail/fz + H~C->

+e3s(Y POy — 20;% 3) — 2|1¢9;¥ diyr + Hee.).
(47b)

In addition, the system’s Hamiltonian and energy current
read

h=213v|)* - L, (48a)
T = =219 |Y Poily® — c2(ij(¥ 0,75 — 30,9 75)
— 0, %ij¥my +He) — cs(PP (Y dimry — 309 )
=21y [*0:% m; + Hee). (48b)

Using the equations of motion for this theory, one can
verify that conservation Eqgs. (15) and (41) are satisfied. Fur-
thermore, the same canonical brackets as in Eq. (43) for v, ¥
and their conjugate momenta imply the usual algebra between
the conserved densities Eq. (1).
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In the broken phase, in which || picks up a vacuum expec-
tation value (|y|) at energies well below the mass scale, E <
m, the theory just contains the Nambu-Goldstone mode, which
is the phase ¢ of . After rescaling time and space by a factor
of (|v¥]), the Lagrangian is simply given by a free massless
z=2 real scalar field theory: £ = 1(3,¢)* — 1¢2(3;9,0)%,
which is a simple special case of the Lagrangian (32) in the
previous example.

V. HYDRODYNAMICS OF CHIRAL FRACTONS

In the cases of physical interest, fractons may not only
be restricted to move in a subdimensional space but the di-
rection of motion may be determined as well. An example
of this are edge dislocations under an applied stress whose
direction of motion is determined by the Burgers vector b and
the orientation of the defect. Dual elastic fields couple to the
disclination density p and current tensor J*/ with a conserva-
tion Eq. (15) [21]. In this system, the monopole charge Q and
the dipole moment Q' can be identified with the disclination
and dislocation charge, respectively. In a two-dimensional
lattice, the contribution to the current tensor of a dislocation
moving with velocity v takes the form [21]

J7 o e pvd) (49)

In the absence of vacancies, the current tensor is traceless
J'; = 0[42,64], forcing the velocity to be parallel to the Burg-
ers vector v' = b'up,.

Let us introduce the unit vector b = b/||b|| and define the
coordinates parallel and transverse to the Burgers vector, b =
bix', s = €'x;b;, as well as the corresponding derivatives

=09, 8 =eVb;d. (50)

With these conventions and assuming no vacancies, the
current is

JP=y%=0, J* =7 Lv,. (51

We expect this to be a general form for the constitutive
relation of the current. However, there are some subtleties
regarding the realization of symmetries, as the breaking of
rotational invariance also allows for subsystem symmetries.
In this case we will follow a different path than that for
the nonchiral models. We will start by studying a simple
model with the right symmetry realization and use it to derive
the constitutive relations for the currents and hydrodynamic
equations. Once expressed in terms of conserved charges, one
could in principle forget about the microscopic origin and
postulate the result as a hydrodynamic description for this
class of models. However, it is possible that the constitutive
relations derived in this form are not the most general, and
although we expect the general structure to be correct, some
of the values of the coefficients might be allowed to change.

This structure can be captured by a simple model with a
scalar field. The action reads

1
S = /d3x£ = §/d3x AP, + Dpep) . (52)
The equation of motion is
;95 + 9505,¢ = 0. (53)

This takes the form of the continuity Eq. (15) if we identify
poxdp, JE=J"=0, J"xig, (54)

where the proportionality constants are the same for both p
and J%. The energy, momentum, and charge densities in the
Lagrangian formalism are

58 1

=T =0 —L=—=000p, 55

e ' 50 o 5 ¢ op (55a)
£ 1

ki =T) = ———8ip = —=0sp 0icp , 55b

= =550 = 500 80 (55b)

s _ 1y, (550)

n= = —0,¢p . c

59 2

Therefore, the model captures the structure of Eq. (51) for
dislocations of a fixed orientation. Dislocations of different
orientations would be described by discrete spatial rotations
of the action above.

This model actually has a much larger symmetry than the
one implied by the monopole, dipole, and second moment
conservation. The action transforms by a total derivative under
the transformations

¢ — ¢+ f(s)+g@.b), (56)

which are also symmetries of the equation of motion. This
implies that there is an infinite set of conserved charges

0(f. g) = / & (f(s) + g(t. b)) n. 57)

This model will also have blueuced conformal symmetry as
those studied in Ref. [65]. The s-independent transformation
leaves g and k; invariant but changes the momentum k; as
follows:

Sky = —n dpg(t, b). (58)

Moving on to the Hamiltonian formalism, the canonical
momentum conjugate to the scalar field is

8 1
= = ~0s. 59
= S0e 2 ¢ (59

This relation actually imposes a constraint on phase space,
which has to be treated with some care. We will work in the
extended phase space parametrized by canonically conjugate
variables (¢, ) and impose the constraint after evaluating the
Poisson brackets as is standard in these cases. We will use the
symbol = for results in the extended space and & for results
after imposing the constraint.

In the Hamiltonian formalism, the corresponding Hamilto-
nian and momentum densities differ from Eq. (55) by terms
proportional to the constraint that vanish when evaluated on
the physical constrained phase space,

h=e+ X\ (7‘[ - %8@) , (60a)
pi=ki+ xi(n - %am) , (60b)
p=n+ A(n — %8@) . (60c)
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The Lagrange multipliers are fixed by the condition that the
charges act as the generators of time and space translations
and shifts of the scalar on the physical space. The Hamilto-
nian, momentum and charge are

H:/dth, P,-:/dzxpi, Q:/dzx,o. (61)
Then,

{¢’H}%)"lv {¢7Pi}%)"i’ {(p’Q}%)\'a (62)

which fixes A; = 9,¢, A; = —0;¢, and A = 1. In this case the
densities 4, p;, and p in the extended phase space take the
usual form for an ordinary scalar, so they lead to the same
Poisson brackets and hydrodynamic equations in the extended
space. Imposing the constraint fixes the density and the mo-
mentum in the direction transverse to the Burgers vector in
terms of the same quantity,

PR3P, ps A —5(0s9) . (63)

This can be interpreted as an equation of state for the fractonic
fluid relating the momentum and the disclination density

ps = —2p°. (64)

In this case, the hydrodynamic equation for p; becomes a
constraint.
Solving for the spatial derivatives of ¢ and the conjugate
momentum, the Hamiltonian is
(A — 2p)

h= L (b 4 4
Pyt 12 (As +4np

+sgnGu)y 32+ 8hp —2p)) . (69)

We will take this as the Hamiltonian for a hydrodynamic
theory. For A; # 0 one finds that, imposing the conditions,

oh oh
O —

— a7 =

on 0, 66
™ (66)

k]

fixes

Ps=—2p", Ay=-2Lp. (67)

These are the same conditions we have in the microscopic
model.
Then, identifying
oh oh

m=_—, v = ) (68)
ap 9Pa

subject to the previous conditions, one gets

A " b
A=A —u, v=—, 1v=1. 69
t b+ ZM 40 (69)
And, evaluating the Hamiltonian,
h=p,. (70)

Thus the energy equals the momentum in the direction of the
Burgers vector. Note that we should impose the conditions
after deriving the equations.

The hydrodynamic equation for p; becomes proportional
to the equation for p but is missing a term depending on the

chemical potential. We are left with two independent equa-
tions and a constraint on gu:

o+ 00 =0,

dpp+ 8b<pb + lup> + 3s<pbi> =0. (71b)
2 4p
The equation for p coincides with the equation of motion
in the microscopic model. Note that u is not a function of the
density or the momenta; rather, its role is to ensure that the
symmetry (58) is realized in the hydrodynamic equations, as
we will see presently.
Expanding to linear order around constant background val-
ues (o, (o) for the density and chemical potential, we get the
set of equations

o =0, (71a)

8o+ ddp =0, ddu=0, (72a)

1 1
0:8pp + 9| Spp + 51080 + 5 P01 | + ﬂasépb =0.
2 2 4
(72b)

The solutions for the density and chemical potential should
take the form

Sp=238pb—t,s)+poa(b—1), Su=23du(b), (73)

where 9,6p # 0. We have to distinguish between the contri-
butions to the chemical potential that depend on b — ¢ and the
remainder. We will split the chemical potential as follows:

S = pop(b—1)+ (9 + 9p)e(t, b). (74)

In the momentum we can separate a part that will give a
contribution independent of the coordinate s to the conserva-
tion equation from another part that can in principle have an
arbitrary dependence on s:

8py = 8pp(t, b, 5) + po[¥ (1, b) + po(s — s0)y (b —1)].

(75)

We are left with the equations
(8, + 8585 + %abap + %asapb —0, (76a)
Po(d, + aw(w + %abgo) + 25 (aba + 0,8 + %y) =0.
(76b)

The solutions are

y =200 =208, ¥ =—3%p, (7
8p =0T, 8T=68J(b—t,s), (77b)
8Py = —2000p8J + Splt. (77¢)

The homogeneous term § pZ can be expanded in plane
waves propagating with speed unity in the b direction and
speed ¢; = o/(4p0) = vy in the s direction,

h qu ~ iqs(s—cst)+igp(b—t)
Spy = an pu(q)e e : (78)

We can identify 8J as part of the current, with an additional
contribution parametrized by o,

8J = 8J + po(s — so)ex . (79)
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The solution for the chemical potential (74) confirms its part
in the realization of the symmetries. Compared with the sym-
metry transformation of p, (58) generated by g(z, b) (the
constraint has already been imposed at this point and so p,
and k;, are identified), we see that ¢ and i correspond to said
transformation with a condition (9; + d)g(t, b) # 0.

Thus, there are three types of modes propagating mo-
mentum pp: Those associated with the current §J and those
appearing in the homogeneous contribution & pZ and the mode
B. This last mode can be absorbed in the homogeneous part
when o — 0 so that ¢, — 0.

VI. DISCUSSION

We have derived hydrodynamic equations and constitutive
relations for ideal fluids with a dipole symmetry. Our deriva-
tion utilizes representative microscopic scalar models and the
Poisson brackets between densities of conserved charges, fol-
lowing the classical approach pioneered by Landau. We have
considered three types of models: Two that we dub “nonchiral
fracton and a third, “chiral fracton,” which contains a vector
that can be identified with the Burgers vector in the fracton
description of disclinations and dislocations. In the former we
introduce two spatial derivatives per field so that there is either
a shift or U(1) symmetry linear in the spatial coordinates, and
in the case of the real field, allow terms with an arbitrary
number of fields. In the chiral fracton model, there is just
one derivative per field and is truncated to quadratic order.
All models produce the same hydrodynamic equations when
written in terms of the densities but with distinct constitutive
relations.

In all cases the particle number current is a total deriva-
tive either by construction in the nonchiral models (23a) or
on-shell in the chiral fracton model (77) in such a way that
the dipole moment of the charge is conserved in both. We
have studied the spectrum of fluctuations around a state with
fixed monopole density. In the nonchiral case there are modes
with a dispersion relation w? ~ ¢* (31), where ¢* stands for a
general quartic polynomial of the momenta with coefficients
determined by derivatives of the energy density with respect
to the gradient of the generalized velocity V; = p~!p;. In the
chiral fracton model, there are chiral modes propagating in
the direction of the Burgers vector as well as a mode that
also propagates energy and momentum in the transverse direc-
tion (78) with a velocity propotional to the chemical potential.

In Ref. [34] charge diffusion was studied for a model
sitting within the nonchiral systems we considered. However,
they did not consider momentum conservation. A complete
finite-temperature hydrodynamic theory should account for
both charge and momentum conservation, as we have done
in this paper, but the theory should also include dissipative
effects, which is an aspect that we leave for future studies.
Nonetheless, a peculiarity of systems with MDMA symmetry
is the presence of a nonballistic propagating mode and a
diffusive one with dispersion relation w ~ —ig* [34], contrary
to ordinary hydrodynamics where sound waves are ballistic
and have a quadratic dispersion relation for diffusive modes.

On the other hand, defect dynamics have important ram-
ifications in crystals, amorphous solids, liquid crystals, and
active matter [66,67]. Although the continuous description of

defects as a gauge theory has a long history, a symmetry-based
construction of defect hydrodynamics beyond vortices is still
lacking and various phenomenological equations have been
proposed for specific systems (see e.g., Refs. [68-75]). In
order to fill this gap, we have proposed a Poisson bracket
derivation of hydrodynamic equations given two main ingre-
dients that are important in modeling macroscopic systems
of defects. The first ingredient is invariance under MDMA
symmetry; the second ingredient is the existence of a Burgers
vector. These requirements can be viewed as basic guiding
principles for hydrodynamic theories of defects as can be
justified using the dual fracton picture. A model displaying the
MDMA symmetry and a Burgers vector is the chiral fracton
theory of a scalar field. Interpreting the model as a description
of lattice defects, the chiral propagation of the disclination
density has a simple visualization. In any symmetric region of
finite area, there is a finite number of disclinations determined
by the integration of the constant charge density in the region.
The dipole moment, on the other hand, vanishes, indicating
a net zero charge of dislocations. However, as the dislocation
density is not identically zero, there is a nonzero amount of
dislocation pairs. While immobile in isolation, disclinations
can move by absorbing or emitting dislocation pairs [72,76—
79], in which case their motion is along the Burgers vector
of the dislocations. This matches nicely with the behavior of
the solutions we obtain in the chiral fracton model. Thus the
results of this paper provide basic building blocks to construct
more realistic models and ultimately study transport proper-
ties of defects.
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APPENDIX: MORE GENERAL LAGRANGIANS

Suppose we allow for the more general dependence of the
Lagrangian density (32) of the form

L= fddxz:(a,¢, %ip, 30,4, ...), (A1)

where ... stands for higher spatial derivatives of ¢. Let us
define the variational quantities

oL

T = W s (A2a)
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iy n—1 L
gt = (=1 ——, n>=1. (A2b)
3(3i1 ...aind))
For simplicity we introduce the notation 1, = (iy, ..., i)
to be an n tuple of indices and
=gt Y =0, (A3)

In

Indices can be concatenated, 77" = 7'/1/», and similarly for
the partial derivatives, 8’}“ = 0;0, -+ 9,
Then, as discussed earlier, for this theory to be invariant
under the linear shift, we require that
n"=£=aix, (A4)
9(9;9)
for some functional x of ¢ and its derivatives.

With this in place, the only difference between this case
and the simpler case considered in the main text is that
some expressions become more complicated. The density p
is still defined to be p = 7. However, the expression for J*/ in
Eq. (34) is modified to

ijo_ o sij n _ijk
JYV = xé +Za§nn

n=0

(AS5)

This reduces to the simpler case studied in the main text when
we set x = 0and 7' = 0 forn > 3.
The Hamiltonian and momentum densities are unchanged,

h:ﬂ8t¢_£,
pi=—m ¢,

(A6a)
(A6b)

but the corresponding spatial currents (39b) and (40b) are
modified to

Ty = @), + (x87 = J)3;0:¢
+ YD1 A 5,6
m=>=2 n=>0
T/ = =@ )39 + (J* — x8™)ar0i + 8/ L

-y Z(—l)’”asnnjzm%" 02 01

m=2 n=0

(A7a)

(A7b)

The equation of motion (36), continuity Egs. (37), and cur-
rent relations (38) associated with the constant and linear shift
symmetries and the energy-momentum conservation Egs. (41)
associated with time- and space-translation invariance all still
hold in precisely the same form.
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