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We develop a Schwinger-Keldysh effective field theory describing the hydrodynamics of a fluid
with conserved charge and dipole moments, together with conserved momentum. The resulting
hydrodynamic modes are highly unusual, including sound waves with quadratic (magnon-like) dis-
persion relation and subdiffusive decay rate. Hydrodynamics itself is unstable below four spatial
dimensions. We show that the momentum density is, at leading order, the Goldstone boson for
a dipole symmetry which appears spontaneously broken at finite charge density. Unlike an ordi-
nary fluid, the presence or absence of energy conservation qualitatively changes the decay rates of
the hydrodynamic modes. This effective field theory naturally couples to curved spacetime and
background gauge fields; in the flat spacetime limit, we reproduce the “mixed rank tensor fields”
previously coupled to fracton matter.
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1. INTRODUCTION

One of the oldest and most successful theories in physics is hydrodynamics. While hydrodynamics was first under-
stood as a phenomenological set of equations that govern liquids and gases [1], over the past century we have instead
recognized that hydrodynamics is best understood as the universal effective field theory that governs thermalization
in a chaotic many-body system [2-6]. In the simplest scenarios, the degrees of freedom of a hydrodynamic theory
correspond to locally conserved quantities; the way that these modes interact with each other and decay is constrained
only by basic symmetries of the theory. Using modern effective field theory methods, sophisticated nonlinear theories
of fluctuating hydrodynamics have been developed and applied to increasingly sophisticated systems.

One family of novel phases of matter which has interesting dynamics arises when the microscopic degrees of freedom
are fractons — excitations which are individually immobile, and can only move in tandem [7-21].1 As a simple example,
we can consider a phase of matter in which charge/mass is conserved together with dipole moment/center of mass
— in this case, a single particle cannot move without violating the dipole conservation law! The past few years
have seen an intense study of the fracton phases of matter that can result by combining many of these interacting
fractons. And over the past two years, it has been understood that when such fracton phases thermalize [22, 23], the
resulting hydrodynamics is non-trivial [24-27]: Fick’s law of diffusion, for example, becomes replaced by subdiffusive
equations, with the dynamical critical exponent dependent on how many multipole moments are conserved. Many
further “fracton hydrodynamics” universality classes have since been discovered [28-34].

In this paper, we detail a qualitatively new universality class of hydrodynamics that emerges when fracton-like
multipole conservation laws are combined with momentum conservation, which was presented by four of us in a shorter
paper [35] — see also [36]. Additionally, we shall discuss the inclusion of energy conservation, also considered in [37, 38],
and how it affects dissipative transport. We focus on the case where dipole moment is the only additional conserved
quantity, and where the theory has parity and time-reversal symmetry; in the absence of momentum conservation,
the consequences of breaking these symmetries were recently discussed in [34]. Without dipole conservation, such a
theory is essentially described by textbook Navier-Stokes equations with incoherent conductivities [2]. With dipole
conservation, the Navier-Stokes equations are completely changed [35]. At finite charge density, the conventional
propagating sound modes are replaced by magnon-like propagating modes. The decay rates of these magnon-like
modes is diffusive if energy is conserved, but subdiffusive if energy is not conserved. And at zero density, the character
of the hydrodynamic modes completely changes; the naive derivative expansion of hydrodynamics at finite density is
singular as low density is approached. At zero density, assuming particle-hole symmetry, the momentum dynamics
decouples from that of charge within linear response. The character of collective modes in this case is completely
different, where momentum and charge display diffusive and subdiffusive damping, respectively.

The subtle nature of this emergent hydrodynamics is intricately related to the fact that (in quantum mechanics)
the dipole moment operator D, and net momentum operator P, do not commute [39]:

D, P = iQ, (1.1)

where @) represents total charge. An analogous classical statement holds for Poisson brackets. One might expect
that such a commutation relation is similar to angular momentum commutation relations in an isotropic fluid — such
commutation relations lead not to new propagating degrees of freedom, but rather constraints on the currents of other
modes (the stress tensor, in this case). However, at finite density, (1.1) implies that momentum susceptibility (the
generalization of mass density) is singular! This means that a naive hydrodynamic degree of freedom — fluid velocity —
is non-local. One of the main results of this paper is that we can nevertheless construct a local hydrodynamic theory,
using unconventional degrees of freedom. In Section 2, we will describe how to construct this EFT following the
constructions of [2-6]. In the process, we comment on the coupling of this theory to background geometry (vielbein),
although much of this technical work is relegated to appendices. Following [40-43], we hope this can further stimulate
work on understanding how and when fractons can be coupled to gravity.

As reported in [35], these hydrodynamic theories can be unstable below four dimensions. This is true both without
energy conservation, and with energy conservation at infinite temperature (under mild assumptions). This result
generalizes the well-known Kardar-Parisi-Zhang instability of an equilibrium fluid (without dipole conservation) in
one dimension [44], and implies the existence of a non-equilibrium fixed point in three dimensions, in an undriven
system.

From many perspectives, we will show that the commutation relation (1.1) implies there is spontaneous symmetry
breaking. In a finite density state, D and P do not commute, so they cannot be diagonalized simultaneously — in a state

1 While it can be desirable to strengthen this definition to demand that fractons cannot move under the action of any local operator,
following the “fracton hydrodynamics” literature, we will take a looser definition. (In our theory, a local operator that inserts a
quadrupole can move an isolated charge.)



with fixed momentum, there are large fluctuations in dipole moment. Unlike more conventional compact non-Abelian
symmetry groups such as SU(2), here one cannot find any physical “singlet” states in the Hilbert space which lie in
trivial representations. (This is analogous to textbook quantum mechanics: one cannot find simultaneous eigenstates
of z and p.) So it seems that trivially, dipole and/or momentum will be spontaneously broken, in agreement with
previous literature on low-dimensional SSB with non-compact symmetry groups [45]. In this paper, we focus on
ensembles with fixed momentum density (which seems more physical to us). A consequence is that the propagating
momentum density is (at leading order in the hydrodynamic expansion) proportional to the Goldstone boson for
broken dipole symmetry. In one and two space dimensions, the fluctuations of this Goldstone boson are very large,
and for this reason a recent work [46] proved that there is no SSB within the context of the Mermin-Wagner theorem.
On the other hand, we will see that the hydrodynamics in low dimension a single hydrodynamic mode still contains
all of the spectral weight required to saturate the Goldstone theorem. The presence of this Goldstone boson in the
hydrodynamic theory suggests an unusual paradigm for possible “spontaneous symmetry breaking.” Following recent
discussions on the spontaneous breaking of boost symmetry in fluids [47, 48], we will discuss at some length the nature
of the apparent spontaneous symmetry breaking in Section 3.

In Section 4, we extend the discussion of the EFT to models with energy conservation. The observation of interest
is that energy conservation changes the dynamical universality class of the dipole-momentum conserving fixed point.?
Intuitively, this can be understood as follows: energy can diffuse, while charge must subdiffuse. Due to thermody-
namics at finite charge and energy density, however, charge and energy modes generically “mix” (e.g. the propagating
sound wave would involve both charge and energy fluctuations). As a consequence, the dominant decay channel is
always through energy diffusion, which leads to z = 2, rather than z = 4, at the hydrodynamic (Gaussian) fixed point.

Lastly, in Section 5, we discuss how a dipole-conserving theory can arise in the infinite mass limit of a theory with
Galilean invariance. This may suggest one way to look for this physics in experimental systems, e.g. in (nearly) flat
bands [53-57] in condensed matter systems.

Several complementary discussions and technical computations are included in the appendices. In Appendix A,
the memory matrix formalism is applied to derive the normal modes and diverging momentum susceptibility. Ap-
pendix B consists of a detailed derivation of dipole-conserving hydrodynamics in curved spacetime. In Appendix C,
the consistency between dipole symmetry and geometry is verified.

Note Added: After this paper was released, we became aware of another recent work [58], which contains comple-
mentary results to our Section 4.

2. EFFECTIVE FIELD THEORY OF HYDRODYNAMICS

One main result is that hydrodynamics with dipole conservation possesses anomalous scaling, which is due to the
interplay between the nonlinear hydrodynamic interactions and hydrodynamic fluctuations [35]. To derive this we shall
use a recently formulated effective field theory (EFT) of hydrodynamics, which systematically describes fluctuations
by encoding hydrodynamics into an effective action [2-6].

2.1. General setup

The aim of the EFT approach is to systematically encode the correlation functions of hydrodynamic densities and
currents. Such correlation functions have the general form

Te(T(J1Jz - )poT (JaJy- -+ ) = [ Dby Dipy e Solrl=iSolv2l 1y ] Jo[py ) T3 [apa] Jufaha] - - - (2.1)

pPo

where, in the first expression, 7 and 7 denote time- and anti time-ordering, pg is the initial state, which we take to be
thermal pg = e*ﬁH/ tr(e*BH), with H the microscopic Hamiltonian of the system, and Ji, Jo, . .. are operators inserted
at (t1,21), (t2,22),.... On the right-hand side, we formally rewrote the correlator as a path-integral, where Sy is the
action of the microscopic dynamics, and 11,1 are a doubled copy of the degrees of freedom of the system. Since on
the left-hand side we have a forward (backward) time evolution given by the time-ordered (anti-time ordered) product,
the path integral contains two exponentials of the action Sy, with a relative minus sign, as the first one corresponds
to forward evolution, while the second one to backward evolution. In other words, the doubling of degrees of freedom

2 Interestingly, there was a debate in past literature about the role of energy conservation in flowing from the Navier-Stokes to the KPZ
fixed point [49-51]. The consensus is now that energy conservation indeed does not disturb the KPZ point [52]. What was missing in
the past was just to incorporate dipole conservation!
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comes from that the evolution of the density matrix py — U(t)poUT(t) contains two factors of the evolution, one
forward and one backward. Computing hydrodynamic correlation functions from the microscopic dynamics is very
hard. We thus want to introduce an EFT approach that substitutes the right-hand side of (2.1) with a simpler action:

Te(T (o VpoT (Jsds ) = / DDz €50 1y i o[ JalxalJalxal -+ (2.2)

where S is the effective action for hydrodynamics, and x1, x2 denote the doubled hydrodynamic degrees of freedom.
The action S will encode the effects of fluctuation and dissipation and, in particular, will allow us to predict the
existence of anomalous scaling.

We shall now introduce the degrees of freedom of this EFT. These should be fields that nonlinearly realize the
symmetries associated to conservation of charge, dipole and momentum. For momentum conservation, we introduce
a set of coordinate fields X* = X?(o*, o!) which nonlinearly realize translations P?, i.e.

Xi(at7ol) — Xi(at,al) + & (2.3)

where £? is a constant vector. We are using o to denote an auxiliary coordinate system which can be thought of as
labeling the fluid parcels at a fixed value of time o.> The coordinates X*(o?, o) describe the trajectory of the fluid
parcel labeled by o as a function of time . The coordinates (o!, X*) are the “physical” ones, in the sense that they
label the time and space in the lab reference frame.*

Next, we also have a vector degree of freedom ¢*(o?, o?) that nonlinearly realizes the dipole shift symmetry D'

(ot 0T) = pl(ot oT) + ¢ (2.4)

where ¢! is a constant vector. Finally, for charge @, the associated degree of freedom is a scalar p(ot,o!), and
transforms as

w(at,ol) — (o', 01) +a—c' X, (2.5)

where a is a constant denoting the parameter of transformations associated to (). The fields ¢ and ©' can be
heuristically viewed as describing the “local phase” of the fluid e*(*tX'¢") where this particular form is motivated
from the fact that, for dipole-conserving field theories, U(1) global transformations can have a linear dependence in
spatial coordinates [11]. Note that ¢ transforms also under dipole shifts. This particular transformation rule is implied
by the commutator (1.1). Indeed, writing infinitesimal translation and dipole shift as d¢p = £'0;¢p, d.0 = —c'X*, we
have

(0c0¢ — G¢de)p = ¢'€" (2.6)

i.e. the commutator is an infinitesimal shift of ¢, as required by (1.1). It can also be verified that the last term in (2.5)
is the most general transormation consistent with (1.1). The effective action will be invariant under transformations
(2.3), (2.4), and (2.5) which, as a consequence of Noether’s theorem, correspond to the statement of conservation of
momentum, dipole and charge, respectively. Moreover, we provide a thorough and careful consistency check of the
symmetry algebra in Appendix C.

Now recall from above that all the degrees of freedom have to be doubled, so we will have X1, X4, %, ¢4, 1 and
2. The symmetries (2.3), (2.4), and (2.5) will also be doubled, which in turn correspond to the conservation of
the corresponding hydrodynamic currents defined in the forward and backward time contours. Unlike in the path
integral (2.1), the effective action appearing in (2.2) does not have a factorized form. This is because, as a result of
the coarse-graining, where the fast-moving degrees of freedom have been integrated out, new couplings that are local
in the “folded” time have been generated. These cross-couplings are responsible for dissipations and fluctuations.
While the effective action loses factorization, it still satisfies several properties that come from the unitarity of the
underlying microscopic evolution [2, 5]:

S[X7 X] = 07 S[XQ?XI] = _S* [X17X2]a ImS[Xla X2] 2 0 9 (27)

where X1, Y2 collectively denote the two copies of X¢ ' ¢. Note in particular that the action can (and will) be
complex-valued; as we will see this is a basic consequence of having thermal fluctuations. Additionally, since the

3 In older literature, these are the so-called “Lagrangian specification” of the fluid [59].
4 It is convenient to denote time by ot as, in what follows, we will often need to take derivatives with respect to time at fixed o, not at
fixed X°.



initial state pg is thermal, and assuming that the microscopic Hamiltonian H is invariant under time-reversal, the
effective action satisfies a discrete Zy symmetry called “dynamical KMS symmetry”:

S[X17X2] = S[)Zl; 5(2]7 Xl(at’ UI) = (_l)nxl(_at?al)a XQ(Utv U) = (—1)"X2(—0t —1if3, UI) ) (28)

where (—1)7 = £1 denotes the time-reversal eigenvalue of x. This symmetry is equivalent to the Euclidean time
periodicity of correlation functions on a thermal state with inverse temperature 8. In our effective action, it will
relate couplings responsible for dissipation with those describing fluctuations, and it will ensure consistency with
the second law of thermodynamics, Onsager relations, and existence of equilibrium. Eq. (2.8) can be extended to
situations where the microscopic Hamiltonian is invariant under a more general discrete symmetry, so long as such
symmetry contains time-reversal. A proof of (2.8) is given in [2].

To complete our effective field theory, we need an additional set of symmetries that characterize the fact that the
late-time behavior of the system is that of a fluid. Recall that ¢! should be interpreted as labels of fluid elements at a
fixed value of ot. Adiabatically reshuffling fluid elements has a vanishing cost in energy, since, in contrast to a solid,
fluid parcels are not pinned to a particular spatial location. This means that a specific way to label fluid elements at
a given time is not physical, and thus the effective action should be invariant under time-independent redefinitions of

O'IZ

ol = o1(07). (2.9)

Had we not considered this symmetry, the action could depend on arbitrary derivatives 9; X?, and we would describe

a solid instead of a liquid. Analogously, in the charge sector, we have the freedom to relabel the local phase e*(#+X k)
at a fixed time. This amounts to requiring the symmetry

(Pl(ata UI) — 901(0—1‘/3 Oj) + /\(01)’ @2(O—t701) - 902(07:70'[) + A(UI) ) (210)

where A(07) is a time-independent redefinition of the phase and can be arbitrarily assigned on each fluid element of.
The symmetry (2.10), dubbed diagonal shift symmetry in [2, 5], states the absence of spontaneous symmetry breaking
of the global U (1) symmetry. Indeed, in the occurrence of spontaneous symmetry breaking, the full information about
the phase would be a physical (of course, up to constant shifts of the phase), which would give rise to a superfluid.
Instead, in the present context, we are merely interested in the conservation of charge (and dipole) in the absence of
spontaneous symmetry breaking of charge.

Unlike ¢1 2, <p’i72 does not have a diagonal shift symmetry. Indeed, one can show that imposing the symmetry
@19 = @} o+ A (o!) leads to the incorrect Ward identities, as we will show below (2.18¢) in the following Section.
We will later see in Sec. 3 that this can be understood as a consequence of spontaneous symmetry breaking — ¢° is
a Goldstone boson.

2.2. Classical limit and hydrodynamic effective theory

The formalism we have introduced above is based on quantum mechanics. In the present paper, however, we
are interested in the emergent classical, high-temperature hydrodynamic behavior of many-body systems. There is a
simple way to take the classical limit of this framework which retains the physics we are interested in and has the benefit
of considerably simplifying various technical aspects. To this aim, we restore factors of i and write y; = x + %hxa,
X2 = X — %th, where aggain x collectively denotes the hydrodynamic fields, for example: X? = X + %hX;, etc.
The fact that x; — x2 is linear in % can be heuristically understood from the fact that the forward and backward time
evolutions are located a distance i3 from each other, and thus, as A — 0, x1 — x2 should vanish linearly in A. In this
limit, the dynamical KMS symmetry becomes

)2( t701) = (71)77)((70'):70'1)7 Xa(atv UI) = (71)17{)(@(70'):70’[) + iﬂatX(fo'tv OJ)} ) (211)
where the dependence on 7 has factorized out, and the nonlocal time shift in (2.8) reduced to an ezact time derivative,
allowing for a more straightforward implementation.

We now proceed to writing down the invariant blocks that will be used to write the effective action. We assume

rotational invariance, but a generalization to discrete rotational symmetry is straightforward [60]. We recall that the
energy conservation is not assumed, so we take By as a constant inverse temperature.” We will come back to include

5 The recent formalism of [34], which can build effective field theories for non-thermal systems (i.e. those whose steady state is not of the
form exp[—BH], may allow us to put this construction on a firmer footing. However, it is not known how to incorporate the non-Abelian
multipole algebra or spontaneous symmetry breaking into this formalism. Revisiting this question would be interesting in future work.



energy conservation in Section 4. For completeness, we summarize the notation here; see Appendix B for more details.
We denote p,v = 0,1,2,3 for the physical spacetime, and A, B = t, x,y, z for the fluid spacetime, and use 4, j, I, J to
indicate their spatial subspace, respectively. We introduce the internal spacetime indices «, 8 and b, ¢ for its spatial
subspace (we reserve a to describe a-fields in the Keldysh contour!).

To incorporate the gauge invariance, we introduce the background gauge field e® e Ay and Al .» such that the invariant
building-blocks in the fluid spacetime are defined as (s = 1,2)

9X2(0)

€s.al0) = —55—el,u(0), (2.12a)
X! (o) dps(0)

B&A(U) = 30.714 (AS’M(U) =+ eb (J)(ps b((j)) + JoA (2.12b)
XL (o) 93(0)

K?A( ) - 8UA (Ab“u, + wG /L(‘SOG) + 8O'A N (2]‘2C)

See a derivation in Appendix B. In the main text, we will be particularly interested in the geometry where €} ot e} o=

25b and w? e = 0. In the classical limit, this corresponds to Worklng with a flat spacetime and allowing e? w= =eb L —e} "
to source the stress tensor. Throughout this section, we take 65H = 52#, but will consider a more general background

when evaluating the energy fluctuations in Section 4. We denote the r, a-fields as follows

A, = MtAe ;FAQ, (2.13a)

Ay = Ay — Ao, (2.13b)

where A, , denote collectively the background and dynamical fields. The r-fields of the blocks are

ef,,A = BAX"GZ, (2.14a)
Bra=0ap+0aX"Ay + 0a X"l 00, (2.14b)
Kb 4 = 0aXVKL, = 0aX" (0" + AY), (2.14c)

While a-fields are always invariant under the relabeling symmetries (2.9) and (2.10), the r-fields are not, and the
invariant r-fields without derivatives are

el = 0 X*eh = poute), = Bou’, Bry = Bou By = Pop, KL, (2.15)

from which we defined the thermodynamic variables u*, u and K? ru- Below, we omit the index r for simplicity. In the
classical limit and physical spacetime, the a-fields of the invariant blocks can be written as

62714 - aAX Eb wo EZ,M = eg,u + ‘C‘Xael;u (2163)
Baa=0aX"Cop, Cop=Aap+0upa+Lx, A+ eZ‘Pa,b + EZ,/N%, (2.16b)
Kb o =0aX"K: ,, Kb, =0.0%+ A, +Lx, A (2.16¢)

To the leading order in a-fields, the effective Lagrangian is given by
i b b
L=T)E,, +J'Cop+ Ky, +.... (2.17)
Note that in this case the stress tensor is not equal to the coefficient T}}" # Tf . Indeed, the Ward identities in the

absence of stochastic fluctuations are obtained by varying £ with respect to X!, ¢, and ¢% and then setting a-fields
to zero. This leads to

Ou(T) + Jhpp)el + AbepwJ" — Fb,Jl — Fiy " =0, (2.18a)
duJ" =0, (2.18b)
Il — JFeu =0, (2.18c¢)

where F,, = 9,4, — 9,A, and F}, = 9, A5 — 8VAZ are the U(1) and dipole field strength, respectively. In the
following, we will construct the effective field theory to determine the stress tensor and currents. We will see that the
stress tensor is indeed given by the term in the bracket in (2.18a).



Note that, had we imposed diagonal shift symmetry on the dipole field o, — @3 + A\p(o!), this would affect the
structure of the Ward identities. Indeed, neglecting background fields, Cy ;, = 0,94 + GZQOa,b + 6MX2<,01,, and we see
that C,,,, would transform nontrivially under A,. This in turn would affect the structure of the action (2.17) and
thus alter the Ward identities. Ward identities should only be determined in terms of the global symmetries of the
system (or their gauged version), i.e. eqs. (2.3)-(2.5), therefore it is necessary that ¢, does not possess a diagonal
shift symmetry, unlike .

Additionally, we note that, unlike most studies about dipole field theory (e.g. [61]), the dipole gauge field AZ as
well as the dipole current J;' by no means need to be symmetric in their spatial indices. In dipole hydrodynamics
without momentum, J;; ~ 0;0;u, which automatically decouples the antisymmetric part at this derivative order.
The momentum density, on the other hand, can contribute to the antisymmetric part of J;;. As we will see later,
such antisymmetric term contributes to the momentum subdiffusion mode in (2.59) through the coefficient ag that is
defined in (2.29), and thus has physical consequences.

At last, let us consider a system that preserves the symmetry © = PT, where P acts as flipping all the spatial
coordinates. The KMS transformation of dynamical fields in fluid spacetime is given by

Xt(—0) = =X!(0) — 1800 X"(0) +1Bo8, Fa(—0) = —pa(0) —iBodip(o), Bh(—0) = ¢} (0) +iBodi" (o), (2.19)
and that of external gauge fields is given by

& (—0) =€ (o) +iBodiel(0), Aqpu(—0) = Aau(0) +iBodiAu(0), AL, (—0)=—AL ,(0) —iBedAL(a). (2.20)

a,p

In the classical limit and physical spacetime, we thus have

Eﬁ(—x) = eZ(x), (2.21a)

E! (—z) = E! (x) +iLsel,(x), (2.21b)

B,(—xz) = B,(x), (2.21¢)

Cop(—2) = Co () +iLsB,(x), (2.21d)

Kb(—z) = —K}(x), (2.21¢)

K! (—z) = —K! () —iLs K} (), (2.21f)

where * = Bou*, and

Lgel, = Bod,u’, (2.22a)

LB, = BoOup + BY (Fy + Qe’[’ﬂay]%), (2.22b)

LK) =0, (8" (0u¢" + AY)) + BYF),. (2.22¢)

2.3. Ideal hydrodynamics
To describe ideal hydrodynamics, it is convenient to first introduce the single-time equilibrium action [62]:
S = /dd“zeP(eQ,Bt,Kf,K}’). (2.23)

To preserve rotational symmetry, the tensorial variables must be contracted by invariant tensors. Then, the factoriz-
ability condition leads to

IEFT,eq = /ddeEeQ = So[Al] — SQ[AQL (2243,)

Leq = pef EY , + nuCqy + mpu EY |, + ) (KL, — ES el KD) (2.24b)

a,uc
where for the last term we used (ngg)a = nge’é fKﬁeZegE;H. The coefficients in L4 define the equation of state,

oF 98 (2.25)

oP
=P, n=0——, #=L00~7
p=bon=bop. M=lgg v OKY’



where the partial derivatives of thermodynamic pressure P are taken with other arguments being fixed. It can be
verified that L. satisfies the KMS condition. Now, we can read off the equilibrium stress tensor and currents from

varying the action with respect to €’ ,, Ay, and A} ,:

Tloy, = pey + mu — YLK ey, (2.26a)
Sy = nut, (2.26Db)
Ty = Vb (2.26c)

where we defined the momentum density as
Ty = T + Npy = Ppup + Ny, (2.27)

with p > 0 an O(1) coeflicients. We can further express the dipole currents by expanding the pressure up to quadratic
terms in field amplitude

P~ %bKObKOb - %aibjcKibch +..., (2.28)
where the invariant tensor is given by
a M = ay 67 6M + ay6" k6T + 2a56™% 51, (2.29)
with A<U> = AW 4 AT — 255 ARk Alidl = (A% — A7%). Thermodynamic stability requires that b,a; 2,3 > 0. Thus,
we have
Ty = ¥y = bKop, (2.30a)
Tl = ¥ = —a’ K. (2.30D)

Let us turn off the gauge field temporarily and plugin (2.26) into (2.18). Then, we find exactly the momentum and
charge conservations, but with an additional dipole constraint:

nuy = —a'**¢9;0 0. (2.31)

The above vanishes on equilibrium, which can be viewed as a consequence of the dipole and momentum algebra. Here,
we have neglected the terms with time derivatives; in fact, as we will see in Section 2.4, there is a relaxation time that
relaxes non-hydrodynamic modes, which makes (2.31) exact (up to a fluid frame change). As a result, (2.27) reduces
to

T =npy+ -, (2.32)

up to higher order corrections. The low energy excitations for the dipole-conserving fluid are not single particle (frac-
ton) excitations, but rather propagating dipole Goldstone/density waves. In particular, the momentum susceptibility
p, defined as 7, = puy, (different from p), will be non-local:

n2

s (2.33)

and diverges at large distance k — 0; see Appendix A for another derivation of non-local p using the memory matrix
formalism.
At leading order in amplitude expansion, the conservation equations for n = n — ng and =, are

Bomy + %&cﬂtéi =0,  8yon— niafaﬂb(sjb ~0, (2.34)
0

where we only retained terms at leading order in derivatives and @ = a3 +2a2(d —1)/d. Upon Fourier transformation,

the normal modes are given by
w=+,/2k2 (2.35)
X

We therefore find that the dipole “sound” modes are magnon-like.



2.4. Dissipative hydrodynamics and higher-order terms

We are now ready to write down the most general (leading order) dissipative part of the effective field theory. We
expand the Lagrangian to containing at most two factors of a-fields

L=Log+ LD+ TV 4 2@, (2.36)

where the superscript (n) represents the number of a-fields, and we will always keep the leading derivative orders.
As mentioned around (2.21), we will restrict to systems whose microscopic dynamics is PT-even dynamics. The
dynamical KMS symmetry then implies that £(?) is PT-even and relates it to £(); moreover it allows the presence

of an additional Z(l) that is KMS-invariant by itself (and is thus also PT-even). It is helpful to first introduce a
combined field

AUq i = 8;Cq el — Kaip
= 0i0jpac] + 0i(Aaj + Lx, Aj)el + 0i(ES j%) — (Agib + Lx, Ain), (2.37)
whose KMS transformation is given by
AU g ip(—2) = =AU, () — iLs AU (2), (2.38)
where
LsUin = Poc}0:0ju+ 0:(B" Fyj)e} + 0:(B°0jpc)el — 0i(B” A}) — BV Fy;
~ Boel0;0; 1 + BodiFojel — Bodo AL, (2.39)
with the second line being the approximation of linear response. With the benefit of hindsight, we have constructed
this field to be independent of %. Using this field, we can write the most general P7-even £(2?) as

—1B0L? = 6 C, iCoj + 5M°Ey it Ea je + 1 AU, AU, je + 277 0,Co j AU, gy + 8™ 0;Co jO1Cayy  (2.40)

where ¢ = = 0d;;,0 > 0. In the above action, we only considered leading derivative contributions from a-type
fields, and we additionally included first derivative terms in C,; as they are of the same order as AU, ;. As
usual, the terms proportional to an, Cyo can be eliminated by field redefinition as shown below, and, at the

same time, K? 0~ 0yp® is neglected as it is subleading to the last term which contains first spatial derivatives of
©®, and we are keeping into account the scaling w ~ k2 found in (2.35). Under KMS transformations, we require
(L@ + LD — (LO + L' W) sy = 0, where O(a) indicates the (first) order of a-fields. Since £ )|O a) = 0, the
constraint reduces to £/(1) — ﬁ’(l)\@(a) = E(Q)\@(a). Next, we redefine £V = 2(£/(1) — £'m o) = L]0, thus,
by construction, £() is PT-odd. This leads to

BoLW = — 6 LB Cy i — s Lgei Ba jo — Y LAUR AU, jo — TF 0 L5 BjAU, 1y — 7177 Ly AUwDi Coy  (2.41)
L5 B0k Cat.

From the above discussion, the effective Lagrangian allows a P7T-even Z(l) that itself remains invariant under KMS
transformation. This is given by

BoL™ = ¢ (Lgei AU, jo — EainLsAUje) + FI% (Lse10:Ca; — EasdiLsB;) | (2.42)

which describes non-dissipative dynamics. So far, the effective field theory is general and complete, but we will see
below that simplifications can be made by ignoring certain higher order corrections.

From (2.31), we see that the dipole Ward identity is not a conservation law but a force balance equation. We
now show that the associated field ¢° can be eliminated and still preserve locality of the effective action. Indeed, by
integrating out X in (2.24), we obtain

0= 80 Ca,i + nﬁEa,Obes} + - :| = aO |:8z§0a + Aa i+ EX A + Pa, be + EZ iPb + nﬁEa,Obe? +-e (243)
0 0

where the dots include higher derivative orders. As all the fields are set to be zero at spacetime infinity, the expression
in the bracket is also zero, and since (" appears without derivatives we can eliminate it from the effective action
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without generating non-local terms. Importantly, the combined field AU, ;; does not contain ©? so we simply need
to replace Cy ;:

Coi=—L Boopel +--- . (2.44)
no

After such replacement, the possible additional effective Lagrangian can be added is
BoL Gittion ~ —ALsBoCao — BLpeo b Ea 0. (2.45)
Now, suppose that we are able to shift the r-fields through®
w0, @ — "+ 8, (2.46)
then the correction to £() from Lq is given by
0rLeg ~ 0noCq 0 + NodppEa ob, (2.47)

where 6ng = dud,ng + 6<pb8¢bn0, and we have neglected the contribution to the bulk viscosity. We find that if we
choose the field redefinition as

dno = By "ALs By, 09" = (nofBo) ' BLgegp, (2.48)

then the additional Lagrangian (2.45) can be eliminated. This indicates that terms proportional to C, ;, 0;C, ; can
be safely ignored as a change of frame, and the effective Lagrangian becomes

1o L? = 5B, By je + AU, AU, e, (2.49a)
50£(1) = —Sibjcﬁgeibanjc — tibjcﬁgAUibAUayjc, (24913)
502(1) = dibjc (EgeibAUaJ’C — Ea,ibﬁﬁAch) . (249(‘,)

In parallel, if we do not integrate out X*, we find that the coefficient o associated with C,; in (2.40) gives the
relaxation of a non-hydrodynamic mode. By varying (2.41) with respect to %, we obtain the leading-order dipole
Ward identity

b33 — aibjcaiajgoc =nu, — 0 (eé@iu + 60<p;,) . (2.50)

Clearly, dypp acquires a relaxation time 7:

Qe

- (2.51)
Therefore, on a finite time scale 7, dypyp relaxes to uy (schematically) — thus they are not independent degrees of
freedom in our hydrodynamic limit ({ — 00): ¢ is the hydrodynamic mode corresponding to momentum density. We
thus understand that o is not the usual transport coefficient but determines the relaxation rate for the dipole Ward
identity to become a force balance equation. This allows us to ignore it in the hydrodynamic limit.

Hence, we see that X' is not necessarily a physical degree of freedom (at finite density). What is non-trivial is that
the momentum density, which ordinarily would be 0,X?, is approximately proportional to the dipole Goldstone. It
seems non-trivial to uncover the ultimate structure we have found without introducing these extra degrees of freedom,
but it may be possible to achieve this in future work. In particular, we find it most instructive to couple this theory
to geometry (see Appendix B) in the presence of such additional degrees of freedom.

-
The derivative expansion of the stress tensor and currents are obtained from variation of £(Y) + E( ), which leads
to (neglecting nonlinear terms, which will not be relevant for the remainder of this section)

Ty = =" 0ju, — d* (OkOup + Ok For — Aredy) (2.52a)
J(ii’) = 1" (9, Oy + O Foy — Apeds) — deib(?juc, (2.52b)

6 Since X* has been integrated out, u* is not a low-energy degree of freedom to which the field redefinition can be applied.
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where wy, is fixed by (2.31). In a rotationally invariant theory, we have

iRl = ¢§iighl | pei<kgl>d, (2.53a)
ikl — ¢ g gkl 4 ¢ §i<kgl>i (2.53b)
AR — 4,5 6M 4 dy5i<kgl>d (2.53¢)

From the unitarity of the effective action, Im£(® > 0, we find that the dissipative coefficients satisfy the following
positivity constraint,

¢nytr,ta >0, (2.54)

while d; o are unconstrained and non-dissipative.

Let us now analyze the normal modes around a homogeneous background charge density ng > 0. We also turned
off the background fields for simplicity. Treating the deviation dn = n — ng and ¢, as small, we obtain the derivative
expansion of the pressure as

oP 1 OP
~ _— OB + = —— |5, 200" + ..., 2.55
PR po+ aBt‘KZ,et t + 28K§;|Bt,et v + (2.55)
1 9%pg 1/ .. datic
-1 2 ibjc
~ ) — ) - = 7 —0 i e+ ..oy
po + {X noon + 22 (6n) 5 at™c 4+ o n | 0ipp0jpc +

where y = g—z is the normal charge susceptibility. Hence, the stress tensor and currents are given by
) 162 1, .
T ~ <p0 + X 'nodn + 5 8p20 (6n)? - Qakdjcak@daj%> & (2.56a)
Un

_ ajikc<,0bajak<ﬁc + aide8j¢d8k¢cékb + Tz{)) 4 7_1'!;7

: i Oa
sz ~ _ azbjc +
Nno

ibjc

5n) 0jpc + I3 + €7, (2.56b)

where 7%, £% are the noise whose variance satisfy the fluctuation-dissipation theorem:
(1 (2)77°(0)) = 2Tps¢5 @D (z), (2.57a)
(€7 (2)€7(0)) = 2Tpt ™76\ (), (2.57b)

The expressions for T(if) and J ﬁ’) are given by (2.52) with all the coefficients taking their equilibrium values; we can
neglect the non-dissipative terms proportional to d; » since they are sub-leading corrections to the ideal hydrodynamics.
So far, we have included the leading order derivatives and only kept non-linear terms in the ideal hydrodynamics
because the non-linearity in dissipative coeflicients are irrelevant [35]. Plugging (2.56) in (2.18) and using (2.31) and
(2.32), we obtain equation of motions:

n000¢” + X~ 100;018" + Angdnd;idond™ + 2a"919;0;040.0q 0" + ng ' s™7¢a 10;0,0,01pa + 0T =0, (2.58a)
80571 — aijkb&@jakgob — ;\”kbﬁiaj ((5ﬂak4pb) + Xfltijklaﬁj&k@lén + 81835”’(% = O7 (258b)

where we denoted A = ny 1agop0, AIkb = 9, a¥* as the non-linear coefficients. In the above equation, we have
neglected the higher order time derivatives and assumed that all the coefficients upon expansion do not depend on
on and ¢;. The normal modes are defined as non-vanishing solutions to the equation of motion. By neglecting the

non-linear terms, we obtain
a,5 .t 1 4
w==%,/—k"—i| -+ =51 +T2) | &%, (2.59a)
X X TN

T
w= —i—k?, (2.59b)
o
where
-1
a=a;+2——as,
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t=1t; +2 to,
I'y = (a2 + a3)n,
d—1 8 4
'y =Ca; + QT(Cag +nay) + (3 3 + dQ) nas — nas. (2.60)

Therefore, we find two longitudinal propagating mode with magnon-like dispersion relation ~ k2 and attenuation
~ —ik* in (2.59a), and transverse subdiffusive modes ~ —ik* with multiplicity d — 1 in (2.59b).

2.5. Relevant perturbations in low dimensions

Following [35], we give a zeroth-order scaling analysis on the nonlinear effect. The dissipative scaling w ~ k? causes
the noise to scale as 7%, £ ~ k(@+4)/2 hased on (2.57). To match the scaling to the dynamical terms with time
derivatives, we find ¢” ~ k%2~ and dn ~ k%2. As per the usual renormalization group analysis, the nonlinear
coefficients would scale as A, \¥*0 ~ E(4=4)/2 making them relevant when d < 4. As a consequence, we expect the
true IR fixed point to have anomalous dissipative scaling: w ~ +k? — ik?, with z < 4. We crudely estimate z by
assuming that the thermodynamic field does not renormalize due to its Gaussian fluctuations at long wavelength.
Then, requiring A\, A”*® #£ 0 to not depend on k at fixed point, we obtain z = d/2 + 2. We emphasize that the
critical exponent z has been testified numerically in [35] with excellent agreement in d = 1, 2, suggesting a breakdown
of hydrodynamics. Meanwhile, naive scaling analysis also implies that the transverse subdiffusive modes would
acquire an anomalous scaling w ~ —ik? with 2/ = z. We hope to report on a 1-loop analysis of the corrections to
hydrodynamics in the near future in order to further investigate these claims.

Interestingly, there was previous work on a stochastic molecular-beam-epitaxy (MBE) process [63] which shares
some similarity with our model. In [63], the authors study

8:h + V2 (Vh)? + V*h 4 noise = 0. (2.61)

This equation, like our theory, has z = 4 subdiffusion at the linear level. However, the authors of [63] did not demand
invariance of the renormalized theory under dipole shift h — h + ¢o + ¢z, and as such they argued that while (like
us) the critical dimension d = 4, they instead found a distinct fixed point with z = (8 4+ d)/3, which we understand
as coming from fixing the scaling dimension of noise, rather than of h. It may be possible to interpret the results
of [63], in light of our work, as highlighting the possibly “accidental” appearance of the same dynamical fixed point
(KPZ) in both a hydrodynamic setting (Navier-Stokes equations in 1d), and as a model of surface growth. As our
symmetries and anticipated scaling exponents differ from [63], the analogy between surface growth and hydrodynamics
with momentum conservation may break down in multipole-conserving theories.

3. SPONTANEOUS SYMMETRY BREAKING

In this section, we discuss a subtle yet very interesting feature of the dipole and momentum conserving fluid: the
identification of ¢, as a Goldstone boson of the dipole field, and the corresponding intuition that dipole symmetry is
(by many reasonable definitions) spontaneously broken.

Let us first briefly justify the identification of ¢, as a Goldstone boson. Under dipole shift symmetry, @, — ¢p + cp,
just as a conventional Goldstone. Moreover, if we wanted to consider (even in the absence of momentum) the
spontaneous symmetry breaking of the dipole charge [64], this could be achieved by adding Vi, Vg, terms to the
Lagrangian (this will be discussed further elsewhere). Recent papers on dipole symmetry breaking in the absence of
momentum conservation include [65, 66], while [46] discusses the role of dipole symmetry breaking in a translation
invariant state. Lastly, as we will see, the dynamics of the collective and long-lived (, mode saturate Goldstone’s
Theorem. For these three reasons, we will call ¢, the Goldstone boson associated with dipole symmetry.

There are three notions through which prior authors have justified the presence of spontaneous symmetry breaking
that we are aware of. Briefly, and we will elaborate more on each in subsequent sections: (1) The physical state
of interest is not invariant under the action of the global symmetry group; (2) the existence of a Goldstone boson
which saturates Goldstone’s Theorem; (3) the presence of long-range order in expectation values of operators that
shift under the symmetry (Mermin-Wagner Theorem). In a nutshell, the theory of interest here is compatible with all
three definitions in spatial dimensions d > 2, but only with the first two when d < 2. In low dimensions, our theory
thus seems to represent an unusual paradigm not encountered before, where many (but not all) of the usual features
of SSB exist. We believe that it is appropriate to consider dipole symmetry as spontaneously broken, but leave it to
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future authors to more firmly settle the possibly semantic question. We conclude this section with a discussion of a
quantized version of Model A from [35], which will give a concrete example of the more abstract ideas discussed.

3.1. Mermin-Wagner Theorem

First, we focus on a physically transparent test for spontaneous symmetry breaking: correlation functions of the
order parameter 7'(t,z). A microscopic argument along these lines was presented in [46], and previously in [64] in
the absence of momentum conservation. While this operator is charged under dipole transformations, it transforms
nonlinearly: 7 — 7* + ¢, where ¢ is an arbitrary vector parameter.” To conclude that dipole symmetry is sponta-
neously broken, one often asks whether 7’ is a well-defined order parameter: any finite value (including zero) will be
sufficient to conclude spontaneous breaking. From the discussion around (2.33), the equal-time two-point function of
't diverges at low momenta:

(' () (k) ~ - (31)

Let us consider the average momentum density on a region of linear size L. The fluctuations of the average momentum
density on this region scale as

L d=1
<(7Ti — <7Ti>)2>L ~ < logL d=2 . (3.2)
constant d > 2

This means that the momentum density is well-defined as a thermodynamic variable only for d > 2, in which case
(3.4) implies spontaneous symmetry breaking of dipole transformations. For d < 2, fluctuations are too large to make
sense of the expectation value of 7?, and therefore we cannot conclude that there is spontaneous symmetry breaking
from this perspective.

3.2. Goldstone’s Theorem

Let us now discuss how the classic Goldstone’s Theorem can be generalized to our theory. Consistency with the
algebra (1.1) demands the following commutation relation between dipole and momentum density:

[D;, 7] = ind? . (3.3)
On a thermal state pg at finite background charge density ng, we have
tr(po[Di, 7Tj]) = inoéij 7é 0. (34)

For concreteness, we shall take py to be microcanonical with respect to momentum and charge, and canonical with
respect to energy (if the latter is conserved); see an explicit example in Section 3.3. As we discussed in the previous
section, 7’ has large fluctuations in low dimensions; nevertheless the expression on the left-hand side of (3.4) can
still be well-defined as we demonstrate in the explicit example of Section 3.3. We now show how this relation (3.4),
entirely dictated by symmetry, will imply the existence of a Goldstone mode [47]. Let us start by writing the total
dipole charge in terms of the charge density operator D; = [ d%z z'n,® which allows us to express the above as

/ddm G, (t,2) = —nof()07, Gy (t,2) = —if(t) tr(po[n(t, ), m:(0, 0)]) , (3.5)

where Gfm is the retarded two-point function of charge and momentum densities. Doing a Fourier transform leads to
0

;13% %ImG"’“ (w,p) = —nomd(w)ds; . (3.6)

7 In this subsection we will be agnostic of the global structure of the dipole group and of possible subtleties related to boundary conditions.
We will describe these in more detail for a specific model in the next subsection.

8 The total dipole moment D; could in principle receive further contributions from “bond dipoles”, i.e. degrees of freedom with an internal
dipole charge. This is entirely analogous to the contribution of orbital angular momentum and spin to the total angular momentum.
We shall not investigate this situation here; see hydrodynamics of spin in [67-69]. Note, however, that these bound dipole degrees of
freedom are not conserved and have a finite lifetime. Therefore it is unlikely they would contribute to the singular spectral weight we
calculate below.
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We see that (3.6) implies a zero-frequency contribution to the spectral density J, i as a direct consequence of (3.4).

Using the approach of Kadanoff-Martin and (2.34), we now show that this spectral weight is entirely captured by
a single hydrodynamic mode: the “magnon-like” sound mode. We can obtain the retarded two-point function fom
(without missing any important counterterm). Doing a Laplace transform of (2.34),

(ik-kzi X—zz) (gvjzg?pD - (;Z(O)(p)) ’ (3.7)
J no ’ p n (p)

where the right-hand side represents densities configurations at the initial time. The initial density configuration 6n(%)
is related to a perturbation in the chemical potential at initial time through (%) = xdu, so we find

om;(z,p) —notk;
= . 3.8
Adu(p) =22+ $k? (3:8)

From linear response we know that, for a density dn, conjugated to a chemical potential 814, 1260, (2, k) = (GE (2, k)—
GE(0,k))up(k) and GE (0,k — 0) = —x4p. We then find

R o 7n0wki
Gnm (wap) - _w2 + %kél . (39)
At leading order in k;, we have
Im G2 (w,p) — —mnok;d(w) (3.10)

which can be obtained by taking into account that dissipative corrections in the retarded two-point fuction contribute
through w — w + ie, where ¢ — 0 as kK — 0. We then see that we recovered eq. (3.6). This contribution comes from
the pressure term, and is thus present in any fluid which conserves momentum and density.

Hence we call ¢, a Goldstone mode: this IR mode by itself saturates the requisite Goldstone’s Theorem for dipole
symmetry. The fact that in the EFT, ¢, did not have a diagonal shift symmetry like ¢ and X;, further suggests that
we should interpret ¢, as a Goldstone mode. In previous hydrodynamic effective field theories such as [2, 5], when
this diagonal shift symmetry is not present, the conclusion has been that the corresponding continuous symmetry is
spontaneously broken.

At charge neutrality ng = 0, the Goldstone’s theorem become trivial, and we will not have such dipole Goldstones.

3.3. Existence of a symmetry-breaking state

Finally, we now show that a system with dipole and momentum symmetry can possess a symmetry-breaking ground
state even in one and two space dimensions.

The dipole and momentum algebra is isomorphic to the Heisenberg algebra of position and momentum (in a
microcanonical ensemble where @ is fixed). In textbook quantum mechanics (and in models interest here, as discussed
below), the physical Hilbert space contains no trivial representation of this algebra. Therefore it is not possible to
construct a state which is invariant under the symmetry group, and one can say that the symmetry must be broken,
either explicitly or spontaneously.

A physical example of another system that has a (sub)algebra isomorphic to dipole and momentum is a Galilean-
invariant fluid. This is slightly different because the commutator of [H,D] # 0 in the Galilean-invariant fluid.
Nevertheless, recent papers [47, 48] have argued that Galilean boosts are spontaneously broken — in any dimension —
by the fluid rest frame. We believe this is most succinctly justified by the argument in the previous paragraph. We
discuss an interesting relation between our dipole fluids and the Galilean-invariant fluids in Section 5.

One challenge in showing whether the ground state is invariant or not, is that historically this was done by a careful
consideration of finite volume regularization [70]. When compactifying space onto a toroidal lattice with finite length
in each direction, the dipole conservation law is isomorphic to Z, not R.? This regularization is not acceptable for
us here since it qualitatively changes the nature of the symmetry group; we seek an alternative regularization that
manifestly preserves the Heisenberg algebra.

9 We thank Nathan Seiberg for emphasizing the points in this paragraph.
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Model A of [35] provides us with a concrete model which we can suitably regularize. The Hamiltonian for Model A
is

Pi — Pi+1
H = Z |:(12Z+) + V(-Ti+1 — $Z) (3.11)
i=1
with [z;,p;] = 16;; conventional position and momentum operators. We can view this as a chain where each site ¢

possesses an infinite-dimensional Hilbert space. Alternatively, we can interpret this as a generalization of an atomistic
Hamiltonian modelling a solid in one dimension, where x; and p; describe displacements and momenta. Similar models
(without dipole conservation) are known to capture hydrodynamics (and its breakdown) in one dimension [52]. The
details of V' are not important for our discussion, though we would likely consider a function Taylor expanded about
a minimum at argument x = 1. One can easily see that H commutes with the dipole and momentum operators of
the theory:

N N
P:Zpi, D:in. (3.12)
i=1 i=1

Note that this theory is in a microcanonical ensemble for charge: @@ = N is a fixed c-number. To see that the
thermodynamics is well defined, we take py = e #H restricted to (at the quantum level) a fixed wave function for
the center of mass coordinate D: see (3.13) below; we also take lattice constant a = 1. Upon changing variables to

. . N-1
8i = Di — Pit+1, Ti = T; — Ti41, the Hamiltonian becomes H = 7. %

is then (up to an overall constant) [ Hf\:ll ds;dr;e PH . The partition function factorizes into manifestly convergent
integrals, and is therefore finite. In quantum mechanics, the partition function must also be finite. We additionally
notice that due to the commutator [D, p;] = i, tr(po[D, p;]) is finite, thus showing that the atomistic analogue of (3.4)
is well-defined in the present model, despite the large fluctuations of momentum density discussed in Section 3.1.
Let us now look in more detail at the quantum ground state of Model A. This will be a wave function of the form

s2 + V(r;). The classical partition function

—(I1+~~+wN)2/2Na

eik(w1+--»+a:1\/) €
(2ra)l/t

Yes(x1,...,aN) = Yo(z1 —T2,.. ., N1 — 2N) - (3.13)

This wave function has an eigenvalue independent of k£ and a. If we take a = oo above, the wave function is a
non-normalizable eigenstate of P, but not D. Clearly no pure state can be found that is an eigenstate of both P and
D. By taking a < oo, the above state is normalizable and physical, with controllably small fluctuations in the value
of P. We don’t think the situation improves much for mixed states: the only possibility invariant under both P and
D is the “identity matrix” in the center of mass coordinate, but it is dubious whether (even representing just one
coordinate in the N — oo limit) such a highly non-normalizable state could be considered. This paragraph simply
re-states, in a concrete model, what we already noted — it is not possible to simultaneously diagonalize D and P.

Is this a physical effect? Since the center of mass coordinates completely decouple from H, they can arguably be
removed from Hilbert space entirely without loss of generality. What remains in the Hilbert space are the long-lived
fluctuations of w¢(k), which are subject to the same Mermin-Wagner fluctuations mentioned above. There is therefore
no notion of long range order measurable by correlations of local operators that are not group-invariant: in d = 1,
((pr — pNy2)?) ~ L.

To throw one more wrench into the mix, however, there is a critical difference between SSB of compact U(1) and
non-compact dipole symmetry (alone, isomorphic to R). In the U(1) case, the Goldstone ¢ is not singly-valued:
one must look at the well-posed operators A,, = ™% for m # 0. These operators have (A,,) = 0 implying no
SSB for d < 2 in any physical ensemble. However for dipole symmetry, the global momentum P and its average
m'(k = 0) = + P are perfectly well-defined operators. We have constructed normalizable (ground!) states in which
the physical operator (m) takes on a finite value, which shifts under dipole transformations. In this sense, the large
fluctuations assured by the Mermin-Wagner Theorem seem less dangerous as in a conventional U(1) superfluid, and
in fact the Mermin-Wagner theorem is argued to only apply to compact symmetry groups [71]. However, like in the
superfluid, there can be no long-range coherence in 7, which exhibits large local fluctuations. We leave open the
question of whether this is a semantic or a crucial physical difference.

4. HYDRODYNAMICS WITH ENERGY CONSERVATION

We now discuss how to incorporate energy conservation into our hydrodynamic theory. We will need another
hydrodynamic degree of freedom X°(o?,0!) that non-linearly realizes the time translation PY, where now o is the
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proper time in the fluid’s local rest frame. This leads to an additional invariant building-block in the fluid spacetime
defined as

D a0 = 25D 0 () (4.)

In order to distinguish from solid phases, the effective theory must be invariant under time-independent reparametriza-
tions of the proper time o,

ol =o'+ f(oh), (4.2)
which implies that the invariant r-field without derivatives can only be €. We then introduce the proper temperature
B=el, (4.3)

as the thermodynamic temperature'®. In the classical limit and physical spacetime, the corresponding a-field can be
written as

e 4 =0aXV'E] . EJ, =c¢),+Lx,c). (4.4)

a,p

Then, we can include a term T} Eg’ ., into the leading effective Lagrangian (2.17), and by variation with respect to
X9 we get a new Ward identity, i.e. the energy conservation equation,

0Ty + Abew " — F, Tl — FopJ" = 0. (4.5)

The dynamical KMS transformation for the energy variables is given by
ég(—x) = eg(x), (4.6a)
EY (—x) = E] ,(x) +iLge) (x), (4.6b)

with Lgeg = 0,0.
We now generalize the fluid Lagrangian to include energy conservation, focusing on quadratic order in perturbations
(i.e., linear response), and switching off background fields. Keeping into account dynamical KMS symmetry, the new

terms in the total Lagrangian that depend on Eg)u are Lo = Lege + Eél) + ,ng), with

Leqe=—(e+ p)U/LEg,N +p65E2,w (4.7a)
—BLY = KIE) JE] ; + 227 Cy i E ;, (4.7D)
BLY =~k L3edES . — a1(CyiLped + LBED ), (4.7¢)

where k% = k6% is the isotropic thermal conductivity, a/ = ad™, a, k > 0, and where we defined the energy density
through ¢ +p = —B?TI;- In the above, we are taking € = €9 + 6 and p = pg + xZ (g0 + po)de + x~'ngdn, where

Xe = =0 3763 is the specific heat, and ¢g, py are background values of energy density and pressure. The other possible

O(a®) contributions in £§2) come with a time derivative, so we can eliminate them through a frame redefinition as
explained below (2.45). At linear order, the ideal charge and dipole currents in (2.26) are not modified, and thus we
can still use eq. (2.31) to eliminate u* in favor of the dipole Goldstone . On the other hand, eq. (2.43) is updated
to

D €0 +
0=00 |Cas+ LB}y — 2 TPOED. (4.8)

o o
where the last term above comes from the first term in Leq . Eliminating C, ; will produce terms proportional either
to B, o, or to Egz The former contributions can be eliminated through a frame redefinition, following similar steps to
the discussion below (2.43). The latter will renormalize the value of the thermal conductivity k (preserving dynamical

10 All the By appeared in the previous sections must be taken to be B(o) as a function of spacetime. We automatically take that into
account in the following derivation without lengthy repetitions.



17

KMS invariance) and can also be eliminated.!! We can thus set a = 0. By varying with respect to the eg’ i we find
the equilibrium energy-4-current as

TM

(oo = —eut = p(u”* —€g) . (4.9)

Unlike the momentum density, the energy density is still governed by the fluid elements; on the algebraic level, this
is because the time translation and the dipole symmetry commute. The dissipative part is the usual temperature
gradient:

Thyo = —K7 671058, (4.10)

and the noise contribution to the energy current is 7%, with (7%(x)77(0)) = 2Tpx¥ 5@+ (z).

We now analyze the normal modes. Keeping into account corrections to (2.56), T(ig)_rs ~ Xz (o + po)de 5%, and
substituting the expressions found above into the Ward identities, we obtain equation of motions for the hydrodynamic
modes and the dipole Goldstone. The complete expression of the normal modes is complicated due to the additional
coupling to the energy sector. Thus, we do not present the full solutions here for the sake of conciseness but emphasize
on few consequences after including the energy sector. First, the d — 1 subdiffusive modes in (2.59b) continue to exist
but with a different subdiffusion constant. Second, the energy diffusion will generically mix with the magnon-like
sound mode since they both scale as ~ k2. To see it, we keep the dissipative hydrodynamics in the energy sector but
ideal hydrodynamics in the momentum and charge sectors. The resulting equation of motion is given by, in the linear
response,

Opde + nal(éo +p0)aijk08i8j8k<pc — Xs_lliijaiaj&f =0 (4113)
190" + X 1000 + xZ (g0 + po)Dides =0 (4.11b)
dodn — aijkbaiajakcpb =0. (4.11c¢)

After doing a Fourier transform, the normal modes are the solutions of the following cubic equation

2
WPt i w?k? + <a (M) - “) wht — 122 k6 = 0 (4.12)
Xe Xe no X XXe
The resulting modes are 3-fold: two propagating modes w = +ck? — iyk? and one diffusion mode w = —iy'k?, where

explicit expressions for ¢,~y,7’ are not illuminating. The propagating modes still have the magnon-like dispersion but
the leading dissipative contribution is now ~ —ik?. The diffusion mode is reminiscent of the energy diffusion in a
normal fluid.

We conclude by noting that, because of the diffusive nature of the three longitudinal modes above, it is not clear
a priori whether the hydrodynamic instability and the associated non-Gaussian universality class emergent at long
wavelengths found in [35] will survive at long times, or whether it will be replaced by a different universality class.
This is an interesting question that we leave for future work.

5. FROM GALILEAN SYMMETRY TO DIPOLE SYMMETRY

Lastly, let us point out an interesting connection between the physics described above, and the m — oo (infinite
mass) limit of the Galilean symmetry algebra. This was described in a different formalism in the recent work [46].
Consider a system preserving both time H and space P; translations, U(1) charge @, and Galilean boost K;. Similar
to the dipole symmetry, Galilean boosts are also broken spontaneously in hydrodynamics [47, 48] due to the following
algebra:

(K, Pj] = imQd;j, (5.1a)

where m is the mass of underlying particles. Due to the second commutator above, we note that the resulting algebra
is distinct from the dipole-momentum algebra we discuss in this paper. Still, observe that in conventional liquids

11 To see this, note that L3 B;, appearing in the last term in (4.7c), can be replaced using noLgB; = (o +p0)Lﬁe?, which can be inferred
from the ideal part of the momentum conservation equation.
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and gases there are no obvious “Goldstone bosons”: the hydrodynamics are described by simply charge, energy and
momentum conservation.!'?
Following general constructions in Appendix B, we obtain the invariant blocks in the flat spacetime as

6% = 04 X* — 6AX°6§* i, (5.23)
By =049 +moaX'n; — §m3AXOTIZm, (5.2¢)

where we associated the Goldstone 1’ to the Galilean boost symmetry K;. Following the construction described in
Section 2, the r-fields invariant under relabeling symmetries are e}’, B; and Vlf (upon index contraction). We can also
derive the a-fields in the classical limit. For our purpose, we will ignore nonlinear terms associated with X* but keep
relevant terms for n’. The resulting a-fields are

eha=0aX"El,, El,~0,Xl 50y, (5.3a)
Vai,A = aAXMVai,/u Vai,p, = a#nfu (53b)
Ba,A = aAAXMC’a,,m Ca,,u ~ OuPa + mé;na,i - m5277i77a,i7 (53C)

To the leading order in a-fields, the effective Lagrangian is given by
L=TYE , +J'Cop+ W[V, +.... (5.4)
Varying with respect to 7, ;, we obtain the boost Ward identity
T2 +mJ; —mJy; — 9, W = 0. (5.5)

Writing the stress tensor and currents in terms of thermodynamic variables, Tio ~ w4 i, Ji ~no(u; +n:), J 0~ ng
and 9, W} ~ O(d%n;), we find that

This immediately tells that the boost Goldstones are redundant degree of freedoms. More explicitly, if including the
first-order dissipative effect

BLY ~ —TLgeyEL o D T BN Nasi, (5:7)

we see that the boost equation of motion (5.5) will be damped at the timescale ~ I'. Therefore, the broken boost
does not provide additional hydrodynamic modes, and the long-time dynamics is equivalent to an ordinary (boost-
invariant) charge fluid. As a bonus, by setting 7; = 0 (as it will decay to this value), (5.5) implies that the momentum
density is equal to the mass current:

T0

ni=0 = (TZO + mJOm) ;=0 = mdJ; 7;=0- (58)
Note however that, as in the dipole fluid, the Galilean boost with parameter ¢; causes a shift to the momentum
density:

T — TP + mngc;. (5.9)

This is well known from textbook fluid mechanics — it is simply the statement that hydrodynamics is the same in all
inertial reference frames, and that momentum transforms from one such frame to another. The fact that [K;, P;] ~ @ is
mathematically analogous to [D;, P;] o @ explains why the dipole shift symmetry causes such a similar transformation.
Unlike the dipole symmetry however, [K;, H] # 0 and this causes the n; “dipole Goldstone” to also show up in Et’;’0
as well as its quadratic form in C, o, which causes n; to relax.

12 Tn the literature it is remarked that the Goldstone of broken boosts is the conventional sound wave [48], but we remark that even
without any boost or rotational symmetries, such sound waves still exist [60]. So the sound wave is not crucially reliant on the broken
continuous boost symmetry, while the “sound mode” of the dipole-momentum theory cannot be disentangled from symmetry breaking,
as far as we can tell.
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Remarkably, there exists an well-defined limit for the Galilean boost symmetry — taking the infinite mass limit
m — oo and keeping D; = K;/m (but not K itself) a good symmetry generator. To keep everything in the same
order, the boost Goldstone needs to be scaled as ¢; = mmn; since 1; ~ m~! — 0. In this limit, the boost algebra
reduces exactly to the dipole algebra by identifying D; and ¢; as the dipole generator and Goldstone correspondingly.
Moreover, by defining 9,,J! = 8,W/} /m as the divergence of dipole current and upon charge conjugation, the boost
Ward identity (5.5) becomes the dipole Ward identity (2.18¢). Consequently, the relation (5.6) is incomplete at the
leading order since 7; — 0, and going to the next leading order, we find it reproduces the dipole constraint (2.31). So
long as I’ remains finite, the dissipation term in (5.7) vanishes since 7, — m~1p, — 0. The (dipole) Goldstone can
no longer be integrated out; in fact, as seen before, it is the velocity which becomes redundant!?. This reveals how
the algebraic observation that the Galilean algebra becomes the multipole algebra at m = oo is realized in the EFT.

We are not sure whether or not existing methods [76-80] used to study “non-relativistic conformal field theories”
(with Galilean symmetry) can be neatly used in the infinite mass limit; this could be a fruitful direction for future
research.

The physics discussed above might be useful to study physics in strongly correlated flat bands, in the regime where
the infinite mass limit is exact [81].

6. CONCLUSIONS

In this paper, we have developed an effective field theory for fluids with dipole and momentum conservation. Our
construction highlights a few subtle aspects of this problem: in particular, it appears necessary to write down a local
action in terms of more degrees of freedom than are actually present in the effective theory, despite the absence of
an obvious need for Lagrange multipliers. A crucial observation that arises out of this construction is that the dipole
symmetry is generally spontaneously broken, and that the Goldstone boson for this broken symmetry is essentially
the momentum density.

The fact that dipole symmetry is spontaneously broken is also found in [82]. Unlike in that reference however, we
find this conclusion is deeply related to having momentum conservation; without momentum, there is no need to have
spontaneously broken the dipole symmetry. That this effect appears common in the large N models of [82] may be an
artifact of the solution method in the large NV limit. At the very least, there is no evidence for spontaneous symmetry
breaking of dipole symmetry in any classical (Markov chain) models of dipole-conserving hydrodynamics studied thus
far; in contrast, the numerical simulations of [35] did find compelling evidence for the universality class whose field
theory was derived in the present paper. It would be interesting to understand this issue further in future work.

An important lesson from this effective field theory construction was the generalization from flat to curved back-
ground. Here, our approach perhaps differs conceptually from other attempts in the recent literature [61]. In our
approach, we followed recent work [60] which emphasized the importance of using vielbein indices (not spatial indices)
to encode conservation laws in curved space: this construction made it possible to couple anisotropic fluids to geom-
etry. Since in principle it may be desirable to study anisotropic dipole- and momentum-conserving fluids, we expect
that such a vielbein construction is also preferable here. More importantly, by starting with a first-order formulation,
it was natural to assert that in curved space one should relax the requirement that the gauge field is a mixed rank
object (A¢, A;5), and to instead simply require a pair of gauge fields A, and AZ corresponding to charge and dipole.
The mixed-rank gauge field can then only emerge in a flat space limit. Moreover, the vielbein formalism helps us to
understand two key physical consequences: the existence of the dipole Goldstones and the asymmetric part of the
dipole fields.

Looking forward, we anticipate that our methods can be generalized to discover infinitely many new hydrodynamic
universality classes that arise in fracton-like classical or quantum matter. It may be straightforward conceptually, if
tedious in practice, to generalize this construction to include higher multipole conservation laws. A more important
and interesting direction will be to understand how to generalize the geometrically inspired construction presented
here to non-thermal matter — after all, the highlight of this work is the dynamics without energy conservation! Recent
work [34] along these lines has begun, but the consequences or diagnosis of spontaneous symmetry breaking in this
new approach have not yet been understood.

It will also be fascinating to look for experimental realizations of the dipole and momentum conserving hydrody-
namics developed here, whether in high quality solid-state devices in very large electric fields [83], or in low density
interacting ultracold atoms in tilted trapped optical lattices [84]. We also hope that progress along these lines will

13 The number of degrees of freedom is nevertheless the same in both cases, and it is smaller than that to start with — we are losing
d redundant modes in spatial dimension d. The reduction of the true degrees of freedom is a common feature (not yet proven) for
spacetime symmetry breaking based upon the inverse Higgs mechanism [72-75], therefore, it is interesting to understand to what extend
can we generalize this statement.
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be made in the next few years. It may also be possible to explore similar (though it appears distinct) fixed points
which arise from the symmetry group of volume-preserving diffeomorphisms (which can arise in lowest Landau level
physics) [85, 86]; this algebra is equivalent to the dipole-momentum algebra at the linearized level.
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Appendix A: Memory matrix methods

In this appendix, we use the memory matrix formalism [87] to derive the linearized hydrodynamics of the main text,
both near and away from charge neutrality. This approach provides an independent check on many of the non-trivial
properties of hydrodynamics that we found above and can give some interesting perspectives on the results.

The memory matrix formalism is an old set of formal manipulations, used to isolate the contributions to linear
response theory (two-point functions) which arise from parametrically slow dynamics. Since long wavelength hydro-
dynamic modes are arbitrarily long lived, this method can be well-suited for calculations of their properties. We
now tersely summarize the main results of this method: for details see [87]. Consider a many-body system with
Hamiltonian H, at temperature 7. One can construct a vector space consisting of all operators A acting on this
system: to emphasize the vector nature, we can write |A). An inner product on this space is

B
(A|B) : T/d)\ (AT(iNB (A1)
0

with T =1/ and (--+)pr = mtr(e’ﬂH -++) the thermal expectation value. Note that the susceptibility matrix
is
(A|B) =Txap. (A.2)

‘Suppose that we have a designated set of “slow” operators |O4). For us, these are naturally taken to be n(k) and
7' (k) (the Fourier wave number is k, and is held fixed). We may define the projectors

p= > IAT0apBL a=1-p, (A-3)

slowA,B

which project degrees of freedom onto slow (p) and fast (q) modes. By noticing that (A|(z—£)~!|B) is linearly related
to the retarded Green’s function G} 5(2), one can show that there are hydrodynamic quasinormal modes whenever ||

det(M + N —iwy) = 0. (A.4)

Here M (the memory matrix) and N are given by
Map = (Alqi(z — qLq)"q|B), (A.5a)
NAB:_NBA:XAB~ (A.5b)

Here £ = i[H, ] denotes the Liouvillian, and A = i[H, A], with H the overall Hamiltonian.

In this paper, we aim to use this framework to gain further insight (and justification) for the non-trivial hydro-
dynamics discovered in Section 2. Strictly speaking, one can object to this on the grounds that energy conservation
is explicit in any theory satisfying the above postulates. Ultimately, we will use this approach to discern what hap-
pens when energy is conserved along with dipole and momentum; however, we believe that this approach remains
instructive even if we “ignore” energy conservation as an unjustified assumption. As we will see, some of the confusing
features of this fluid are consequences of very general, and even semi-microscopic, arguments.
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1. Momentum susceptibility

Let us begin by determining the momentum susceptibility; in the memory matrix language, this is (7|7) = T'xrx
(we'll leave the Fourier index implicit for the remainder of this section). While a microscopic computation is not
possible (nor important for hydrodynamic considerations), we can easily bound susceptibility using the Cauchy-
Schwarz inequality:

(7736|Jw)2
(mg|me) > YTARAR (A.6)

Here J, is the z-component of the charge current operator; for simplicity, we’ll also take k = kx. Now, observe two
key properties. Firstly, in a generic many-body system,

(mz|Jz) = Tno, (A7)

with ng the equilibrium charge density: ng = (n)r. A heuristic and fully general argument for this fact, which we
have not seen in the literature, is as follows:

mellis _ [T [ S8 p = [t [ S = [Tat [ @m =t a9

where in the last step we have used integration by parts. This argument is not rigorous because if the & — 0 limit is
taken too quickly the integral trivially vanishes. Secondly, using (2.18c),

Since J, is the local current operator which is well-defined with local dipole conservation, we conclude that (Jyz|Jzz)
is k-independent as k — 0, and should remain finite as ng — 0. Combining these 3 equations, we find that for some
constant ¢ > 0, which does not vanish as ng — 0,

2
n
Xrm = CF37 (A].O)

in agreement with the result (2.33) of the main text.

2. Dynamics without energy

Now, let us consider the dynamics without energy conservation. In this case, we’ll include 7; and n as degrees of
freedom in the memory matrix formalism. The non-zero matrix elements of the N matrix are

Nﬂ-in = Nnﬂ-i = (7TZ|TL) = 11{3‘7(7T74|JJ) = ikjéiano =T x 1km0 (All)
The most important non-zero matrix elements of the M matrix are

M, = (R|qi(w — qL£q) " q|n) = kikjkiki(Jiji(w — qLq) " | Jw) = Tak?, (A.12a)
Mz r, = (7ri|ai(w — qLq) " 7;) = keki(Tiela|Tj) = T (Bkik; + vk>6i5) - (A.12Db)

for some constants «, 8,. The hydrodynamic normal modes thus come from solving

0 =det(M + N —iwy), (A.13)
which in the transverse sector gives
WXnn = 7K, (A.14a)
w= fiLk;l, (A.14b)
cng

and in the longitudinal sector gives

ak* —iwxnn ikng
det ; A.15
U (P P wen, _ i) (A.15)
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Here A > 0 is a finite constant that persists even as ng — 0, arising from y ., Indeed, if ng = 0, then we see that both
longitudinal and transverse momentum get k2 decay rates, and charge has k* subdiffusion, while if ny > 0, we have

0 = k*nZ 4+ (ak* — iwxnn) (B +7)k* —iwen?) (A.16)

which is solved by

2

w==+ — ik .- (A.17)

vV EXnn

in agreement with the prediction (2.59) of the main text.

Appendix B: Dipole fluids with momentum in a curved spacetime

In this section, we will discuss the change of dipole hydrodynamics by coupling to a curved spacetime. Such analysis
also tells us how to source various currents in the flat spacetime limit as discussed in Section 2. It is interesting to
notice that because of the non-commutativity between the dipole moment and the momentum operator, the momentum
density is not invariant under dipole shifts. However, since the energy operator commutes with the dipole moment,
the energy density is invariant. Consequently, our theory forbids any type of boost symmetries between space and
time, and a natural choice of spacetime to describe such theory is the Aristotelian background [41, 61, 88, 89]. It
is most natural to use vielbein formalism to describe the geometry, thus we introduce the internal (flat) spacetime
indices «, 8 and b, ¢ for its spatial subspace (we reserve a to describe a-fields in the Keldysh contour!). The dipole
and spacetime algebra is given by

[Py, De] = —iQbbc, (B.1a)
[Pa; Live] = 1(6ac Py — danPe), (B.1b)
[Da; Lic] = i(dacDy — danDe), (B.1c)

[Lbe, Lae) = 1(0paLce — ObeLed — Ocalive + dceLba), (B.1d)

where L. generates the SO(d) rotational symmetry. The time translation Py commutes with every other generator.
Before constructing the field theory, it is instructive to define the dipole moment operationally as

Dy = /dda:e yp(z)n(z), (B.2)

for some arbitrary function y,(z%) in terms of spatial coordinates. In particular, let us assume for now that the
coordinates {y’} form the “natural” coordinates where the vielbein would be constant: e} = 4,'. Nevertheless, we will
not for now invoke any such constraint. We also emphasize that on a general curved background, y; is not globally
well-defined, with the 2-sphere the simplest example. This means that one should only understand the resulting theory
as a ‘covariant’ way of coupling a dipole and momentum conserving theory to curved space — the explicit coupling to
the metric ends up breaking the conservation laws. This phenomenon is not unusual, and is well-known to happen
already with momentum conservation on a generic curved background. In what follows, we will treat derivatives on
the vielbein at the same order as derivatives on the hydrodynamic fields; thus e.g. the curvature scalar R ~ O(k?).
The time derivative of the dipole moment implies

00Dy = /d ze yy(2")Oon(z /ddac yp ()0 (eJ*) = /ddxe O (yp(x /ddxe enpJ”, (B.3)

where we have used the covariant charge conservation in (B.21b). The last equation defines the vielbein € = dyy®
that give us the transformation from y° to the uglier coordinates z?, such that the dipole moment will be conserved
according to the dipole Ward identity in (B.21c). We emphasize that the existence of such a choice of viebein is not
generic: in particular, the Ricci curvature tensor vanishes. Therefore, only on a flat space can the dipole moment be
defined in terms of operators in (B.2).

To build the invariant blocks and to include the spontaneous dipole symmetry breaking, we apply the coset construc-
tion for the spacetime symmetries [90, 91] (for an introduction to the coset construction, see the references therein).
Let us focus on dipole fluids without energy conservation. The unbroken generators are the translations P,, and the
charge @; the broken generator is the dipole moment Dj. Thus, the most general group element is parametrized as

g(o) = eiﬂo"tp"eiyb(x("))Pbei“"b(")Dbe_%ebc(”)Lb“ei“"(U)Q (B.4)
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where o4 represent the fluid spacetime, and we associate with each symmetry generator a dynamical field. Py is
an effective time-translation supporting a fixed temperature Ty = 3, 1 determined by the noise. We introduce the
e

gauge fields for translations (é7), rotations (wfw), charges (A,), and dipole moments (AP) , thus the gauge invariant
Maurer-Cartan one-form is given by

i . 1
gt (aA + 104X e} Py + %6AX“MZCL1,C +i04 X" A,Q + iaAX“AZDb> g =ie4 Py + 1KY Dy +iBAQ + ii@f’beC.

Hence, the useful invariant blocks are given by (B5)
el = 8AX“efLRCb, (B.6a)

Ba = 0ap+ 0aX" Ay + 0aX e, (B.6b)

K4 = (049" + 0aX"w g0 + 04X AS) R, (B.6c)

0%, = 0aX* [(R™)"0,Rae — (R™1)"we 4 Rec] (B.6d)

where to linear order in #%¢ the rotation matrix reads R* = ¢ — §°¢, and we defined
ep = 0,y"(X) + €, + w), v (X), (B.7)

A=A, — Ay (X). (B.8)
Clearly, we should regard ez as the vielbein, wzc
Together with e (which can be chosen arbitrarily, e.g. simply set to 52),14 the vielbein e} is invertible and satisfies
the orthogonality and completeness relations

= —wy, as the spin connection, and A4, as the U(1) gauge field.

egeﬁ =08 eted =oh. (B.9)

The vielbein formalism requires also the Christoffel connection I'f ,, and the covariant derivative is defined as
Ve, = due, — I, €p, (B.10a)
Vuey, = ey, + wheeh, — T e (B.10b)

The spin connection and Christoffel connection are not independent, so we impose the metric compatibility
Ve =0, (B.11)

and treat the vielbeins and the spin connections as the independent background fields with respect to which the action
would vary. We note a useful relation

Iy, = e to,e, (B.12)

where e = det e?.
To incorporate the blocks into the Schwinger-Keldysh formalism, we introduce the two-time copies (s = 1,2):

0XH (o) .
62714(0-) = T,(ax)es,u(g)Rs,cb(U)v (BlSa)
0XH#(o Ops(o
Bs,a(0) = # (Auss(0) + €2 (@)pen(0)) + 5 (A ) (B.13b)
0o 0o
8X‘g g c ¢ agog o
K2 a(0) = 255D (45 (0) 4 8 a(0)0(0) B M0 + 22N R i), (B.130)
0X! (o B B .
GZ,AC(O—) = Tg) [(Rg l)bdas,pRs7dc - (]%g 1)bdws,“dRs7ec] (0)7 (B13d)
Restricting to 8% = 0, the r-fields are
ef.’A = aAX"eZ, (B.14a)

14 Note however that this vielbein does not act as the “gauge field” coupled to energy current, in contrast to ez and the momentum
current.
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Bra=0ap+0aX"Ay + 0aX" e, (B.14b)
K 4 = 0ag" + 04X "l 0" + 04 X" AL, (B.14c)
07 ac = 0aX"w).. (B.14d)

In the classical limit and physical spacetime, the a-fields are given by

62714 = (9,4)(”ng7 Ef;’“ = ezﬂ + /.:Xaez + 629270, (B.15a)
Boa=04X"Cop, Cop=A0u+0upa+Lx, Ay+ eﬁ(pa,b + (627u + EXQeZ)gob, (B.15b)
Kby =0aX"Kb,, K., =V +wh 0"+ Lxwhe+ AL+ Lx, A + K205 ., (B.15¢)

O pe = 0aXHQ ., Qb =-V,00 +wb .+ Lx,wh, (B.15d)

where V#thc = 8H03,c + wzdﬂgyc — wﬁcﬁgd. It is straightforward to check that the invariant blocks defined above

reflect the consistency of symmetry algebra in Appendix C. To the leading order in a-fields, the effective Lagrangian
can be written as

L=TLEY, + J"Cap+ JEKL , + 8,00 +.... (B.16)

To derive the momentum Ward identity, let us consider the variation with respect to X2. Denoting compactly the
total stress tensor T} = T}' 4+ J* ¢y, and the total spin current $*°, = 5", + J[%goc], we obtain

5S
5XY

= —e 'Ole(Tyel + S wh, + JJAY + JFA)] + T el + S, 00wl + YO, AL + JHO, A,

= —e 10, (T}l — 719, (eS" b, — e, (e[ )AL — e71 D, (e M)A,
+ 2T O efy + 25" Oy + 2000, ALy + 2010, Ay
= =V (T}l — VI, (JAL =V, JHA, + TIGL, + S" RV, + JLFY, + JVFy,, (B.17)

crp

where we defined the modified covariant derivative V|, =V, + G, , with G;\W =2l . and the field strength

[w]?
Fu = 0,A, — 0,A,, (B.18a)
Fh,=0,A% — 0,Ab + Wb AL — wh AS, (B.18b)
wa = ,eb — 61,62 + wzceﬁ - wgcefb, (B.18c)
Rbcwj = 9,wh, — &,cufw + wzdw,‘fc - wgdwzc. (B.18d)

In the last step of (B.17), we used the spin current Ward identity obtained by varying the action with respect to §%¢:

Thed + I Al + ;8" =0, (B.19)

as well as the dipole Ward identity (B.21c). It is known, however, that the “intrinsic” spin current $* ¢, is a non-
hydrodynamic mode [92]. This can be seen through —dyS$% b~ So¢ ¢ T[’gez] which means that 5% p, Will relax to

zero at long time.'® Since the spatial part Sie » 1s proportional to (gradient of) Goe », we are allowed to set chb =0in
the following.' On the other hand, the “non-intrinsic” spin current S*¢ b= J[‘ggod] is not relaxed. Last, the variation

with respect to ¢, and ¢? will give charge and dipole Ward identities. Combining them, we obtain, with ordinary
derivatives,

e 10, (e(TlfL + J“(pb)) +e710, (eJhee) wler + e 10, (e ) Ael

—2(TH + JHp) Oy €5 e — 2040wl e — 2040 Ayjey — 210, A% ef = 0, (B.20a)
e 19, (eJ") =0, (B.20Db)

15 §oe p is identified as the local angular momentum density in [92].

16 Note that in an ordinary fluid without dipole symmetry, imposing GHe » = 0 to (B.19) would lead to a symmetric stress tensor T[‘gei] =0.
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et Ou(ed)) —wiy b — J e =0, (B.20c)

and with covariant derivatives,
v, (Tb“ + J“%) + Aepedtel — RL, ot Jtel — F Jhel — F,,J0el — G2, (TCM + JM%) =0,  (B2la)
V/.Jh =0,  (B.21b)
VI = e =0, (B.2lc)

These are the momentum, charge and dipole equations of motions in an generic curved spacetime. Remarkably, the
dipole Goldstone will couple to the curvature to give a force in the momentum equation, and we have showed that it
is best understood as the Joule heating due to spin currents [89].

If we set ¢” = 0, our result is consistent with [61] in that the structure of their Eq.(4.13) is recovered: V;Tb“ =

fuel—eQTleceyV , ef, where we denoted collectively the Joule heating term f,, and used G, = 2¢8ef,

unlike [61], our formalism includes the dipole Goldstone ¢, which leads to the coupling between spin current and
background curvature. Note that this feature is ultimately related to the breakdown of dipole gauge theory in curved
spacetime [40, 93], but here the dipole symmetry is valid so long as we count background curvature as derivative
corrections. There is another conceptual difference from [61] that our AZ needs not to be symmetric. This is possible

Vi e}. However,

if we include the dipole Goldstone ¢®. Unlike [61], the antisymmetric part of AZ is not fixed by F,,, and does have
physical consequences as emphasized in the main text.

Appendix C: Consistency of the symmetry algebra

The analysis of this section follows largely [61] but contains several generalizations of it.

Let x* be an infinitesimal diffeomorphism, ch an infinitesimal rotation, A a U(1) gauge transformation, and ¢° a
dipole shift parameter. We start by defining the action of transformations = = (y#, Q°_, A, %) on the dynamical fields
XH(a),p(0), 9’ (c). We have

EXH = (140g+--)XF = XH —x*(X)+---, (C.1)
thus, in leading order,
[6=/,0z] = [e=, €%]. (C.2)
We have, up to second order,
e’ P2 XM = XM -\ — X+ X0, x", (C.3)
so that!”
[655’ , eaE}X“ =Lyx" = =0z g5 X", (C.4)

where we carefully kept into account zeroth, first, and second-order terms and verified that zeroth and first-order
terms cancel out. We then find

XF‘E’,E] = 55/)(” = L:X/XIJ' . (C5)
Next, let’s look at ©°. We have
’=pb =" + £ - Q" (C.6)

Note that we are not including £X<pb in the above as we view ¢® as a function of o, which is a singlet under physical
spacetime diffeomorphisms x#*. Then,

e’ el = " + £+ &0 — (A + Q) — L + Q0" — Lo € + Lo, (C7)

17 We take passive transformations on dynamical fields, i.e. [6=/,dz] = —d= 5]
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and
€7 €=]i" = L+ L€ + VL = QL+ (Lu @ = LQ0)" + (02 - 40%0)¢",  (C8)
thus giving
oz = 08" = Ly — L0+ Q0L — ¢, (C.92)
O mm =029, = Ly Q0 — L,070 + Q"0 - Q%07 (C.9b)
Now it’s ¢’s turn:
o=+ A=p+r+M&G+ Nux", (C.10)

where M? and N, ,, are expressions in terms of X*, ¢ and ¢®. Up to a normalization of the transformation parameters,
the most general choice consistent with charge conjugation invariance is

Mb=(1- c)eZX“, N, = ceftgob. (C.11)

We will determine ¢ = 0 later from consistency requirements, but now it can be any value. Again we view ¢ as a
function of ¢ and thus we do not have the term £, . Composing two transformations,

e p=p+ A+ N — LA+ cer“f{, , (C.12)
gives
[e%=', e%=]p = LA+ LA + cefbx“gl’, — cer’“fb (C.13)

To summarize this part, the algebra of local transformations is

Xie g =0 X! = Ly x", (C.14a)
Qo2 =020, = £, — £,2% + 8,0 — a0, (C.14b)
5%5/,5] =0z = ﬁx/fb - ﬁxflb + Qb e — Qe (C.14¢)
Az z) =02 A = Loy A — LN — cel )& + ceb & (C.14d)

This is a generalization of Eq.(4.11) in [61]. To see the consistency with the dipole algebra, we decompose the field
variation into

6= = —ix"P, +1i\Q + i€’ Dy, (C.15)

where P,, @ and Dy are symmetry generators, and we have ignored the rotation symmetry generator for simplicity.
The background field is also turned off. As a consequence of (C.10), we have

IQSO = 17 lDbSO = Mb7 71Pu§0 = N/L' (016)

Now, let us take ' = ¢ and Z = x*, then

—[0=r,6z)p = —x"8,60[ Dy, Pelp — (1 — ¢) X*6),xP 0,5}, (C.17)
At the same time, we have
—[0=,0=]p = Mgy o) = —X"00& — (1 — ) XH8] 0,6, (C.18)
Thus we conclude that
[Py, D] = ~iQdy. (C.19)

is the desired dipole algebra.

There is an unwanted free parameter ¢ appearing in the algebra. Here, we show that in order for the transformation
= itself to also form a closed algebra, one must set ¢ = 0. First, as a warm-up, let us consider the variation of
x*, €2, Q8. We have

[55//755/])(# = LX”‘CX/X# —,CX/[,X//XM = ‘CX[E//’E/]XN = 6[51175/]X'U'. (020)
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Next, using product rules, e.g. (55~£X/§b = E(;E,,be + Exfég/fb , we find
bz =L L + Q0 Lo — Lo QE" — L0067 + QP Q5" 4+ Qe
+ (Lxr Qo + Lo Qo — QL6 — WLy — A" Q0E° — Q07E7) (C.21)
thus
[0z, 021€" = Lyan 21 € = Lalzn = + Xeben =) — Ve 20 216" = Gz 2E". (C.22)
Similar calculation leads to

[55//, (55/]ch == LX[E”,E/] ch - ﬁXQbC’[E// E’] + deQd : =y ] Q ['—// '—/]Q (5[5 lﬁal]ch. (C23)

Now, we look at A. For brevity, let us take e? = §° and temporarily turn off Q° .- Note, this is merely a simplification
for manipulations and the final result should still hold in arbitrarily curved spacetime. We have

Sz = Sz (LA — LA — Sl ) 4 el 6,)
= [,L “X’A + L /(£ o — LXA” — Célbi( Eb/ _ X”#é'b)) _ ELX”XA/ _ ‘CX(‘CX”A/ _ LX/A// _ C(SZ(X/#&I)/ - X”#é.[/,))
_ C(; L //Xp‘gb — C(SILX (‘CX//SI/) — L‘,X,é'g/) + C5Z£X”X/H§b + CCSZX/H(EX”&, B Exfg)
= Ly Ly At Ly Ly N — (Lyn Ly N + Lo L A7) + 052 (LX) — L (™€) — XM Ly &)

+ C(SZ [_(ﬁx’Xugl/;/ + ’CX”XH&/)) + (ﬁx’Xwgb + £><”XIH§b) + (X//Mﬁx’gb + X/Mcx”fb)] ) (C.24)
thus
[0z, 6=/ ]A = ﬁx[su,qu — Ly (LA = Ly A"
+5b _£ N el AN Hﬁ /_E 1! [: /U”_£ " ¢! C2
Cu[ x (X = X&) — XM (Lyn &y &) T Ly X"y X & (C.25)
We note that the r.h.s. cannot be written as 'CX[E//,E/]A_'CXA[E”,E’] —céubx"ff’g,,’g,] +C5bef‘5,, E,]fb, hence, the algebra

is not closed. However, if we set ¢ = 0, we have
[(55//7 (SE/]A = EX[E”,E’]A - ﬁXA[E”,E/] - 5[5//75/]/\. (026)

To summarize, when ¢ = 0, = itself forms a closed algebra

Lastly, let us turn to the background gauge fields. The variation is defined as

5562 =Lyeh — Qe (C.28a)
o= wm = Lywh, + V0", (C.28b)
=LA, —e fb, (C.28¢)
o= A” LAY — Mgb — QP AC (C.284)
Composing two transformations, we have
Szrdzel = Loy Lyeb + (L Q%+ Q0% Ve, — (L (Q0€5) + Ly (2°€5)) (C.29a)

0z 0= Ay = Lo Ly Ay + 0Ly N + €l L3& — €00’ — (Ly0uN + Loy O + Loy (€46) + Loy(€hE1)),  (C.29b)
0262wl = Lo Lywh, — V(L% + Q50%) + (L, V% + LV, Q0 + 9,0°,2'% + 0,907,
+ W) Q0% + wh 900 — Q0w 00 — Qw2 (C.29¢)

The variation of Az is a bit tedious, but taking lessons from previous manipulations, we can immediately see that the
infinitesimal rotation should be closed. Hence, we are allowed to focus on the piece involving £ only. In particular,

0202 A0 D VL& + 0,(20€°) — wh g% — (L (V™) + Ly (V,uE%) + 0,02°,€7 + 0,56 + Q° 1€ + Q0w 467) .
(C.30a)
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Then, it is straightforward to check that [6=, =] = [z =) holds for the background fields as well:

6=/, 02]€l, = Ly o o6 — X 20 =65 = 01 =€l (C.31a)
[0=r,02) Ay = Ly 2 A — Oz 21 — epvéler =) = Oz =1 A (C.31b)
0=/, 02] A% = Ly Ay — Vilier 21 — Lz 5145 = 0= 2140, (C.31c)
[0=r, 0zlwhe = Lyzr o@ine + Vo 22 = Oz Z1whe: (C.31d)
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