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Abstract

We study complex scalar theories with dipole symmetry and uncover a no-go theorem
that governs the structure of such theories and which, in particular, reveals that a Gaus-
sian theory with linearly realised dipole symmetry must be Carrollian. The gauging of the
dipole symmetry via the Noether procedure gives rise to a scalar gauge field and a spa-
tial symmetric tensor gauge field. We construct a worldline theory of mobile objects that
couple gauge invariantly to these gauge fields. We systematically develop the canonical
theory of a dynamical symmetric tensor gauge field and arrive at scalar charge gauge
theories in both Hamiltonian and Lagrangian formalism. We compute the dispersion
relation of the modes of this gauge theory, and we point out an analogy with partially
massless gravitons. It is then shown that these fractonic theories couple to Aristotelian
geometry, which is a non-Lorentzian geometry characterised by the absence of boost
symmetries. We generalise previous results by coupling fracton theories to curved space
and time. We demonstrate that complex scalar theories with dipole symmetry can be
coupled to general Aristotelian geometries as long as the symmetric tensor gauge field
remains a background field. The coupling of the scalar charge gauge theory requires a
Lagrange multiplier that restricts the Aristotelian geometries.
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1 Introduction

Fractons [1, 2] are exotic quasiparticles with the distinctive feature of having only limited
mobility. They therefore constitute an unfamiliar and fundamental new (theoretical) phase
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of matter [3,4]. The bizarre trait of not being able to freely move offers a novel window
to widen our understanding of physical (quantum field) theories, gravitational physics [5,
6], holography [7], and might even have applications in the context of quantum information
storage [2,8-10]. For further details and references we refer to the reviews [11,12].

For some theories the restricted mobility of isolated fracton particles can be viewed as a
consequence of conservation of their dipole moment: a point particle of (constant) charge q
with a conserved dipole moment d = g¥ must remain stationary, ¥(t) = 0.

For continuum scalar field theories a conserved dipole moment arises from global dipole
symmetry which acts infinitesimally on a complex scalar ®(t,X) as 6® =i /3 - X®. Such a trans-
formation admits an interpretation as a higher moment generalisation of global U(1) invari-
ance, which acts as 6® = ia®. In this language, the dipole moment is the first moment as the
transformation is linear in X¥. Including even higher moments in the symmetry transformation
leads to multipole symmetries [ 13]. Concretely, a complex scalar theory that describes fracton
phases of matter and enjoys dipole symmetry is [14]

L =&d"—m?*|®|* — A(5,29,® — 0,0,8)(3,9" 3;9" — 8" 5,9,8"). (1.1)

A similar non-Gaussian theory was also encountered in the context of the X-cube model of
fracton topological order [15], where they employ a lattice description.

Complex scalar theories with dipole symmetry — including the theory of (1.1) — have two
distinctive features: a non-Gaussian term, like the last term in (1.1), and the absence of a
0,90,9” term in the action. The absence of the term J9;$5,®* implies that the free theory; i.e.,
the one containing only $&* —m? |®|2, has no notion of particles in the usual sense. Indeed,
we will show that the excitations of the free ungauged theory can be understood as Carrollian
particles [16-19], which, like isolated fractons, have the peculiar property that they cannot
move. The non-Gaussian term breaks the infinite multipole symmetry of the free theory down
to the dipole symmetry and, furthermore, breaks Carroll boost invariance, which means that
the Carrollian spacetime symmetry reduces to Aristotelian spacetime symmetry. In fact, as
we will demonstrate, a Lagrangian that is polynomial in fields and their derivatives cannot
simultaneously be Gaussian, contain spatial derivatives, and have a linearly realised dipole
symmetry: assuming two of those properties implies that the third will not hold. For a linearly
realised dipole symmetry this leaves on the one hand the case containing spatial derivatives,
which is non-Gaussian, like (1.1), and, on the other hand, the case without spatial derivatives
which is Gaussian. As discussed above, the latter theories are Carrollian due to a symmetry
enhancement that arises when spatial derivatives are absent. Finally, if we demand that the
theory is both Gaussian and contains spatial derivatives, the dipole symmetry can no longer
be linearly realised and the resulting theories are special cases of Lifshitz field theories with
polynomial shift symmetry [20].

Gauging this dipole symmetry requires a purely spatial symmetric tensor gauge field A;;
and a scalar ¢, which we demonstrate by employing the Noether procedure to gauge the
dipole symmetry. This symmetric tensor gauge field can be made dynamical by introducing
a suitable gauge invariant action [21,22], known generically as scalar charge gauge theories.
We elucidate the gauge structure of these theories using cohomological tools and we calculate
their asymptotic charges. A particularly interesting special case of the scalar charge gauge
theory is the traceless theory [21,22], which is independent of the trace of the symmetric tensor
gauge field, 5;;A;;. We derive this theory from a new perspective by using a Faddeev-Jackiw
type approach (which sidesteps the more elaborate Dirac approach of treating constrained
systems) [23,24]. We also show that the traceless theory only exists in spatial dimensions
d > 2. Moreover, it turns out that the gauge structure of the symmetric tensor gauge field
shares certain similarities with so-called (linearised) partially massless gravitons [25,26].

The spacetime symmetries of the theories described above are those of absolute space-
time: they are Aristotelian [27]. Aristotelian symmetries consists of spacetime translations
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and spatial rotations, but do not include boosts that mix time and space. If we were to include
a boost symmetry, Aristotelian geometry becomes either Lorentzian, Galilean, or Carrollian,
depending on the type of boost that is included in the description.

Coupling field theories to arbitrary geometric backgrounds has the advantage that it allows
us to extract currents by varying the geometry (see, e.g., [28-30]). While the coupling of scalar
charge gauge theories to curved space (without time) has previously been considered in [31]
(see also [32,33]), the coupling of the complex scalar theory (such as the theory of (1.1)) to
curved spacetime has remained an open problem. As we will show, the geometric framework
for coupling such fracton theories to curved spacetime is that of Aristotelian geometry [34].
An Aristotelian geometry is described not by a metric but by a 1-form 7, and a symmetric
corank-1 tensor h,,,,, which respectively measure time and space, as well as their “inverses” v*
and h"”.

The coupling of the scalar charge gauge theory to curved spacetime has been studied in the
literature [31] for the special case where only the geometry on constant time slices is curved.
We repeat this analysis and we find that for d > 2 the scalar charge gauge theory can only
couple to a curved Riemannian geometry on constant time slices provided that its magnetic
sector is traceless, but contrary to claims in the literature, the electric sector does not need to
be traceless. Furthermore, we point out that the Riemannian geometry on constant time slices
that these special scalar charge gauge theories can couple to are spaces of constant sectional
curvature, i.e., they are described by a Riemann tensor of the form

uvs

Riju = ﬁ(hikhﬂ —hyhj), (1.2)
which implies for d > 2 (via Schur’s lemma) that the Ricci scalar must be constant.! We gen-
eralise these results to a curved Aristotelian spacetime whose intrinsic torsion vanishes. We
find that this is possible if the Riemann tensor of the Aristotelian geometry obeys equation
(7.288), which is the Aristotelian generalisation of (1.2). The complex scalar theories, on the
other hand, can be coupled to any Aristotelian geometry, with the caveat that the (now covari-
ant) symmetric tensor gauge field A,,, and ¢ must be background fields, i.e., non-dynamical.

Note added: As this manuscript was nearing completion we were made aware of the
work [35] which also studies fractons on curved spacetime.

Organisation As an aid to the reader, we here provide an overview of the structure of this
document.

In Section 2, we consider a complex field with dipole symmetry. In Section 2.1, we study
the global symmetries of a theory with dipole symmetry and work out the general expressions
for the associated Noether currents. We then discuss the classification of Lagrangians with
linearly realised dipole symmetry in Section 2.2, assuming that the Lagrangian is polynomial
in the field and its derivatives. Following this, we derive a no-go theorem in Section 2.4
that tells us that a theory with dipole symmetry cannot simultaneously have linearly realised
dipole symmetry, contain spatial derivatives, and be Gaussian. We then discuss the symmetry
algebra for a concrete complex scalar theory with dipole symmetry that is very similar to (1.1).
We elaborate in Section 2.6 on the connection of these symmetries to a (static) Aristotelian
spacetime and discuss some coincidental isomorphisms to Carroll and Bargmann algebras.
We end this section with Section 2.7, where we work out the gauging of the global dipole
symmetry using the Noether procedure, which shows how the symmetric tensor gauge field
emerges.

IThis follows from the covariant constancy of the Einstein tensor. We thank José Figueroa-O’Farrill for useful
discussions on this point.
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In Section 3, we couple a worldline action to the scalar charge gauge theory, which we
show gives rise to a vanishing total dipole charge (see also [36] for an alternative approach to
fracton worldline theories).

In Section 4, we develop the scalar charge gauge theory using a cohomological analysis.
Starting in Section 4.1, we work out the Poisson brackets and the generator of gauge trans-
formations, followed by an analysis of the gauge structure in Section 4.2 using generalised
differentials. We find it convenient to employ Young tableaux to elucidate the gauge structure.
Following this, we work out the the Hamiltonian for scalar charge gauge theory in Section 4.3,
which we convert from a phase-space formulation to a configuration space formulation by in-
tegrating out the canonical momentum in Section 4.4. We then consider the special case of
341 dimensions in Section 4.5. Of special interest is the traceless scalar charge theory, which
is independent of the trace of the symmetric tensor gauge field. We develop this from a novel
perspective in Section 4.7 using a Faddeev-Jackiw type approach, which a priori suggests the
existence of two novel scalar charge gauge theories, which, however, turn out to be field redef-
initions of either the traceless or the original theory. We then compute the spectrum of scalar
charge gauge theory in Section 4.8. Finally, we comment on similarities between the scalar
charge gauge theory and the theory of partially massless gravitons in Section 4.9.

In Section 5, we describe Aristotelian geometry. In Section 5.1, we describe the geometric
data that takes the place of a metric in Aristotelian geometry, while connections for Aristotelian
geometry are discussed in Section 5.2. Finally, we discuss the procedure of coupling generic
field theories to Aristotelian geometry in Section 5.3

We then present one of our main results in Section 6: the coupling of the complex scalar
theory with dipole symmetry to an arbitrary Aristotelian geometry.

This is followed by the coupling of the scalar charge gauge theory to Aristotelian geome-
try in Section 7 which is less straightforward than for the scalar fields. We start this analysis
by considering Aristotelian geometries with absolute time for which the geometry on leaves
of constant time are time-independent but further arbitrary Riemannian geometries. In Sec-
tions 7.1.1 and 7.1.2, we show how to couple the magnetic and electric sectors to Aristotelian
backgrounds that have a curved time-independent Riemannian geometry on leaves of con-
stant time. It is shown that a generic magnetic Lagrangian can only couple gauge invariantly
if the Riemannian geometry on constant time slices is flat. If we demand that the magnetic
Lagrangian is traceless (i.e., independent of the trace of the symmetric tensor gauge field) then
we show that it can be coupled to Riemannian geometries of constant sectional curvature. Fur-
thermore we show that for d = 2 spatial dimensions the magnetic sector cannot be traceless as
in that case the magnetic Lagrangian vanishes. The conditions on the spatial geometry can be
enforced with Lagrange multipliers. Finally, we demonstrate that there are no restrictions on
the electric sectory, i.e., this part of the Lagrangian can couple to any Riemannian geometry on
the leaves of constant absolute time. In Section 7.2 we generalise these results by considering
any torsion-free Aristotelian geometry. We end the paper with a discussion in Section 8.

Furthermore, we include three appendices: in Appendix A, which is intended as an aid
to the reader, we derive electrodynamics in a similar fashion to how the scalar charge gauge
theory is derived in the main text. In Appendix B we provide the details behind our conclusion
that the analysis that led to the traceless scalar theory does not lead to any further new scalar
charge gauge theories.Finally, in Appendix C, we show that introducing an additional gauge
field in an attempt to couple the scalar charge gauge theory to any curved background breaks
the dipole symmetry.

Notation & conventions Throughout the manuscript, we employ the following notation:
we use i,j,k,... as flat spatial indices, which run from 1,...,d, where d is the number of
spatial dimensions. The index position of the spatial components can be raised and lowered
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with a Kronecker delta, and we are often cavalier with their position. Greek indices, u, v, o, ...
are used for curved spacetime indices and run from O,...,d. These cannot be raised and or
lowered in general. We (anti)symmetrise with weight one, i.e., T,p) = %(T b + Tpe) and

Trap) = %(Tab — Tp,)- Furthermore, “c.c.” stands for complex conjugation and will appear
frequently in expressions involving complex scalar fields. The Riemann tensor of an affine
connection V is defined via the Ricci identity

[V V) IX, =Ry X — 21"‘;”

D) Vo Xo s (1.3)

where X, is any 1-form. The components of the Riemann tensor are

— P A TP A
RWPU = —3HF50 + avr‘fa - FMFW + Fvlrua . 1.4

o . ' _ o
The Ricci tensor is defined as R, = Ry, -

1.1 Summary of main results

This is a fairly lengthy paper, so to help guide the reader we provide here a summary of some
of our main results. The archetypal field theory with a dipole symmetry (see, for example, the
review [12]) consists of a complex scalar field ®, the dynamics of which is described by the
Lagrangian

L=&d* —m? |<1>|2—/1Xijxi*j, (1.5)

where m is the mass of the scalar, and A is a coupling constant. The quantity X;; is given by
Xij = 0,90, —®5,0;®. (1.6)
This theory is invariant under the following infinitesimal transformations
S, =ia®, 5P =ifx, (1.7)

where a and f; are constants. The dipole symmetry may be gauged via the introduction of
a symmetric tensor gauge field A;; and a scalar gauge field ¢ that transform as 6¢ = A and
0A;; = 9,0;A, where A(t, x) is the parameter of the gauge transformation. This leads to the
gauge invariant Lagrangian

L=(08,—ip)®(3, +i¢p)d —m? |<I>|2—7LXini*j, (1.8)
where X; j = 0;90;9—20,0,9+1A; j<I>2 and where the gauge fields are background fields. As we
demonstrate in Section 2, the spacetime symmetries are Aristotelian: there is no boost symme-
try, leaving only spacetime translations and spatial rotations. The appropriate curved geometry
to which these theories couple realises the Aristotelian transformations as local tangent space
symmetries and is called Aristotelian geometry, which we discuss in detail in Section 5. This

geometry is described by geometric fields (7, h,,,, v*,h"”) that satisfy the relations

yhr =-—1

u , vWh,, =7 ,h"" =0, —vhT, +h*Ph,, =64 (1.9)

From this Aristotelian structure, we can construct a compatible connection V (see equation
(5.212) for the connection coefficients of V). In terms of this geometry, we may write down
the curved generalisation of (1.1), where the complex scalar is coupled to a non-dynamical
symmetric tensor gauge field A,,,, satisfying VA, = 0, as well as a non-dynamical scalar
gauge field ¢, as

L=e[(v'8,8" —ip®")(v'0,® +ip®) —m*|®|* — AR hPX, X: ], (1.10)
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where

N

_ pP . 2
Xy =P( P} (0,20, 2V, 0,®) +1A,,9>. (1.11)

In these expressions, e is the Aristotelian analogue of the familiar ,/—g from Lorentzian geom-
etry, while P}/ = h#° h,, is a spatial projector. The curved spacetime Lagrangian is gauge in-
variant with respect to the curved gauge transformations 6 ¢ = —v*J,A, 64, = P(Z P%Vp Oy A
and 6% =iA9D.

Until now, the gauge fields have been background fields. To make them dynamical we
first introduce the gauge invariant field strengths F;;; = diAj, — ;A and Fy;; = Aij —0,0;¢.
The class of Lagrangians describing these gauge fields are known as scalar charge gauge the-
ories and are the topic of Section 4. The coupling of the traceless scalar charge gauge the-
ory to curved space (but not spacetime) was considered in [31], where they found that the
background must be Einstein in d = 3 space dimensions. This in turn implies that the 3-
dimensional geometry must be a space of constant (sectional) curvature. We generalise their
result by showing that it is not necessary for the electric sector of the theory to be traceless
in order to couple it to curved space. The restriction to backgrounds that are Einstein implies
that, unlike for the complex scalar, we can no longer perform arbitrary background variations.
As we explicitly discuss for the case of (3 + 1)-dimensional curved space in Section 7.1.1, we
can however couple the scalar charge gauge theories to arbitrary backgrounds by introducing
a Lagrange multiplier &;; that constrains the spatial geometry to satisfy the Einstein condition.
This allows us to perform arbitrary variations of the background while maintaining gauge in-
variance at the cost of having an additional field in the description. The resulting Lagrangian
for d = 3 has the form

1 ik ) i
L= \/E[—hlkhﬂz: i Fop — ——=2——(hUFy;;)?
281 UK g1 (g1 +382) o
_Zl (h]mhkn _h]khmn)hllFiijlmn +hy (RU — ghu) Xij] ) (1.12)

where g;, g, and h; are coupling constants. A few remarks are in order. For d = 2 spatial
dimensions, the magnetic sector cannot be traceless because if it were it would vanish iden-
tically (due to the symmetry properties of F;j;). For d > 3 the traceless magnetic sector can
only couple to spaces of constant curvature. In any dimension, if the magnetic sector is not
traceless we can only couple to flat space. In any dimension, the electric sector can couple to
any Riemannian geometry. We summarised our findings in Table 1.

The coupling to curved spacetime requires the use of Aristotelian geometry. For simplicity,
we will restrict to Aristotelian geometries that are torsion-free. Here, the field strengths Fy;;
and F;;, combine into the following covariant field strength

Fuvp = Vihyp = VyAup =2P7 T, V1V ¢ (1.13)

This field strength is not gauge invariant and transforms under gauge transformations as
0F,y, = Ry,,% 05, where R;,,,7 is the Riemann tensor of V. Provided that the (d + 1)-
dimensional Aristotelian geometry satisfies a special condition, given in (7.288), the coupling

of the Lagrangian (1.12) to such backgrounds takes the form

1 K g K
e L 119
1 K 1 K o
+h (—ZthP erhvphA )h“ FWPFMK}.

We need to supplement this Lagrangian with the appropriate Lagrange multiplier term that
enforces (7.288). We summarised our findings in Table 2.
In addition to the coupling to curved spacetime, we also obtain the following new results:
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* We provide a classification of (polynomial) Lagrangians with dipole symmetry by de-
riving a condition (see (2.37)) that must be satisfied order-by-order in the number of
spatial derivatives.

* We remark that a Gaussian theory of a complex scalar with dipole symmetry is also
Carrollian.

* We derive a no-go theorem that states that a theory of a complex scalar with a linearly
realised dipole symmetry cannot be simultaneously Gaussian and contain gradient terms.
For a non-linearly realised dipole symmetry, it is possible to have a theory that is both
Gaussian and such that it contains spatial derivatives.

* We derive a novel worldline action that couples the symmetric tensor gauge field to
dipoles. This coupling has the form

As . . L
Sint =—q/A dA[T (¢ —X'0,¢)—X'X7A;], (1.15)
where q is the U(1) charge, and X#(1) = (T(1),X'(1)) are the embedding fields de-
scribing the worldline. We expect this to be relevant for the study of Wilson loops of the
scalar charge gauge theory.

* Using cohomology we highlight the gauge structure of the scalar gauge theories and
provide an exact sequence similar to the gauge structure of electrodynamics and lin-
earised gravity (see Section 4.2). We also point out some similarities and differences
with partially massless gravitons (Section 4.9).

* We derive the most general quadratic scalar charge gauge theories whose Hamiltonian is
bounded from below. In Hamiltonian form, this Lagrangian reads (in generic dimension)

L[A;j, Eij, @1 = EjjA; —H— ¢ 3,0,E;;, (1.16)
where " "
_ &1 82 .. 2 1 2

M= EiE+ B+ FiFige+ 5 Fy i Fge (1.17)

Wlthgl>0,g1+dg2>0,h1ZOandhl-i-(d—l)hzZO

* We determine the modes of the scalar charge gauge theories. For the generic traceful
theory, we find d(d + 1)/2 — 1 independent modes with three characteristic velocities
given by

vi = (g1 +(d—1)g2) (hy +(d —Dhy),

1
ng = 581(}11 +hy),

V§ = glhl .

2 Complex scalar theories with dipole symmetry

A complex scalar field with dipole symmetry describes the fracton phase of matter [14]. The
requirement of dipole symmetry restricts the form of the action governing the dynamics of the
scalar field, and leads generically to non-Gaussian theories. As we will show, it is possible to
obtain Gaussian theories at the expense of linearly realised dipole symmetry or the presence
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of spatial derivatives. The latter case is an example of a Carrollian theory, while the former is
a special case of a Lifshitz field theory with polynomial shift symmetries.

We will then compute and discuss the symmetry algebra for the prototypical complex scalar
field theory with dipole symmetry [12,14,37], which appears in (2.46). We show using these
symmetries that the underlying homogeneous space is a static Aristotelian spacetime.

Finally, we will discuss the Noether procedure for Lagrangians with linearly realised dipole
symmetry and explicitly show how the gauging of the dipole symmetry leads to a symmetric
tensor gauge field A;; and a scalar gauge field ¢.

2.1 Symmetries and Noether currents

In this section we begin by studying the Noether currents for a generic complex scalar La-
grangian L[®,®, 0,®, 0,0;®, c.c.] (see equation (2.60) for a concrete model). We require the
Lagrangian to have U(1) and dipole symmetries which are associated with the following trans-
formations

d'(x) = e'%®(x), (2.18a)
&'(x) = eP*' d(x). (2.18b)

In addition, we require the Lagrangian to be symmetric under temporal translations, spatial
translations and spatial rotations given respectively by

t'=t+c, xt=xt, d'(x") =d(x), (2.19a)
xT=xi+d, t'=t, ?'(x') = o(x), (2.19b)
x/i = Rijxj s t/ =t, ‘I>/(X/) = (ID(X) , (219C)

where R'; is a rotation matrix. While we will not require it, s ,ome Lagrangians are also invari-
ant under anisotropic scale transformations

t' = b*t, x"' = bx!, ' (x") = bPed(x), (2.20)

where the real parameter z is known as the dynamical critical exponent, and Dj is the scaling
dimension of ®. For the first three transformations the Lagrangian transforms as £'(x’) = £(x)
while under scaling it should transform as £’(x’) = b~47%£(x) where d is the number of spatial
dimensions.

In order to compute the Noether currents we need to work with the infinitesimal version
of these transformations. If we take x’* = x* 4+ ¢E#(x) + O(e?) and we take & to transform as
®’(x") = exp (ef (x))®(x) where f is any complex function, then we obtain

0®(x) = —&"(x)3,2(x) + f (x)@(x), (2.21)

where we defined ®’(x) = ®(x) + e6®(x) + O(e?). Using that the Lagrangian transforms as a
density and is defined up to a total derivative term we have a symmetry provided that

5L =3, (—LE* +K¥) (2.22)

for some vector K*. For our set of symmetry transformations the expressions for £ and f are

Et=1, £=0, f=0, time translation,

=0, g = 5;; , f=0, space translation in x*-dir,

Et=o, Ei= xk6§ —xlé';(, f=0, rotation in (x*, x!)-plane, 2.23)
Et=gzt, E=x"t, f =Dg, anisotropic dilatation, ’
Et=o0, £ =0, f=i, phase rotation,

&t=o0, =0, f =ix*,  dipole symmetry in x*-dir.
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The indices k, [ on the right hand side are fixed and end up as additional indices on the Noether
currents.

We now want to compute the conserved currents for each of these symmetries. An arbitrary
variation the Lagrangian L[®,®, 8,9, 5 9;®,c.c.] is given by

55::5¢[3£ 8,25 5 0E |55 9% }+¢z(9£5¢)
06 80

% 135,0,% L3
oL or oL
+ 0 o0d+ 0:60 — 0. o® |+c.c.. 2.2
l[aal«p 6.0 136,00 ] e (2.24)

In this equation the terms in the first bracket are the equation of motion for the Lagrangian.
A symmetry transformation leaves the Lagrangian invariant up to a total derivative, i.e.,

5L=0,(—E"L+K"). (2.25)

Hence, for variations that are symmetries, and for fields that are on-shell, the Noether current
J¥ = (JO,J") obeys the conservation equation

J°+3J =0, (2.26)
where
JO= [%5@ + c.c.] + &L —KE, (2.27a)
: oL oL oL . 4
= 5d 5:6® — 0; b +cc |+EL—K! 2.27b
I [aaiap HEEE XA FE R +CC}+5‘C ’ (2.27b)

and the c.c. only applies to the terms on the left within the square brackets. The corresponding
conserved charge is then given by

Q= /ddx JO. (2.28)

Since for the Lagrangians that we will end up working with we find that K* = 0 for all sym-
metries, we drop K" from now on.

The energy-momentum tensor is denoted by T*,. The v = 0 component corresponds to
the Noether current for time translation invariance and the v = k component corresponds to
the Noether current for space translations invariance in the x*-direction. Under translations
we have 6& = —£#9,® = —6',9,% = —0,% and so we find that

9

TOV =— [a—gavé + c.c.] + 5?,£, (2.29a)
A oL oL oL |

T =— 0,8+ 0,0, — 8, ——= 3. +cc |+6 L. 2.29b
K [aaicp T 9600797 95500 CC} v (2.29b)

We note that the expression for the stress tensor, T/, is in general not symmetric in i and j.
However, it is well known that Noether currents are only defined up to improvement terms.
In general we are allowed to add any term X", satisfying the following off-shell condition

g, X", =0, (2.30)

such that the new current T#, = T#, + X", still satisfies 3HT“1» = 0. For Lagrangians that
can be coupled to curved space, we will always be able to find an X*, such that 1] = 0.
This is because the stress tensor can be found as the response to varying the Lagrangian with
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respect to the spatial metric h;; of the curved geometry (in ADM variables) that these theories
couple to, and this response 1s automatically symmetric. We will discuss this coupling to a
background geometry in Section 5.

Let us use ©, to denote the specific choice of improved energy momentum tensor for
which il = (on flat space spatial indices are raised and lowered with & Jand § ij)- We can
then construct a new set of conserved currents J#;; given by

Jojk = x/@% — k@O,

i (2.31a)
ij—X]@ k—X k@i

i (2.31b)
where J,J" ;; = 0 follows from the conservation of ©", as well as ©li/l = 0. This will be the
conserved current associated with rotations in the (jk)-plane.

If the theory under scrutiny is also invariant under anisotropic scale transformations (2.20),
the z-deformed trace of the appropriately improved energy-momentum tensor ©*, vanishes

20% + 6%, =0. (2.32)

In section 6 we will show that the coupling to curved space can be done in such a manner that
the resulting theory enjoys an anisotropic Weyl symmetry. The Ward identity for this gauge
symmetry is given in (5.226), and on flat space this becomes (2.32) on-shell.

This allows us to construct yet another conserved dilatation current J g given by

JY =2t0% + x*0°, (2.33)
JL =2t0') + x e, (2.33b)

where EMJ ‘5 = 0 follows from the conservation of " » as well as the condition in (2.32). This
is the conserved current corresponding to the anisotropic scale symmetry.
The U(1) Noether current for our generic scalar Lagrangian is given by

oL
J(OO) = laq:q) +c.c., (2.34a)
oL oL oL
Jl i b+ 1 0: ) 2.34b
O TS MR TEErS KAl (a(alacb)) e (2.345)

The Noether current associated with the dipole symmetry can then be expressed as follows

_ 0
J(Z) xJJ(O) ) (2.35a)
Ju — i ij
Joy =% Ty =JY, (2.35b)
where we defined
Ji = —la—£<1>+cc (2.36)
3(6:5,9) .Cc.|. .

The current conservation tells us that J! | = BjJ J. The latter equation is equivalent to

(0

oL oL
ij— ) =
(o) aJ =i ( )+2181<I> @0 )+c.c. 0. (2.37)

It can be shown? that the latter equation is nothing but the condition that the Lagrangian
viewed as a function of p and 8, where & = % pet?, does not depend on ;6.

2To show this consider

£(<p:<b: ai(b’ aiaj(I):C'C) = E(p)p: é) aip’ ala]p: alaje):
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It can be shown that equation (2.37) holds off shell. The Lagrangian is invariant under both
a global U(1) transformation and a dipole transformation, i.e., under 6% = i(a + ﬁkxk)dh
This means that we have

oL oL oL oL
— k )
5L’—(a+/5kx )[l¢a¢+l¢a¢+lal¢aaq>+ 38¢aaa¢+c.c] .

+/5i[i‘1> +c.c] =0.

oL +2i0,8 oL
2(6;9) 8(813 D)
Using that this must vanish off shell for f; = 0 and a # 0 as well as for a = 0 and f; # 0 we
obtain equation (2.37).

2.2 Classification of Lagrangians with linear dipole symmetry

We will assume that the Lagrangian is polynomial in the fields and derivatives of the fields.
The classification problem for such theories with linear dipole symmetry amounts to finding
the most general polynomial solution to (2.38).

For theories that are second order in time derivatives we find Lagrangians of the form

L=0d"—V(®*)+ L+ M+ ... (2.39)

where £[?] and £4] contain the most general terms that are quadratic and quartic in spatial
derivatives, respectively. The dots denote terms that are higher order in spatial derivatives.
If we wish to consider theories that are first order in time derivatives we need to replace the
kinetic term with i®*® + c.c.

For example at second order in spatial derivatives we can make the ansatz

LP1=¢,820,80,% + ¢]920,9" 5;9" + ¢20,85," + c38"3;0,® + ¢;$5,5,%", (2.40)

where ¢; and c; are complex-valued functions of |®|? and c, is a real-valued function of |®|2.
This Lagrangian is manifestly U(1) invariant. Solving (2.37) leads to

C
c3 =—c1|®* + 52 . (2.41)

Hence we find
1 1
L =[,9*%(8,95,9 — 93,0,®) + c.c. | + ¢, (81-<I>8l-<1>* + E@*ﬁiaicb + Ecbaiaiqf) . (2.42)
If we take ¢, to be a constant then the c,-term is a total derivative. Hence, c, must be of order

|®|2, while ¢, is O(1). It follows that L2 is not Gaussian. Using partial integration the c, term
can be written as

—Scsalelalel, (2.43)
and vary both sides
Z—§6¢+255¢ aaaﬁq)éadwagg@aaiajclwc.c.:
gﬁa 3_% +%59+%5a +a§§ 35p+a§§95339

Next use ® = ‘/iipeie in the variations on the left hand side and collect all terms proportional to 6J;0. Since the
right hand side, by assumption, does not contain such terms these terms must add up to zero. This is precisely the
condition (2.37).
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where the prime denotes differentiation with respect to |®|2. Looking at the Hamiltonian we
see that the ¢; term is not bounded from below while the c; term is bounded from below.

Using similar methods, we can write down an expression for the most general expression
that is quartic in spatial derivatives. Instead of working out this most general expression, we
will work with the following expression

4 — AXini*j - iXiiX;j , (2.44)

where we defined

and where A and A are real parameters. This Lagrangian satisfies (2.37) for any values of A

and A, and the associated Hamiltonian is bounded from below for A > 0 and A + dA > 0.
Combining this choice of £*] with the kinetic term above leads to Lagrangians that are

reminiscent of some that have previously been considered in the literature [12,14]

where m is the mass of the complex scalar.

2.3 Symmetry enhancement

An interesting sub-case for the class of Lagrangians described in section 2.1 is when there is
additional symmetry in the form of the transformation 6 = %yxsz, where 7 is the transfor-
mation parameter. This gives rise to the conservation of the trace of the quadrupole moment.
Later on we will see that the gauging of this type of Lagrangians will lead to a symmetric and
traceless tensor gauge field A;;, where the tracelessness is due to this extra symmetry.

Using equations (2.27a) and (2.27b) we find the following expression for the Noether
current associated with the y-transformation

1
0 _ 270
J(4) = EX J(O) , (2473)

. 1 . o

i _ - 271 _ ) Fij
Ty = 5%y = xTY. (2.47b)
From this we indeed see that the Noether charge associated with this is the trace of the
quadrupole moment. Furthermore, if we write out the current conservation equation we get
the following condition

0= 08oJyy+ 4y =—T", (2.48)

where we used the conservation of the U(1)-current as well as the condition in (2.37).

It can be shown that the condition in (2.48) is the condition for the Lagrangian to have
this additional y-symmetry and thus holds off-shell. Specifically, if we require the Lagrangian
to be invariant under §& = i(a + x* % + %}fxz) we get

e 1 2) oL ..oL . oL . oL
= - = +id—= +i®—— +13,0.0——— +c.C.
oL (a-l—/jkx +2}fx [l a¢+l 8¢)+lal aai¢+1318] 38i8j<1>+cc]
; oL L
i Y]i® 20— +c.c. .
+([51+yx)[l 8(8i<1>)+ i0; 8(8,-3]-<I>)+CC] (2.49)
oL
+7y|i®————+c.c.|=0.
1% 50am oo

Using that this must vanish off-shell for arbitrary a, f3; and y we recover (2.37) as well as the
condition (2.48).
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2.4 No-go theorem

So far we have discussed non-Gaussian theories with spatial derivatives and linearly realised
dipole symmetries, c.f., (2.18b). A theory is Gaussian if its Lagrangian is quadratic in the fields
whose kinetic terms are canonically normalised. In our case this is the field ®. Additionally, we
restrict our attention to Lagrangians that are polynomial in ® and derivatives thereof. In this
case, a Gaussian complex scalar with linearly realised dipole symmetry is either of the form

L= é(w*—@*&)—v(@ﬁ) (2.50)

or
L=3d"—V(®]?), (2.51)

depending on whether one wants first or second order time derivatives in the equations of
motion. If we demand that the theory be Gaussian the potential is, up to an insignificant con-
stant, a mass term V = m?®®*. Due to the linearly realised dipole symmetry a gradient term
(0;9)(0,9*) is disallowed. These Gaussian models with linearly realised dipole symmetry are
Carrollian. This means their spacetime symmetries are enhanced by a Carroll boost symmetry

t' =t+b;x! xt=xt ®'(x) = &(x) (2.52)
which, with 6&(x) = —&"3,®(x) + f (x)®(x), is given infinitesimally by
gt =xk £ =0 f=0 Carroll boost in direction x*. (2.53)

These Carroll boosts are actually part of the more general symmetries 6®(x) = £ (x%)3,%(x),
where £f(x!) is an arbitrary real function of the spatial coordinates. Additionally, we have
a second tower of infinite-dimensional symmetries whereby we can rotate & with a phase
that, again, is any local function of the spatial coordinates.® If we expand ¢ in Fourier modes
(assuming a quadratic potential V = m2®®*) then the modes have a fixed energy E = m,
i.e., no dispersion relation, so these modes (particles) are not propagating in space. To show
this we compute the retarded propagator for the second order time derivative theory with
V = m2®®* which is proportional to
. - l(Et—p-5%)
21_% dEd°p E—ieP—m2" (2.54)
It is of the form f (t)&(X) since there is no momentum dependence in the denominator. Hence
there is only propagation in time and not in space. This result is Carroll boost invariant [18].
The above shows that any theory of a complex scalar with a linearly realised dipole symme-
try cannot simultaneously be Gaussian and contain spatial derivatives (i.e., gradient terms).
If we allow for a non-linearly realised dipole symmetry, it is possible to build theories that are
both Gaussian and contain spatial derivatives, as we illustrate with the following example. It
is well-known that the Lagrangian (2.46) is non-Gaussian. Consider now the case where the
potential in (2.51) is of Mexican hat form

V2 2
V=g(|<1>|2—5) , (2.55)

3This means that this Gaussian (or free) theory without coupling admits an infinite dimensional BMS-
like [38, 39] symmetry algebra, c.f., also [13]. More precisely, this algebra is a semidirect sum of an Euclidean
algebra spanned by the rotations and translations extended by two infinite dimensional abelian Lie algebras, the
“supertranslations”. They have the unfamiliar feature that the two “supertranslations” do not commute with the
actual translations, but their polynomial order gets reduced by them. For example, the action of the translations
P; on the first order Carroll boosts B; leads to the zeroth order time translations, {P;, B;} = 6,;;H. We remark that
a point particle with a conserved dipole moment d= gX also has conserved higher-pole moments and thus an
infinite symmetry.
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where g and v are real constants. Around the false vacuum ® = 0 the theory is non-Gaussian
but if we expand around the true vacuum |®| = v/+/2 and ignore higher order terms the theory
becomes Gaussian with a non-linearly realised dipole symmetry. To see this consider

2

2
£=d><i>*—xxijx;j—g(|¢|2—%) , (2.56)

1., 1 A
=P + P07 - 20P9PGipdip
A A, A 4 8¢ 2 2)2
+§p3ip3jpaiajp—zp aiajpaiajp—zp aiajeaiaje—z(p —v3)7, (2.57)

where X;; is defined in (2.45), and where we used ® = % pe'? and expanded around p = v > 0
by defining p = v + 7). If we keep only quadratic terms in 1 and 6 we find

1 1, A A
L= 57)2 + EVZQZ — ZVZ&’lalna]a]’r) — Zv4313193]3]9 —gVZTIZ, (258)

where we performed some partial integrations. The fields 1 and 6 now have canonically
normalised kinetic terms. This is a theory of Lifshitz type with polynomial shift symmetries
which can be seen as a non-linear realisation of the dipole symmetry. The field 6 is a Lifshitz
Goldstone boson and the field 1 is a massive Lifshitz scalar. The non-linear (in 6) symmetry
is explicitly given by

60 =a+ [J’l-xi , (2.59)

where a is the constant shift symmetry of conventional Goldstone bosons and f3; parametrises
the dipole symmetry which is, up to the exclusion of the time dimension, also reminiscent of
the symmetries of the Galileon [40].

Based on the result of this section and Section 2.1, we conclude that the following three
properties cannot all hold at the same time (for Lagrangians that are polynomial in the fields
and their derivatives):

1. linear dipole symmetry
2. spatial derivatives
3. Gaussian

If you assume any two of these the remaining property does not hold. To summarise: if 1. and
2. hold we have linear dipole symmetry and spatial derivatives at the expense of obtaining
non-Gaussian theories, like the fractonic ones of this work, see, e.g., (2.60). When 1. and
3. hold we have Gaussian theories with linear dipole symmetry, however spatial derivatives
are forbidden, and the theory acquires a Carrollian symmetry. For the case where 2. and 3.
hold we have a Gaussian theory and spatial derivatives however in that case we cannot have
a linear dipole symmetry. What is still possible is for the dipole symmetry to be nonlinearly
realised. These are special cases of Lifshitz field theories with polynomial shift symmetry, like
the one we have discussed.

2.5 Symmetry algebra

In this section we want to compute the symmetry algebra for the following anisotropic scale
invariant Lagrangian
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where X; j is defined in (2.45). This theory has scale symmetry (2.20) with dynamical critical

exponent z = dgﬁ and the scaling dimension of & given by Dg = %. Unless both A and A

vanish it is also non-Gaussian.

To obtain the charges for the Lagrangian in (2.60) and compute their Poisson brackets we
use the Hamiltonian formulation. We start by defining the canonical momenta IT and IT* of ¢
and * by

oL oL
H_ j—

=—==9¢, II'=——=9, (2.61)

o oo+

which we use to obtain the canonical Hamiltonian density
H =" + AX; X, + AX;X: (2.62)

Ui i’

which is bounded from below for A > 0 and A+dA > 0. The Lagrangian density in Hamiltonian
form is then

L=T1%+1T"¢" —H (2.63)
from which we can read off the equal time Poisson brackets
{2(x), ()} =6(x—y), {2"(x),I"(¥)}=06(x—y). (2.64)

Next we want to compute the Noether charges associated with the symmetries of the La-
grangian. We use the expression we found in equation (2.27a) to find the following set of
Noether charges

QW= / dxJ, (2.652)

Q¥ :/ddxxij(%)’ (2.65b)

b= /ddxpl., (2.65¢)

M;; = / d%x (x'P; —x'P)), (2.65d)

H= / dixH, (2.65¢)

D= /ddx (ztH + x'P; — Dy (SI1 + &*11*) ), (2.650)

where

J(%) =i (P —*IT*), (2.66a)

P, =T116,® + 11" 3,9", (2.66b)

are the charge density and momentum density, respectively. Starting from the top we have the
U(1) charge, the dipole charge, the momentum, the angular momentum, the energy and the
dilatation charge.

It is interesting to note that for general values of Dy and d, the Poisson bracket {D,H} is
given by the following expression

{D,H} = /ddx[ —2(d —2+ 3Dg)IIIT" + (d — 4+ 4Dy )H | . (2.67)
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In order for this to be proportional to H, and thus for the algebra to close, we need Dy = —%,
and so we obtain
d+4
{D,H} = —TH. (2.68)

The prefactor of % is exactly the value of z for which the theory is scale invariant. Ultimately

one finds the following nonzero Poisson brackets

{M;;, Mg} = —48111iMjyy » {Mji, P;} = =26, Py, (2.69a)
P, Q% =6,,Q, M, QP} = —25,,Q7, (2.69b)
{D,H} =—2H, {D,P}=-P, 0,Q%1=q?,  (2.690

where z = dgﬁ.

If we set 71 = —A/d we get a symmetry enhancement. Namely, the Lagrangian is invariant
under 6® = %yxzé which leads to the following Noether charge

1
4 _ = d. 270
Q' = 2/d XX J(o)' (2.70)

This can be thought of as the trace of the quadrupole moment. It has the following nonzero
Poisson brackets

P, =—?,  {D,QW}=2Q¥. @2.71)

Let us remark that the charges (2.65a)—(2.65¢e), and by extension the algebra in (2.69a)
and (2.69b), always take this form for any complex scalar theory that is second order in time
derivatives with dipole and U(1) symmetries. Within this class of theories, some Lagrangians,
such as (2.60), will also have dilatation symmetry.

Other symmetries?

In this subsection, we work out the most general conditions that a manifest, i.e., linearly
realised (in field space) symmetry of the form (2.21) must satisfy. For a variation of this form
to be a symmetry, it must be such that the Lagrangian varies as in (2.25), which for the specific
Lagrangian (2.60) leads to the condition

J,KH = %(Xi Xt XaXH) (2.72)
x (A8 (48:Ex) — Si(4Ref +3,EM)) + A6y (40,&;) — 6,; (4Ref +3,EM)))
— (" 0,0+ $0,8") + "9 (3,E# — 28" + 2Ref ) + B f + &" f*
+(29,8X; +9,9"X;;) (10,0;E" + A5;;0%EH)
+ %X} (A0,0;f +A6;;0°f) + &2 X (8,0, f " + 16;0°f ")
+2((90;® — 29,8)X;, + (99,0 — 9" )Xy ) (16,0, E" + A5,y 0;E").

A symmetry with a nonzero K* transforms the action into a boundary term, and we will not
consider this case. As we saw above, all the transformations in (2.23) led to K* = 0. Using
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equation (2.72) we find that a symmetry with K* = 0 must satisfy

0= 2(26(8 &k + 20w 61 — B(Oiw) (4Ref + GuE"))

+ A8y (40,&;)— 8,; (4Ref +3,E")), (2.73a)
0=08,E'— &' 4+ 2Ref, (2.73b)
0=28,0;E" + A5;;0%¢EH, (2.73¢)
0=28,0;f +15;;0%f , (2.73d)
0=f, (2.73€)
0=¢l, (2.73)
0=248(0nE" + A8 5;&" . (2.739)

The solutions to these equations split into two cases: when A+ d A # 0, the equations above
tells us that the most general symmetry is such that

d—2 -
f=- 3 fo+ia+ip;xt, (2.74a)
£l = 56 + coijxj + foxt, (2.74b)
d+4
§t=£6+TfOt, (2.74¢)

where {fy,a, 3;, & 6, 3 6} are real constants, and w! j is a real antisymmetric matrix. We see that

this exactly reproduces the symmetries of (2.23). If, on the other hand, A + dA = 0, we find
that

d—2 i
f=- 3 f0+ia+i/5ixl+é}’x2; (2.75a)
El =&l +w'jx) + fox', (2.75b)

d+4
§t=§6+Tfot- (2.75¢)

This means that we obtain the additional trace-quadrupole symmetry when A +dA = 0, just
as we observed around (2.70). There are thus no additional symmetries.
2.6 Fracton, Carroll and Bargmann symmetries

The typical structure of the symmetry algebra of a complex scalar theory with a dipole sym-
metry is of the form

{M;j, Miq} = —4011iMjy1,  {Mji, Pi} = =26 Py, Arist. static,
M, @y =—26,02,  {P,QP}=5,Q7, dipole sym.,
{D,H} = —zH, {D,P,} =—P,, {0,Q®}=q®, dilatations,
{P,Q"} =—Q®, {D,Q¥W} =2Q®, quadrupole,

where we included a dilatation generator D with dynamical critical exponent z and a quadru-
pole symmetry Q, but keeping in mind that these latter symmetries are not always present.
We thus have generators of spatial rotations M;;, spatial and temporal translations P; and

H, the electric charge Q(O), the dipole charge vector QEZ), the quadrupole scalar Q(4) and the
dilatations D. The first line spans the Aristotelian static symmetries which get accompanied by
the symmetries of the second line once dipoles are conserved. When we have scale symmetry
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the third line gets added. For quadrupole symmetries one adds the commutation relations of
the last line (only the first term when there is no dilation symmetry).

The subalgebra spanned by (M;; i»H, P;) is naturally interpreted as an Aristotelian homoge-
neous space due to the absence of boost symmetries. A homogeneous space is, up to global
considerations, characterised by a Lie algebra g = h + m and a Lie subalgebra h, where m
is spanned by the remaining generators (the + is a vector space direct sum and should not
be understood as a Lie algebra direct sum). For the case at hand gu.e = (M;j,H, P;) and
barist = (M;;) giving rise to a (d +1)-dimensional manifold which is closely tied to the fact that
we have d + 1 remaining generators m = (H, P;). This homogeneous space is Aristotelian —
more precisely, the static Aristotelian spacetime [27]. We refer to [27,41] for more details and

a classification of Aristotelian algebras and spacetimes. Having specified the homogeneous
tH+x'P;

space one can introduce exponential coordinates as o(t,x) = e in terms of which the
invariants of low rank are given by a 1-form T = dt, a degenerate metric h = §;;dx'dx’ and

their duals v = 5t and &% %W’ which will play a prominent role once we curve our man-
ifold, c.f., Section 5. The action of the symmetries of the subalgebra h on the coordinates is
determined by [, m] quotiented by b, i.e., [h,m]modh. For example, the rotations have a
nontrivial action on the coordinates precisely as given in (2.19).

The relevant part for fractonic physics is the addition of the dipole charge vector QEZ) and
the charge Q(®). In particular, the existence of a conserved dipole charge and its nontrivial
commutation relation with the translations distinguishes these theories from non-fractonic
theories. The geometry of the enlarged algebra, spanned by gpc = (M;), H, P, QO Q(z)) is
still naturally interpreted as the (d + 1)-dimensional static Aristotelian spacetime when we

quotient by bprae = (M;j, QO Q(Z)) This is the case since the action generated by the charges

Q©® and QS ) acts trivially on m = (H, P;) and consequently on the spacetime manifold. This
is in perfect agreement with (2.18) where these symmetries only act on the field. To see this
consider

[Q('Z): Pi] mod DFrac = _5ijQ(0) mod BFrac =0 mod DFrac (2.77)

or, in other words, the commutation relations of (Q(O),ng)) with H and P; do not lead to
elements in (H, P;). The same arguments apply upon introducing the conserved quadrupole
moments. In both cases it is natural from the point of view of the underlying homogeneous
space to quotient by the trivial symmetries, whereby we land again at our original Aristotelian
geometry.

The situation slightly differs upon the introduction of the dilatations. Like for the other
cases we enlarge the quotient b, but stick to m = (H, P;) connected to the fact that our manifold
stays (d + 1)-dimensional. However, the action D on m leads again to elements in m and to the
action (2.20) on the coordinates. Therefore the homogeneous space and its invariants differ
in this case (one could call it a Lifshitz—Weyl spacetime [42]).

Let us finally comment on two Lie algebra isomorphisms. The algebra spanned by
(M, l,Q(z) Q©®) is isomorphic to the Carroll algebra and if ng) is interpreted as boosts and
Q©® as time translations this would indeed also lead to the (flat) Carroll spacetime. How-
ever, as can be seen from (2.18) the action of QEZ) is not naturally interpreted as a Carroll
boost (2.52). Since Carroll boosts are not a symmetry of the action this observation is merely
a coincidental equivalence of Lie algebras and not of the underlying homogeneous spaces.

Similar remarks apply for the case with an additional conserved quadrupole symmetry for
which the algebra turns our to be isomorphic to the Bargmann algebra [13], the unique central
extension of the Galilei algebra that exists in any dimension. To obtain Bargmann spacetime
symmetries we would interpret Q) as the time translation generator, QEZ) would generate
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translations, P; Bargmann boosts and Q(O) would be the central extension which is sometimes
interpreted as mass.

While in the current setup the interpretation in terms of Carrollian and Galilean symmetries
seems to be non-conventional, it might still be interesting to see if there is something to be
learned by thinking of them from this other perspective.

2.7 Noether procedure for gauging dipole symmetry

A Lagrangian for which (2.38) vanishes for any a and f; is a complex scalar theory with dipole
symmetry. If we make a and f3; local* for such a theory we obtain

SL=J°

(O)Et (a+/5kxk)—jij3i3j (a+/$kxk) , (2.78)

as can be explicitly verified.

When we apply the Noether procedure the original matter Lagrangian is called £(*) (which
is zeroth order in gauge fields). To counter the non-invariance of £(©) we add to it an £ which
is first order in a set of gauge fields whose variation gives us the objects J(%) and JY (which
are the building blocks of the U(1) and dipole currents). Since the latter are fully generic we
need a scalar field ¢ and a symmetric tensor gauge field A;;. The expression for LD is then
given by

LW =—g8 ¢ +TA;, (2.79)

where the gauge fields transform as

where A = a + B, x*. The new Lagrangian is now £© + £(!) and we need to check that this

is gauge invariant. This is not guaranteed because the objects J(%) and JY need not be gauge

invariant. If they are not we add an £® (which is second order in gauge fields) etc. until the
procedure stops which happens when £© + £ 4+ . is gauge invariant. For (non-)Abelian
symmetries (and polynomial Lagrangians) this always happens after a finite number of steps.

Now, suppose we only assume that £ is U(1) invariant, i.e., the first line of (2.38) vanishes
but we do not assume that there is also a dipole symmetry, so that the second line of (2.38)
does not need to vanish, then varying £ for local a and f3; leads to

sL=J°

00 (@ + Biex®) +7() 8, (a+ Brx”) . (2.81)

Up to a total derivative, this can be rewritten as

5£=17% 0, (a+ Pex)—F18,8; (o + Brx*) + (7o) — 3,77 & (e + Bx®) (2.82)

Applying the Noether procedure to the latter leads to an £ given by
D 0 . . .
LW =y ¢ +Ja;—(Ji,—3,77)B;, (2.83)
where the gauge fields transform as

5¢ =0, (a+Pxr), 5B; =0, (a+ Brx*), 5A;; = 8,0; (a + rx*) . (2.84)

*Making f3; local is in a way taken care of by making a local. The functions a and f3; must always appear in
the combination a + f3;x!. The role of f3; is in the second line of (2.38) ensuring that the Lagrangian has dipole
symmetry which is why, from the point of view of an ordinary U(1) gauging, the spatial part of the U(1) current
obeys (2.37). We can derive (2.78) by using that the local U(1) variation with parameter A of a Lagrangian with
a global U(1) symmetry always takes the form 6 £ = J§ 3, A +J{,,d;A and by using that for a theory with a dipole
symmetry we have (2.37). Performing a partial integration and setting A = a + f8,x* we obtain the desired result.
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If the theory really only has a U(1) symmetry and no dipole symmetry then we can write
Ajj = g;Bj) as in that case the Noether current is just given by (J(O ),J(io)). If however the
theory has a dipole symmetry we need to ensure this which can be achieved by assigning to
B; the additional Stiickelberg transformation

The X; transformation is there to enforce equation (2.37). Using partial integration we can
rewrite £(1 as

LW = -0 ¢ —J B +TIA;, (2.86)
where we defined
In this latter formulation the gauge fields transform as
5¢ =0, (a+pxk), 5B; = 8, (a+ Brx*) — %, 5A;; = 8,%j). (2.88)
At the level of the currents the situation is as follows: we have the following responses,
~J (0% —J (0B + TV BA;, (2.89)
where J¥ = j/t. This leads to the following Ward identities
— 0 i
0=20.J5 +diJig,. (2.90a)
0=Jl,—8J7, (2.90b)

for the A = a + Brx* and %; gauge parameters, respectively. This in turn gives rise to the
charge and dipole conservation equations

0=0JG, + 88,7, (2.91a)

0=2,(x'3))+ 8 (x'i — V). (2.91b)

The gauge field B; is now a Stiickelberg field and can thus be gauged away entirely. Setting
both B; and its total gauge transformation to zero, i.e., 6B; = ;A — X; = 0 tells us that the
residual gauge transformations in the gauge B; = 0 are described by %; = 8; A, and thus in this
gauge Aij = A;; which transforms as 6A;; = J;J;A.

Lastly, we want to comment on the Noether procedure for the case where the Lagrangian
has the additional y-symmetry described in section 2.3. In this case, if we make a, 8 and y
local, the variation of the Lagrangian becomes

1
55(0) = J(%)at ((X + ﬁkxk + 5'}’)(2)
o 1 1 1
—JY |:8i8j (a + Brxk + E}fxz) — Eaijakak (a + Brxk + E}fxz)] , (2.92)

where we used that J = 0. We therefore need to introduce a scalar field ¢ and a symmetric
traceless tensor gauge field A;;. The expression for LD is then given by

£ = _J(%)d) +jiJ'Al.j , (2.93)
where the gauge fields transform as
Kyl o o
o0¢p =0 (a+ Brx"” + ny ) , (2.94a)
5A;; = 8,0 NENCANEE Y el 2.94b
ij=0;0;| a+ Prx +§)fx — 701i%5% a+ fBrx +§)fx . (2.94b)

Thus, it is clear that the y-symmetry leads to a tracelessness condition on A;; in the Noether
procedure.
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3 Worldline actions and coupling to scalar charge gauge theory

Now that we have identified the gauge fields involved in gauging the dipole symmetry we can
ask ourselves what is the form a worldline action would take that couples to these fields in a
gauge invariant fashion. This would be the analogue of the coupling of a charged point particle
as we are familiar with from electrodynamics where such couplings lead to the Lorentz force,
i.e., a coupling of the form q [ dAAMX #. The general form of the action we are looking for is

Stot = SscaT T Sine T Skin » (3.95)

where Sgcgr is the action for the scalar charge gauge theory involving the fields ¢ and A;;
(which we will discuss in detail in Section 4) and where S;;, is some yet to be determined
kinetic term for the embedding scalars X' (see further below). The interaction action is

A
Sint =—q/A ' dA[T (¢ —X'8;¢) —X'X7A;], (3.96)
where the dot denotes differentiation with respect to A, the parameter along the worldline and
where A; and A; denote the endpoints of the worldline parameter. The embedding coordinates
are T and X'. The gauge fields and its derivatives are evaluated along the worldline where
t = T and x' = X'. The interaction action is worldline reparametrisation invariant. Under the
gauge transformation 5¢ = J,A and 5A;; = 8,9;A the combination T (¢ —X'3;¢ ) — X'XJA;;
transforms as

§[T(p—X'6;¢)—X'XIA;;|=T0, (A—X'GA) +X78; (A—X'GA) (3.97a)
4 (a-xia
= (A—x'5A), (3.97b)

so that S;,; remains invariant up to boundary terms (endpoints of the worldline). The gauge
variation is precisely zero for the target space symmetries J, (A - xiaiA) =0,ie, A= a+p;x’
with a and f3; constant.

In (3.96) the fields are evaluated along the worldline. In order to compute the spacetime
currents associated with the flow of these objects we write (3.96) as follows

Af . . L
Sine = —q/dtddx/ dAS(t—T(A)S(x —X(W)[T (¢ —X'0:¢) —X'X’A;;], (3.98)
A
where the integrand of the A-integral is no longer restricted to the worldline, so for example

¢ is now a function of t, x! and not of T(1),X!(1) as was the case in (3.96).
Let us define

8 ASin = / dtdix (—J%5¢ +J5A;) . (3.99)
This leads to
A
oy = q/ " dAS(t— TONT [6(x —X(A) + X18:6(x —X(A)] (3.100a)
A
A
JU = %/ ' dAs(t — T(A)8(x —X (W) (X' X! +X/X1). (3.100b)
A

We can fix worldline reparametrisation invariance by setting T = A. If we do this we obtain
Joy = a[8(x =X () +X'3:5(x X ()], (3.101a)

Ji = %5(3( —x(0)) (XX +x7X1) (3.101b)
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where the dot now denotes differentiation with respect to t.
Gauge invariance of S;; tells us that we have the identically conserved equation

/dtddx (808, + 88,77 |A=0, (3.102)

for all A that are at most linear in X' at the endpoints A; = t; and A ¢ = ty. This implies that

3,J°

ok aiajjii =0, (3.103)

as can be explicitly verified by using X'3,6(x —X(t)) = —8,6(x —X(t)). The current is identi-
cally conserved because for the worldline theory there are no other fields (other than the gauge
fields) transforming under the gauge transformation with parameter A. We can construct d
additional (identically) conserved equations, namely the currents

0j _ ..jy0 ij _ ja fik _ §ij
J(z) =Xx J(o) R J(z) =x'9J J7, (3.104)
which obey
0j

o +taJs =0, (3.105)

o.J @
by virtue of (3.103).
We can define a U(1) and dipole charge in the sense of distributions, i.e., let £(x) be a test

function then we define
QULe)i= [ dixe(x)sg, = qe(x () - D Gel)| . (3.1062)

QPLel = / dxe()g) =~ (X (O @eC)| =X (QVLe] - qe(X(1))
(3.106b)

For ¢ = 1, we obtain the total U(1) and total dipole charge, which are q and zero, respectively”.
The kinetic term is of the form

12
Siin = /d?LTf (l);_L) : (3.107)

This is dictated by translation invariance of T and X' and rotational symmetry of the X'. These
target space symmetries become global symmetries of the worldline theory. Finally, the form
of the Lagrangian is such that we have worldline reparametrisation invariance for any f. Well-
known examples of such a function f are

X X2
— or — 1——— , (3108)
272 T2
where the first expression for f is for theories with Galilei invariance and the second expression
for f is for theories with Lorentz invariance. In the case we are dealing with there is no boost
symmetry and hence f is not uniquely fixed.
Let us come back to the fact that the total dipole charge is zero. For a point particle a
nonzero dipole charge is proportional to gX' (with respect to some chosen origin). For this
to be conserved the particle cannot move unless the total dipole charge is zero. For a point

5The expression for Q®@[¢] contains the first two terms in the Taylor expansion of ge(x) around x = X(t)
evaluated at x = 0, i.e., £(x) = e(X(t)) + (x! —Xi(t))(ais(x))‘ + -+ evaluated at x = 0.
x=X(t)
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particle this would imply g = 0, but our worldline theory does not describe a point particle
because the charge distribution (3.101a) involves a derivative of a delta function and so the
above argument about immobility does not apply. Here we have an example of a worldline
theory for which the total dipole charge is zero while the total charge is q and there is no
mobility restriction. It would be interesting to investigate these mobile and dipole-like objects
in more detail.

If the scalar charge gauge theory is traceless, the gauge transformations instead read
0¢ = 0\ and 8A;; = GioiA — %51- jE)zA. In this case, the gauge invariant interaction term
is

Ag _ . L o
Sint = —¢ / dA [T (qb —X'0;¢p + %kakajajqb) — (X’XJ — %SUX"X")AU
1 . 1_ .
+kaXk (XfaiAij — E5inZaZAij)] . (3.109)

Under a gauge transformation the Lagrangian transforms into a total derivative term that is
proportional to

d ; 1
— A—XlaA+—X’<X’<a-aA). 3.110
dl( ' 2d s ( )
It would be interesting to study this action in more detail and to generalise these results to
higher order symmetries.

4 Scalar charge gauge theory

The scalar charge gauge theory was the first continuum model proposed to describe fracton
behaviour [21,22,43] (see also the review [12]).

In this section, we develop the scalar charge gauge theory by making dynamical the gauge
fields obtained by gauging the dipole symmetry using the Noether procedure, c.f., Section 2.7.
We analyse the gauge sector and cohomology of the theory. It is useful to contrast this discus-
sion with electrodynamics, which we have added for convenience in Appendix A, and linearised
general relativity which it perfectly mirrors, see, e.g., the introduction of [44].

By modifying the pre-symplectic potential, we show how the traceless theory emerges from
a Faddeev-Jackiw type Hamiltonian analysis of this modified theory, and, in particular, we
demonstrate that the traceless scalar charge gauge theory with a nontrivial magnetic sector
only exists for d > 3. After computing the spectrum of the scalar charge gauge theory, we
conclude with some observations regarding the similarities between the scalar charge gauge
theory and the theory of partially massless gravitons.

4.1 Poisson bracket and gauge generator
The fundamental fields of scalar charge gauge theory are the symmetric fields
Ajj ~ LT, (4.111)

and their canonical conjugate momenta E;;. Boxes after the ~ symbol denote Young tableaux
that describe the symmetries of the indices. The indices i, j, ... are spatial, i.e., they run from
1 to d. The fundamental fields satisfy the equal time Poisson bracket

{A;j(X), Eq(¥)} = 6;40pj6 (X —¥) , (4.112)
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and, by assumption, we have a gauge symmetry

5/\Aij = alaJA and 5/\Eij =0 , (4.113)

for fixed time t. The gauge parameter is a scalar A = A(t,X) ~ ®, where the bullet is the
Young tableaux for a scalar.

The gauge symmetries are generated canonically via 6, F = {F G[A]} with the gauge gen-
erator G. It must have a well-defined functional derivative, i.e., §G should not lead to bound-
ary terms upon integration by parts. This means that the gauge generator consists of two
parts G[A]= G[A]+ Q[A][45,46]

Q[A]z/ddx 8, [8;AE;; —AGE;; ], (4.115)

where G[A] is a bulk and Q[ A] a boundary term. The charge Q[ A] does not necessarily vanish
on-shell for gauge parameters A that are nonzero on the boundary. On the other hand, the
bulk term G[A] vanishes on-shell (more precisely on the constraint surface) and only the
boundary term remains, G[A] ~ Q[A]. In this sense gauge transformations with nonzero
Q[A] actually generate physical symmetries and change the physical state of the system. As
we will show next, they also lead to nontrivial conserved charges. They are called improper
gauge transformations [45,46]. When Q[A] vanishes the gauge symmetries are proper and
are nothing but the redundancies inherent in our description [45,46].

Let us now couple sources to our theory. The charge conservation equation for our dipole
symmetry takes the form (2.90). For sufficient fall-offs of J (0)’ this leads to conservation of the
charge

Q©® =/ddx Jo, Q9=o, (4.116)
as well as the conservation of the dipole charge
Q¥ = /ddx xX'JG . (4.117)

The boundary charges (4.115) are compatible with these conserved U(1) and dipole charges.
Verifying this requires the generalised Gauss constraint

0,0.E;; = —JO

i ] (0)? (4.118)

which follows from coupling our theory to matter as we will show at the start of Section 4.3.
Setting A = @, where a is constant, we obtain from the boundary charges

Qlal= a/ddx Iy = aQ®. (4.119)
If we instead set A = f3;x!, we get the dipole charge after using (4.118)

QlBix'1= B / dx XU = pQY”. (4.120)
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4.2 The gauge sector

Using cohomology [44, 47, 48] (see Appendix C.I in [49] for a concise summary which is
sufficient for the following arguments) we will now construct a gauge invariant “curvature” or
“magnetic field” tensor which has the important property that it fully characterises the gauge
symmetries and satisfy a Bianchi identity. It is useful to contrast the following discussion with
electrodynamics, which we provide for convenience in Appendix A.

As a first step it is useful to rewrite the gauge transformation as a generalised differential

(dadyA)ij = 9;(d1A); = 26,0, A ~[11]], (4.121)

where d; acts with a derivative on the first and d, on the second column of the Young tableaux
symmetries and we afterwards Young project accordingly to have the right index symmetries.
We can represent these operations as

|
[ d d | d, | d, &
T o R TN N Pl N o ) IR (4.122)

El 7
El

| 4,
—

— 9]

We want to emphasise that d, does not exist for equal height tableaux. These operations imply
that

(d1)? =0=(dy)?. (4.123)

We refer to potentials of the form A = d,d; A as being pure gauge.
We define the gauge invariant “curvature” or “magnetic field” F;j; by

Fijr = (d1A)iji := 28, Aj ~ E- (4.124)

This tensor is an irreducible GL(d) representation and has mixed symmetry, i.e., it is neither
totally symmetric nor totally antisymmetric. These curvatures are a subset of all “hook” sym-
metric tensors, as denoted by the Young tableaux on the right hand side of (4.124). In general
hook symmetry means that the first two indices are antisymmetric Fj;;j = F;j and an anti-
symmetrisation over all indices vanishes Ff;;,; = 0. A useful relation, which follows from these
symmetries, is

1

By construction the curvature (4.124) vanishes when the potential is pure gauge
Fijk = 43[13]]8,(/\ =0. (4126)

In other words, the curvatures do not see the irrelevant pure gauge potentials, something we
can also write as

dldzdlA = dz(dl)zA = O . (4.127)

Conversely, a vanishing curvature of an arbitrary potential A;; implies that this potential is
pure gauge, i.e.,

Fije =20Aj =0 = A;; =259\, (4.128)

orinshort d{/A=0=—A= %dzdlA. This shows that only the irrelevant pure gauge potentials
get lost when going to curvatures, i.e., the curvatures fully capture the gauge symmetries. The
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relation (4.128) can be shown using the Poincaré lemma and the symmetry properties of the
involved tensors.
The final class of tensors we introduce are tensors with the following Young tableaux

g

Tijra ~ (4.129)

E=E

This means that Tjj; = Tp;jq and Tpijq; = 0. A subset of these tensors are differentials of
hook symmetric tensors Fjy; of the form

(d1F)jjie = 3G Fjy - (4.130)
If the hook symmetric tensor is the curvature of a potential, see (4.124), it follows that
8iFy =200A =0 (& d,F =(d))’A=0), (4.131)

which is the generalised differential Bianchi identity.
Conversely, J;Fjiy; = 0, where F;j; is a generic hook symmetric tensor, implies that Fj; is
the curvature of a potential. To see this we start by
8[iij]l =0 = Fijk = 23[iMj]k 5 (4.132)
where we can decompose M;; into a symmetric tensor A = Ajl- and an antisymmetric tensor
Bij = _B]l as

We still have to enforce that F;j; is a hook symmetric tensor, F;jx) = 28[if3 ik] = 0 leads then
via the Poincaré lemma to B; j = qiBj3. It follows that

where
Ajj=A;j—8:Bj (& A=A—3dyB). (4.135)
We have the gauge freedom parametrised by X; and A,
Aij = Aij+ B0\, (A= A+ 3dydiA), (4.1360)

We can partially gauge fix by demanding that B; = 0, which can be reached by the gauge
transformation X; = —B; and A = 0. The residual gauge transformation leaving this constraint
unaltered are then given by X; — ;A = 0. This means the partial gauge fixed version of our
statement above is A;; = A ;- This shows that the Bianchi identity characterises the curvatures
that come from gauge potentials.

What we have described is a generalisation of the gauge structure of electrodynamics and
linearised gravity. With the differential operators given in (4.121), (4.124), and (4.130), re-
spectively, we have also shown that we obtain an exact sequence that we can schematically
depict as

e 2 A A - (4.137)

This subsection should be contrasted with Section 2.7 starting around (4.128), where the
Noether procedure led to a similar structure.
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4.3 Hamiltonian for scalar charge gauge theory

The phase space Lagrangian (up to total derivatives) is schematically of the form
pg—H + constraints. For our theory the only constraint is the (generalised) Gauss law and the
phase space variables are A;; and E;;. This leads to
L[A;j, E;j, ¢ 1= EjjAi; — H— $ ,0,E;;, (4.138)
where ¢ is the Lagrange multiplier for the Gauss constraint. This is the Lagrangian for the
source-free part of the theory. If we include matter fields that couple to our gauge fields then
we use that the total variation of the gauge invariant matter Lagrangian Lp,[A;;, ¢, ®], where
the matter fields are collectively denoted by ®, is given by
8 LonalAsj, ¢, @] :—J(%)éqb +JY5A;;, (4.139)
where the variations are arbitrary and where we have omitted the terms proportional to 6®.
The first term in (4.138) contains the (pre)symplectic potential from which we can derive
the (pre)symplectic form whose inverse gives the Poisson brackets (4.112) (see, e.g., [23,
241]). The Lagrange multiplier ¢ is the same field we encountered in the Noether procedure
in Section 2.7.
We now want to define a Hamiltonian 7. We demand that # is:

* so(d)-rotation invariant: this means we use 0;; and €;,..;, to contract all indices.

* Gauge invariant: this means we build H out of only gauge invariant objects E;; and
Fijk, the analogues of the electric and magnetic field strengths. The Hamiltonian then
commutes with the Gauss constraint and the latter Poisson commutes with itself so that
the Gauss constraint is first-class.

* Quadratic in Ej;, so that we can integrate out E;; and obtain a Lagrangian that is second
order in time derivatives.

* At most quadratic in F; ;. (for simplicity).
* Bounded from below.

Up to total derivatives there are no linear terms that one can write. The only candidate is
E;; but this is a total derivative term in the Lagrangian when expressed in terms of the gauge
potentials. These requirements lead in generic dimension to the Hamiltonian

_ & 8. 2, M h,
H— EEUEU-FEEH +ZFiijijk+EFiijikk . (4140)

Let us discuss these terms:

* The g; and h; terms are the terms that are commonly discussed in the literature and
mimic electrodynamics, c.f., (A.300).

* The g, and h, terms can be added because of the possibility to treat the trace of A;;
separately.

* We could have added a term proportional to F;;;F; but using the identity 2F;;; Fj; =
FijiFiji, (which follows from (4.125)) it does not give anything new.
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What remains to be done is to analyse the ranges of the parameters g;, £, h;, h,. We start
with the electric sector. In order that the electric sector with coupling constants g; and g, is
bounded from below we need that g; > 0 and g; + dg, = 0. This follows from writing E;;
in a traceless and traceful part and demanding that the traceless and traceful parts contribute
each non-negatively to the Hamiltonian. Next, in order to be able to solve for E;; after varying
the phase space Lagrangian with respect to E;;, so that we can integrate it out and obtain
the Lagrangian expressed in terms of the gauge potentials, we must require that g; > 0 and
g1+dg,>0.

In Section 4.7, we will show that the case g;+d g, = 0, which needs to be treated separately,
plays an important role in the so-called traceless scalar charge theory, which is a theory with
a slightly different gauge transformation for the field A;;.

Due to the hook symmetry of F;j. it is more difficult to find the necessary conditions for the
magnetic part of the Hamiltonian to be bounded from below. We will solve this problem for
d > 3 by expressing the Lagrangian in terms of the magnetic field which we define as follows

1
i = S€nmFimj (4.141)

By; 5

where the capital letter I = iy, ...,ij_5 denotes a multi-index. It follows from this definition
that the magnetic field is completely traceless. From (4.141) we learn that

Fijk = —(d—Z)!eijNBNk. (4142)
Using this we can rewrite the magnetic part of the Hamiltonian as follows
hy +h, h,
Hmag = m ;1) — mEil---id—sid—szi1~~~id—3jid—2 : (4.143)

Splitting the last two indices of the magnetic field into its symmetric and antisymmetric parts,
B, .i,,i =Bi,. (iy_j) T Bi,..[i;_,j]» We find that h; > 0 as well as h; +(d —1)h, = 0 in order for
the magnetic part of Hamiltonian to be bounded from below. All in all, this means that we get
the following conditions for the Hamiltonian to be bounded from below

g1>0, g1+dg2>0, h120, h1+(d—1)h220 (4144)

4.4 Lagrangian of scalar charge gauge theory

The phase space action in a generic dimension is defined by
S[Aij,Eij, ¢] = /dtddx (EUAU —H— ¢alaJEl] + 3l~Kl-) + dery (41453)
:/dtddx(Eij(Aij—aiajm—%)+sbdry, (4.145D)

where H is given in (4.140). The Lagrangian is invariant under the gauge transformations
6A;; = G;0;A and 6¢ = GyA. The term Spqy, is a suitable boundary action that depends on
the type of variational problem we consider. The term K;, which is closely related to the
charge (4.115), is given by

The Lagrange multiplier ¢p enforces the “generalised Gauss constraint”

5'13]EU = —JO

o (4.147)
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where we included a source term J(%) (which is the response to varying ¢) and has undeter-

mined time evolution, i.e., it is a redundancy of our theory. The variation of the phase space
action of the scalar charge gauge theory coupled to some matter sector leads to

5S[Aij’Eij> ¢,<I)] = /dtddx I:(AU —313]1;1) _glEij _g26ijEkk)6Eij (41483)

+(—Eij + R18nF iy +ha8i0nF y —h2BFjpy +J3j) 54 (4.148D)
+ (—81 a]EU (O)) 5¢) + 8 o+ ] + 5dery’ (4148C)

where we omitted the variation of the matter fields that we collectively denote by  and where
we furthermore defined

0°=E; 5AU,
0 = 0,E;;6¢ — E;;3;5¢ — i Fj 5A) —2hoF,, . 6

(4.149a)

i 5Ak]k . (4.149b)

A well-posed variational problem means that the variation of the action vanishes on-shell
and for suitable boundary conditions for the variations. We would like to consider a Dirichlet
problem where we keep the fields ¢ and A;; fixed at the boundaries. However we are dealing
with a theory that depends on second order spatial derivatives of ¢ and so we also need to
say something about what we do with ;¢ at the boundary. Since ¢ is kept fixed on the
boundary the same is true for its tangential derivatives. So we only need to say something
about the normal derivative of ¢ at the boundary, i.e., n'd,¢ where n' is the outward pointing
unit normal at the boundary. We will keep this fixed as well. Hence for a Dirichlet variational
problem we do not need to choose a nonzero Sp,gyy-

The degrees of freedom are given by half the total amount of canonical variables
{d(d + 1)/2} minus the amount of first class constraints {1}, leading to d(d + 1)/2 — 1 de-
grees of freedom in d spatial dimensions.

We now want to solve for the momenta E;; to write the action in configuration space, i.e.,
in terms of A;;. The variation of E;; tells us that

1Eij + 826,y =Aij— 30,0 =1 Fy; - (4.150)
We first take the trace of this quantity
(§1+dg)E,; =A,;—0:0,¢ =Fy; . (4.151)

When g, + dg, is nonzero, we can algebraically solve for E;;

&2
5'jF0kk . (4.152)

1+ij 0ij g1+dg2 i

We discuss the case when g, +d g, = 0 in Section 4.7. Having solved for E;; using its equation
of motion, we may substitute it back into the phase space Lagrangian assoc1ated with the action
(4.145b) to obtain

h h
LlA;, 1= E B+ 2E2 - PP — ;Fiijikk (4.153a)
1 82 2 hy
-~ FF. . —_— 8 Fin——2F F, .  (4153b
2g, 0ij~ 0ij 2g1(g1+dg2)( 011) le ijk = o " ijj”ikk ( )

This is the analogue of the Maxwell Lagrangian %FOiFOi e 7 FijF;; where c is the speed of light.
We can learn a few simple facts from dimensional analy51s Both &1E;jE;j and E; ]Al ; have
dimensions of energy density. Furthermore, g, E;; and A; ; have the same dimension. Only the
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dimension of the product of g} /2 and E;; is determined. Without loss of generality we can take
g, to be dimensionless. Then so must be g,. The dimensions of h; and h, are then velocity
squared. We can write equation (4.153b) as

1[1 2
E[Ai]-,ql)]:—[ ( 0ij =5, Foll) +oate e For)”
g |2 d 2d(g;l+dgz) . (4.154)
1M1 o 8112
Ot - e R )

where we factored out the parameter 1/g;. We can think of g; as a charge. When we gauged
the complex scalar we fixed the charge by saying that 6& = iA®. We could have said it has
charge e and 6® = ieA® with g; = 1. Alternatively we keep 5® = iA® but then g; = 2. The
two perspectives are related by rescaling the gauge fields ¢ and A;;

From the kinetic terms we find that the scaling dimensions of qb and A;; are (d +z —4)/2
and (d —2)/2, respectively. The scaling dimension of the magnetic terms Fl ikFiji and Fyj;Fi
is 24+ d —z. The magnetic terms are relevant for z > 1. We can add quartic terms in F;j; as
relevant terms when 2(2+d —2) < d +g, i.e., when z > (4+d)/3. When g = (4+ d)/3 these
terms are marginal which incidentally is the value of z for which the A, A scalar field theory
(2.60) is scale invariant.

4.5 3+ 1 dimensions

In three spatial dimensions the magnetic field introduced in (4.141) is given by

1
Bij = Eeimnanj = eimnamAnj . (4.155)

For d = 3, our result (4.143) implies that the Hamiltonian becomes
H= (glEUEU + goE;i2 + hyBy;Bi; + hyBijBj;) (4.156)

where h; = hy +h, and h, = —h,.
However, in three dimensions we can also write down an additional term that fulfills our
requirements (as listed in section 4.3), namely

We will now show that this term is related to the 6 term of [50] which is relevant for a higher
spin Witten effect, however we arrive at this term from a complementary perspective. The
following discussion mirrors again the one of electrodynamics, c.f., Appendix A.2.

We start by adding the # and #? term and by completing a square we arrive at

2
5 1 6 - 02
Hd_?’:E[(v&Eij"‘zBij) +g2Eii2+(h1_g_)BijB +hyB;;B ]li|‘ (4.158)
LY 1

Next we apply the canonical transformation

(4.159)

0
Piszij"'g—Bij[A], Qij =A4Aij,

where the square bracket indicates that the magnetic tensor is the one of the A;; fields. It is

of the schematic form of a canonical transformation pg — H(p,q) = PQ — K (Q,P) + F with
generating function F as can be seen from

. 0 .
Eij(A;j—0,8,0) —H = = P;(Q;; — 8i3j¢)—IC—2—gl(80F0+8iFl). (4.160)
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The new Hamiltonian is given by

2

1 - 0 -
K= 3 |:glpijpij + (hl - g_)Bij[Q]Bij[Q] +hyB;;[Q1B;[Q] + gzpii2:| . (4.161)
1

and the boundary term is of the form
FOZQijBij) F! =€iijlekl—23ijaj¢, (4.162)
which we can also write as §,F° + 6,F' = ZBl-j(Ql-j — 8,0;¢) as was already shown in [50].

4.6 2+ 1 dimensions

While we have not studied the case of 2 + 1 dimensions in detail, we would like to mention
the possibility of fracton Chern-Simons like theories,

k .
L= Al (AuAji + P AFiji) » (4.163)

where i, j,k = 1,2. These are not actual Chern-Simons theories, though, as their coupling to
curved backgrounds requires the introduction of metric data. Note that (4.163) is independent
of the trace of A;;. See, e.g., [12,51] and references therein for more details.
Furthermore, we note that the magnetic part of the Hamiltonian (4.140) in 2+ 1 dimen-
sions can be written as
hy

hy 1
Humag = 7 FijiFije + 5 Fijj P = SO+ ho)(FZ,, + F2,)). (4.164)

Thus, the magnetic theory only has one coupling constant, which must satisfy
h;+hy, >0, (4.165)

for the theory to be non-trivial and bounded from below. As we show in the section below, this
rules out the existence of the traceless theory in d = 2.

4.7 Traceless scalar charge gauge theory

As we will show in this section, rotational symmetry allows for additional terms in the La-
grangian that describes the scalar charge gauge theory. These terms modify the Poisson brack-
ets and thus the gauge transformations and, depending on the details of these terms, a priori
result in three general classes of theories. The first and most important such class is the trace-
less scalar charge gauge theory, so called because it is independent of A;;, i.e.,

Ny 5£[Al]’ Eij’ d)]

=0. 4.166
Y 5A C )

ij

This theory has an additional conserved quantity in the form of the trace of the quadrupole
moment, and it has played a prominent role in the fracton literature; in particular, it was
shown in [31] that these theories can be put on curved space where the geometry on constant
time slices is some space of constant sectional curvature, and where time is absolute (for more
details see the next section). The second class generalises the traceless theory by allowing for
trace-dependence while the gauge transformation is identical to the one of the traceless theory.
This theory depends on one parameter that measures the dependence on the trace, which has
the interpretation of an additional scalar. Thus, as we discuss in Appendix B, this theory is just
the traceless theory of case 1 coupled to a scalar in the guise of the trace. The third and final
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class of theories have what at first glance appears to be a different set of gauge symmetries
than the other cases, that depend on two parameters, but as we show in Appendix B, this third
case is equivalent to the original theory (4.153b).

The Lagrangian we considered above may be generalised by including two additional terms
parameterised by two real constants ¢; and c,:

LA}, Eij, 1= (Eij + ¢16;Ex)Ai; — H — §(8,0E;; + ¢28,0,E;;) + K,
= E;j(Ajj +¢10jA — 0;0;¢ — 26,00 p) — H, (4.167)

where the boundary term K; is

and where H is an appropriately chosen invariant Hamiltonian, which has the same functional
form as (4.140) when written in terms of the electric field E; j and the magnetic field strengths

The new phase space Lagrangian (4.167) differs in two respects from the one discussed
previously in (4.145a). The parameter ¢; modifies the Poisson brackets and the parameter c,
modifies the Gauss constraint. Both deformations are compatible with the underlying Aris-
totelian symmetries (time and space translations and spatial rotations).

The term (E;j+¢,6; jEkk)Ai ; modifies the pre-symplectic potential and hence the symplectic
form on phase space and by inverting this new symplectic form we obtain the modified Poisson
brackets. The “symplectic” term in the phase space Lagrangian can be written as

Ekl(5i(k5l)j+Cl5ij5kl)Aij' (4169)

To determine the Poisson bracket, we need to invert the quantity in parentheses in the expres-
sion above, see, e.g., [23,24]. This produces the bracket

S " 1 .
4 (), B} = (B8~ 5660 ) 56 5), (4170
for c; =—1/d and
- - C1 > o
(48, B} = (8161 = 1818 53 =), (4171

for ¢; #—1/d.
The Gauss constraint is the generator of gauge transformations. The gauge transformation
generated by the constraint imposed by ¢ of some function F on phase space is given by

5\F = {F,/ddx A(B;BE;; + co0,0,Ej)}, (4.172)

so that when ¢; #—1/d and ¢, # —1/d we have

Cy—C
5AAU=313]A+51112+dC1182A, 5AE1]:0’ (4173)

while for ¢; = —1/d with c, arbitrary, as well as for the case ¢; # —1/d with ¢, = —1/d, we
get

1
6pA;jj = ;0N — 551732/\, 67E;;=0. (4.174)
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Note that in the latter case, the trace A;; is gauge invariant. Depending on the values of ¢; and
¢,, the theory thus splits into three classes®. When ¢; = ¢, = —1/d, the field strength F; jk as
defined above is no longer invariant. Rather, it transforms as follows under (4.174)

2
5Fijk = E5k[iaj]azl\, (4175)

and since A;; is gauge invariant, we cannot redefine the field strength by adding a term to
it that makes it gauge invariant. Instead, taking H to be given by (4.140), gauge invariance
requires that the coefficients h; and h, be related as

hy = —hy(d—1). (4.176)

This condition for d = 2 reads h; = —h,, but equation (4.164) implies that in this case the
magnetic terms add up to zero. Hence the traceless theory with a nontrivial magnetic sector
requires d > 3.

Similarly, the electric field strength Fy;; as defined above is no longer gauge invariant.
Instead, the invariant electric field strength is now

. 1. .
Foij :=Ai; = 6,0;¢ — 5 8;;(Awc— 9°9), 4.177)

which is gauge invariant under (4.174). The Lagrangian of the traceless theory is obtained by
integrating out E;; from (4.167), which turns out to imply the condition g; +dg, = 0, and
produces the result

Liraceless[Aij> P 1= ZiglFOijFOij - %Fiijijk + z(dh—il)Fiijikk » (4.178)
which is traceless in the sense of (4.166). This is intimately linked to the conservation of the
trace of the quadrupole moment. Furthermore, the fact that the Lagrangian is independent of
Aj; gives rise to a Stlickelberg symmetry 6A;; = 6;;x with parameter y that allows us to set
A; =0.

The remaining two cases arise when either ¢; # —1/d and ¢, = —1/d, or ¢;,¢cy # —1/d
but otherwise arbitrary. These cases do not give rise to new theories. This we demonstrate in
Appendix B.

4.8 Spectrum of the scalar charge gauge theory

We now study the spectrum of the scalar charge gauge theory, starting with the traceful case.
We are going to do this by analysing the Fourier decomposition of the gauge invariant objects
Fyji and Fy;;. We will need the equations of motion as well as Bianchi identities. The Bianchi
identities” are given by

FiFjkn =0, (4.179a)
Za[iFoj]k—aoFijk =0. (4179]3)

It should be noted that the antisymmetrisation in (4.179b) only involves i and j and not 0. The
equations of motion of the traceful theory can be obtained from equations (4.148a)-(4.148c)

®We do not consider the case ¢; = —1/d and ¢, # —1/d as in this case the combination
Al-j + C15ijAkk —0,0;¢ —¢,6,;0, ¢ in (4.167) is not gauge invariant.

"The second may be checked using the explicit expressions in terms of A;;. In order to maintain a light notation,
since the 0 index in F is fixed, we use the convention 28; Fo; = 9;Fojx — ;F -
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and can be expressed as follows

82
aiajFOij_g1+d 0,0;Fy;; =0, (4.180a)
1. 29
g_1 (FOij m5l]Fomm) = hlé‘mFm(ij) +h25ij8mann hza(l iynn * (4.180b)

The goal is to decouple the equations and find wave-like equations for the various compo-
nents of Fy;;. If we take the time derivative of equation (4.180b) and apply the Bianchi iden-
tity (4.179b), we get the following equation for Fy;;

85 Foij =[g1h2 + gohy + (d — 1)82h2]5ij(3m3mFoll — 30 Fom) + 811100, Fo;;
— 811103 Fojym — §1120,0;Fomm + 811200 Fojym » (4.181)

which no longer involves the magnetic field strength.
The Fourier transformation of the equation above gives

w*Foij =[ g1hy + gahy + (d — 1)g2hy |64 (kmkmForr — kmkiFomt) + g1h1 K Foy
— g1h1knkFojym — g1hakikiFomm + g1hoknk(i Fojym » (4.182)

where Fy; j(w, k) is the Fourier transform of F;;(t, x). If we take the trace of this equation and
apply the Gauss constraint (4.180a) we get

It can be shown, using the strict version of the bounds for the coupling constants found
in (4.144) that (g, +(d—1)gy) > 0 and (h; +(d —1)h,) > 0. Hence the velocity squared
of this mode, i.e., (g; +(d —1)g,) (h; + (d — 1)h,) is indeed positive. We restrict ourselves to
the strict versions of the inequalities involving h; and h, in order that the magnetic sector is
nontrivial which is needed for propagation.

To find the rest of the modes it is useful to introduce the following projector

kik;
=5, J

— = (4.184)

P;; projects along the directions perpendicular to k;. Using this along with equations (4.180a),
(4.183) and (4.182) we find the following modes

w?(kik;Foij) = vik?(kik;iFoy;), (4.185a)
wz(PijﬁOij) = vZk*(P, “ﬁol'j) (4.185b)
& (PimknFomn) = V2K (PimknFomn) (4.185c¢)

1 1 A
w?(PyiPyj — ————=P,Pij)Foi; = v3k*(PyiPoj — ———Pp Pij)Eoi; (4.185d)

litnj — (d ) IntijJ)toij 3 li (d ) ln 0ij
where the velocities are given by

Vi = (g1 +(d —1)g5) (hy +(d — Dhy), (4.186a)
vi= gl(hl +h,), (4.186b)
vi= g1h1 (4.186¢)

It follows from the strict versions of the inequalities in (4.144) that g;(h; +hy) > 0 as well as
g1h; > 0, so we see that we get three classes of modes with three different velocities. We also
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know that the Gauss constraint in (4.180a) relates kikjﬁoi jto B jﬁ'Oi ;- Using this we find that
there are d(d + 1)/2 — 1 independent modes, as is to be expected.

We have exclusively focused on the electric sector in this analysis but one can see from the
Bianchi identities and the equations of motions that an oscillating electric field strength leads
to an oscillating magnetic field strength. Furthermore, we observe that there is no universal
velocity as the velocities are not all equal which chimes well with the earlier observation that
these fields are defined on an Aristotelian geometry. It would be interesting to study the
energy-momentum tensor for these theories and the different states of polarisation.

Next, we turn to the traceless case whose Lagrangian is given in (4.178). Now the equa-
tions of motion are given by

0= 313]15'01] , (41873)
1 .. hy
0= g_aOFOij —h O Fmgijy + ﬁ(&jalFme —iFpn), (4.187b)
1
where I:"Oi i is defined in equation (4.177). We now express the Bianchi identities in terms of
Fot j

diFjn =0, (4.188a)
_2
d—1
If we differentiate (4.187b) with respect to time and apply (4.188b) and (4.187a) we get

~ 1 ~ ~ . .
23[1F0J]k+ E(5jk31F0”—5ik31FOﬂ) :Fijk_ 6k[jFi]ll . (4188]3)
27 ~ d ~
9 Foij = g1h1 | OmOmFoij — Eama(iFoj)m : (4.189)
The Fourier transformation of this equation is given by
2% 27 d v
W Fo;j = g1hy | k"Fo;; — Ekmk(iFoj)m ; (4.190)

where we have defined Fy; j(w, k) to be the Fourier transform of Eo; j(t,x). This then leads to
the following decomposition of the modes

. d—2 .

2 — 27.2
@ (kjFoij) = 5y Vs K (ko) (4.191)
@?(PimPjnFomn) = V3k*(PimPjnFomn) (4.192)

where v% is given in equation (4.186c¢). In ordf,r to arrive at this result we have used that the
Gauss constraint in (4.187a) is given by k;k;Fy;; = O when expressed in momentum space.
Due to the tracelessness of F, j this also means P; jﬁol' ; = 0. Using this we find that there are
d(d +1)/2— 2 independent modes.

As can be seen from the dispersion relations above something special happens for d = 2.
There is only 1 degree of freedom and it is given by kjﬁ'oi j but it does not propagate. This is
related to the fact that H,,, = O for the traceless case in d = 2. We can see this from equation
(4.164) in combination with the condition in (4.176).

4.9 Similarities and differences with partially massless gravitons

The gauge structure of scalar charge theory bears a striking resemblance to the linear theory of
partially massless gravitons [25,26], although they are not the same theories. In this section,
we elucidate the similarities and the differences between these theories (we follow Section 1
of [52]).

36


https://scipost.org
https://scipost.org/SciPostPhys.12.6.205

Scil SciPost Phys. 12, 205 (2022)

Theories of partially massless gravitons were originally developed to address the cosmo-
logical constant problem (i.e., why the cosmological constant is small and nonzero by relating
its value to the mass of a massive graviton via a gauge symmetry).

On a maximally symmetric curved spacetime, there exists the possibility of considering
particles which are neither fully massive nor fully massless. In particular, in de Sitter space,
where such theories where first developed, it was observed that a theory of gravitons with
more degrees of freedom than a massless theory, but fewer than in a theory of massive gravity,
could be written down [25]. Concretely, such theories are obtained from massive theories of
gravity by imposing a scalar gauge symmetry that removes one degree of freedom.

Let us now describe the linear theory of partially massless gravitons using the Stiickelberg
field approach of [53], which is almost identical to the Stiickelberg approach of Sections 2.7
and 4.2 (see for further details [52]).

The dynamics of a massive graviton H v of mass m on a (3 + 1)-dimensional maximally
symmetric Lorentzian background with metric g, is described by Fierz—Pauli theory [54].
For generic m? # 0, this has five degrees of freedom, while for m? = 0, the now massless
graviton field H enjoys linearised diffeomorphism invariance, which leads to the two degrees
of freedom of a massless graviton.

Regardless of the value of m?, we can introduce gauge redundancy into the theory via
Stiickelberg fields A, and 1), in terms of which we write 21 v as

Hyy=H,+V Ay +V,V 1, (4.193)
where V is the Levi-Civita connection of g. The new gauge symmetries 3 and A act as
6H,y=V(S,, 6A,=V,A-3,, & =—A. (4.194)

It can be shown [52] that after performing a field redefinition that untangles ¢ and H,,,, and

then writing the theory in terms of this redefined H; ,» for the special choice of background
Ricci scalar R = 6m? the action becomes independent of the field 2). As in Section 2.7, we can
then gauge fix A, = 0 (while keeping the field v free), leading to

, - - m?A _
SH,, =V, VoAt —— &y, (4.195)
on a (d + 1)-dimensional background.

Although this procedure is very similar to what we described in Sections 2.7 and 4.2, there
are some crucial differences. First and foremost, the additional Stiickelberg field ¢ is a new
ingredient that is not part of the construction in (2.87), and the gauge transformation itself is
also different since H "” contains a term linear in A that has no derivatives acting on A. Second,
the role of time is different: the partially massless graviton H,,, has both temporal and spatial
components, while the fracton gauge field A;; only has spatial components. In the same vein,
there is no analogue of the Lagrange multiplier ¢ in the theory of partially massless gravitons.

It would be interesting to explore this analogy further. In particular, there is a non-linear
theory of partially massless gravitons (see, e.g., [52]), and it could be worthwhile to investigate
if a similar construction exists for fractons.

5 Aristotelian geometry

For the remainder of this paper we will concern ourselves with coupling the scalar field theory
and the scalar charge gauge theory to curved spacetime. As explained in Section 2.6, the
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proper geometric framework is that of Aristotelian geometry, the details of which we provide
in this section.

The motivations to place these theories on a curved spacetime are the same as for relativis-
tic field theories. In no particular order — and without being exhaustive — understanding the
coupling to curved space helps with computing correlation functions of for example the energy
momentum tensor, it can aid the search for Weyl-type anomalies, it helps with formulating a
theory of fluid dynamics that obeys the same conservation equations, etc.

Originally coined by Penrose [55], Aristotelian geometry captures the geometry of absolute
time and space. In the context of gravitational theories, Aristotelian geometry plays the same
role in Hotava-Lifshitz gravity, see e.g., [56,57], and Einstein—ather theory® [59] as Lorentzian
geometry plays in Einstein gravity.

5.1 Geometric data

The first systematic treatment of Aristotelian geometry in the formulation we will employ was
given in [34], where it was used in the description of boost-agnostic fluids. An Aristotelian
geometry on a (d + 1)-dimensional manifold M consists of a 1-form 7, — the clock form -
and a co-rank 1 symmetric tensor h,, of Euclidean signature, whose kernel is spanned by a
vector v/, i.e., hwvv = 0. As above, Greek indices u, v,... = 0,...,d are spacetime indices.
The degeneracy of h,, implies the following decomposition

huvz 6abezeg> (5.196)

where a,b =1,...,d are purely spatial tangent space indices, where the vielbeins ez transform
under local SO(d) rotations. Crucially, neither h,,, nor 7, are assigned particular tangent
space transformations. Hence, Aristotelian geometry can be viewed as a “proto-geometry”
in the sense that Lorentzian, Galilean and Carrollian geometries all arise from Aristotelian
geometry via the introduction of the appropriate boost symmetry.” Together (Ty eﬁ) form a

square matrix with inverse (v¥, e;), where the following relations are satisfied

u,b _ <b u,a _ — u u _ a,v __ v <V
eaeu—5a veM—O—T ey v =-—1 ele VTM—5M. (5.197)

u Y u-a

The last of these relations — the completeness relation — will prove particularly useful in our
considerations of Aristotelian geometry below. The volume form is locally given by
vol = e d91x, where e is the determinant of (Tw eﬁ).

At this stage, let’s explicitly exhibit the equivalence between Aristotelian geometry and the
geometric description of Einstein—zther theory. In [59], Einstein—ather theory is described
by a metric g,, and a vector u" satisfying g,,u"u” = —1. By defining u,, = g,,u”, we can
formally identify u* = v*, u, = 7, and g, +u,u, = h,, which completes the identification
between Aristotelian geometry and the geometric data of Einstein—zther theory.

5.2 Aristotelian connections and intrinsic torsion

We now seek an affine connection satisfying the following Aristotelian analogue of metric
compatibility

V,t,=V,h,, =0, (5.198)
which, via the completeness relation (5.197), also imply that

Vv =V, =0. (5.199)

8For the relation between Hotava-Lifshitz gravity and Einstein-zther theory, see [58].
°Sometimes the realisation of the boost symmetry is accompanied by the introduction of additional gauge
fields, such as the mass gauge field in Newton—Cartan geometry.
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Under infinitesimal general coordinate transformations parameterised by &, an affine con-
nection I transforms as

6T, =810, +3,0,E°, (5.200)

where $5Fﬁv represents the tensorial part of the transformation. In terms of the Aristotelian
data, this transformation property can be achieved by the following affine connection

1 o2
TP, =—vP3,7,+ 5hp (Buhay + Oyhay — Bahyy ) + Y2, (5.201)
where va is an arbitrary tensor, and where the first two terms are required to obtain the

non-tensorial piece J,9,&” in (5.200). Imposing (5.198) leads to constraints on the tensor Y.
Starting with the condition V,,7,, = 0, we find that

0=V,1,= 8“T1,—F[L’vrp :Ylfvrp =0. (5.202)
Similarly, the condition Vh,, = 0 translates to
— — A _ A
0=V, Ry, = 8uhyp — 205 oy = =27, Ky, — 20 s, (5.203)
where 1
K,uv = _§$vhuv (5.204)
is the extrinsic curvature,'® which satisfies
VMK, = 0. (5.205)
The property (5.203) thus implies that
Y, = —h* T K+ C (5.206)
with
A —
Ch oy =0. (5.207)

In summary, metric compatibility in the sense of (5.198) can be achieved with the following
affine connection (which also featured in [34])

1
P =—vP3,7,+ Ehpl (8uhay + Byhay — Bahyyy) —hPP T Ky + CE (5.208)

where the tensor Cﬁv is such that

— P —
Chtp=0,  Chhap=0. (5.209)

This is a torsionful connection with torsion given by

[ A P _. P
2L = VP Ty + 2R T Ko +2C; = TE, +2C) s (5.210)

where we defined
T,uv =25’[“Tv]. (5211)

10The name “extrinsic curvature” is perhaps a bit of a misnomer, since in general it is not an extrinsic curvature
of anything. In the case where T obeys the Frobenius condition T AdT = 0, and so defines a foliation, K,,, becomes
the extrinsic curvature of the leaves of the foliation.
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In the language of [60], the intrinsic torsion of an Aristotelian geometry'® is precisely
captured by 7,,, and K, — in other words, the intrinsic torsion is T[fv. If we require that the
connection we employ is minimal in the sense that the torsion is given only by the intrinsic
torsion, we must have C[‘; = 0. In this case the conditions in (5.209) imply that Cﬁv =0,
that is to say, the symmetric part of the C tensor vanishes as well. To see this, note that the

second equation of (5.209) implies that C ﬁvv” = 0 and the fact that C[’L = 0 tells us that also

Ciyv* = 0. The first equation of (5.209) implies that Cf, = h**C;,,. Hence, without loss
of generality we can assume that C,,,, is entirely spatial, i.e., all contractions with v* vanish.
In terms of Couv the second equation of (5.209) and the vanishing of the intrinsic torsion tell
us that C,;,), = Cyyp] = 0. These two conditions can only be satisfied if C,,, = 0. Hence,
demanding that the torsion is intrinsic and that the affine connection is metric compatible
leads to our final result for the connection

1
TP, =—vP3,7,+ 5hpA (8uhay + yha, — Bahyy) —hPAT K5 (5.212)

A particularly simple class of Aristotelian geometries are those with vanishing intrinsic
torsion, namely those for which

dTt =0, K,,=0. (5.213)

In this case 7 is locally exact: T = dt, but we will assume that this is true globally so that
there is a foliation of the geometry where each leaf is described by t = constant with t being
the absolute time. In this case the elapsed time T; = fh 7 along a given path vy, with fixed

endpoints is the same as the elapsed time T, = f)’z 7 along any other path y, with the same
endpoints.

ADM type description of torsion-free Aristotelian geometry

We can write the torsion-free Aristotelian data in ADM type variables, i.e.,

t=dt, h=h;(dx'+N'dt)(dx' +N/dt), v=-08,+N'g, (5.214)
and h'* = h'" = 0 with h"/ the inverse of h;;. The extrinsic curvature K, = —%Evhw is then
given by

1 1

where the second Lie derivative is a d-dimensional Lie derivative along N'. The other compo-
nents follow from v#K,,, = 0. When the intrinsic torsion vanishes we have that K;; = 0. Equa-
tion (5.214) is obviously not the most general ADM-type parametrisation of an Aristotelian
geometry which would have a general unconstrained 7 and h;;.

5.3 Field theory on Aristotelian backgrounds

Consider a generic field theory described by the action S[®;7,,h,,] with field content ab-
stractly denoted by ® on a (d + 1)-dimensional Aristotelian background given by 7, and h,,,.
The variation of the action (see also [34]) is given by

1
5S[®; 7, hyy] = /dd“x e (—T“5T“ + 5 T8k, + 54,5@) , (5.216)

1 Aristotelian geometry can be viewed as the intersection of Carroll and Newton—-Cartan geometry, which have

intrinsic torsion described by K, and 7,,,,, respectively [60].

40


https://scipost.org
https://scipost.org/SciPostPhys.12.6.205

Scil SciPost Phys. 12, 205 (2022)

where TH is the energy current, T*” the momentum-stress tensor'? and &, is the Euler-
Lagrange equation for ®, and where 67, 6h,,, and 6 are arbitrary variations. For simplicity
we have assumed that & is a scalar. Out of the energy current and the momentum-stress tensor,
we can build the energy-momentum tensor T#,, which is a (1, 1)-tensor given by [34]

T#,=—T" 7, + T*h,,. (5.217)

Invariance of the action (5.216) under general coordinate transformations infinitesimally pa-
rameterised by the vector £# implies that

1
5¢S = /dd+1x e (—T“&g’cu + 5T Oghyy + 5¢5§<1>) =0, (5.218)
leading to the Ward identity
1
0=e"'9,(eT*,)+ T'3,7, — 5T“P Oyhyp —E40,%. (5.219)

This can also be written in the following form

— I
0=v,T"—I* T9+I°

[uo] [pw]T‘lir _5¢8v¢> (5.220)

where we used the connection given in (5.208) that satisfies the Aristotelian analogue of metric
compatibility. On shell, using the equation of motion of the matter fields ®, the Ward identity
becomes

— u __ M o o
0=V,TH =T} TS+,

which expresses energy-momentum conservation.

If our theory enjoys anisotropic Weyl invariance, we once more obtain a corresponding
Ward identity. Under anisotropic Weyl transformations infinitesimally parameterised by (2,
the fields 7, h,,, and & transform as

T, (5.221)

0qT, =201, oghy,, =2Qh,,, 0P =—D30®, (5.222)
where Dy, is the scaling dimension of ®. Invariance amounts to the statement that
5q8 = /dd+1x e (—Tﬂaﬂru + %Tﬂvaghw + 5¢5Q<1>) =0, (5.223)
which to the following ward identity:
=27, T + T hy,,, — E¢De® = 0. (5.224)
This can also be expressed as
—27, v TH, + h"Ph,, T", — E4Dp® = 0. (5.225)

On shell, using the matter field equations of motion, this leads to the vanishing of the z-
deformed trace of the energy-momentum tensor

—zT,v ' T", +h"Ph,, T, =0. (5.226)

In order to compute the currents in (5.216) it is important that the field theory is defined on
an arbitrary Aristotelian geometry. If we couple a field theory to a restricted class of geometries

12Since v#h,, = 0 the momentum-stress tensor is determined up to a term proportional to v*v”. The projection
of T#” along 7, and h,, gives the momentum, while the projection along h,,h,,. gives the stress tensor which is
symmetric as a result of the symmetry of T*”.
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such as the torsion-free geometries discussed above then the restriction to vanishing intrinsic
torsion (5.213) has implications for the field theoretic quantities that we are able to extract
as responses to varying the background sources since imposing conditions on the background
also constrains the allowed variations of the sources. In other words, when we impose that the
background is such that the intrinsic torsion vanishes, the variations we are allowed to make
must preserve this condition and so are no longer arbitrary (see [61] for a similar discussion
in the context of Newton-Cartan geometry). For example, if 7, is exact so that 7, = 9,T for
some scalar field T, then 67, must be exact as well, 67, = 9,6 T. This means that we only
have access to the divergence of the energy current (which is proportional to the variation of
T) when we assume the torsion to be zero.

Below we will put the complex scalar field theory on an arbitrary Aristotelian geometry
with general intrinsic torsion. For the case of the scalar charge gauge theory we will for sim-
plicity restrict ourselves to the case of vanishing intrinsic torsion.

6 Coupling the scalar fields to curved spacetime

We will illustrate the method of coupling the complex scalar theories of Section 2 to an arbitrary
Aristotelian geometry for one specific model. The other theories can be coupled in a similar
fashion.

The particular Lagrangian of a scalar field theory with global dipole symmetry that we will
consider is

L=0d"—m?|8[* — A(5,80;% — ©3,0,0)(5,9*9;0" — 3,0,0"), (6.227)

where & is a complex scalar of mass m and A is a coupling constant. This Lagrangian is
invariant under the global transformation

& — eilathixg (6.228)

where a is the parameter of a global U(1) transformation, while f3; is the parameter of the
dipole transformation. Following the Noether procedure of Section 2.7 we can gauge this
symmetry with the help of A;; and ¢. To this end we define

Xij=0,20;% — 80,0,® + iA;;®*, (6.229)

which transforms as Xi i eZiAXi j under the gauge transformation (4.113), in which case the
gauge invariant Lagrangian reads

L=(8,2—i¢pd)(0,®" +ipd")—m?|®|* —AXX;. (6.230)

The curved space generalisation of the Lagrangian above is
Locatar =e[(v73,® +ip®) (v40,8" —ip®*) —m? &> — AR*"hP°X, X7 ], (6.231)

where

N

X,y =Pl P (8,80,8 — &V ,0,) + A, @7, (6.232)

W=

in which V o is covariant with respect to the Aristotelian connection (5.212) and where the
spatial projector P,f is defined by

Pl = h¥Ph,, = &% + Vi1, (6.233)
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The symmetric gauge field A,,, is defined to be purely spatial, i.e., we demand that

VHA,, = 0. (6.234)

The Lagrangian (6.231) is gauge invariant under the curved space generalisation of the gauge
transformations (2.80):

a,A. (6.235)

5¢ =—v"uA,  BAu, =P(P)V,

(w7
The transformation of the matter field ® is unchanged, i.e., 6® = iA®.

As we will see in the next section and as was discussed in [31] there are restrictions on the
background geometry when coupling the scalar charge gauge theory to a curved Aristotelian
geometry. However, we see here that there are no constraints on the kind of the Aristotelian
backgrounds we can couple the scalar theory to. In other words, if we are happy to consider
the gauge fields ¢ and A, as background fields, we can put the fracton field theory on any
Aristotelian background we like. As per the discussion in Section 5.3 we can obtain both
the energy current and the momentum-stress tensor by varying the background geometry in
(6.231) and similar Lagrangians for other complex scalar models.

For m = 0, we can generalise (6.231) to be invariant under the following (anisotropic)
Weyl transformations

ot, =201, ohy, =2Qh,,, 0% =—Dyp0d, (6.236a)
o¢p =—200¢, 6A,, =0, (6.236b)

where z = (d + 4)/3 and Dy = —(d —2)/3. Note that in d = 2 dimensions z = d = 2 and
Dg = 0. In this case the action whose Lagrangian is (6.231) is anisotropic Weyl invariant. For
d = 3 we need to add curvature terms (non-minimal couplings) to make the theory anisotropic
Weyl invariant. First of all we notice that for m = 0 we have

80Locatar = —Doev”d, (83°) v#8,0— Dy Al "hP (92X, V3,0 + 82X, V,3,0) . (6.237)

We have the following useful results

6Ky =(2—2)QK,, —h,,vP5,Q, (6.238a)
6ol =—2vP1,9,2— hpohwrvvlalﬂ
+hP* (R, 0,0+ hy, 0,2 —h,,8,Q) (6.238b)
5aRye =—V,8T8, +V,6T0 +21) 5TF | (6.238¢)
h**h7P 5 R 0y = —h**h7P ((d — 2)V(,0,2 + hy o hPAV ,3,Q) . (6.238d)

Hence for d = 3 we have
Q| Nuo) g Ho af (uo)na- (6. )

If we define X, for d = 3 (so that Dy = —1/3) as

; ., 1, 1
Xyg =Xyg = 5@ ptpP (R(Hp) — Zhuph“ﬁRaﬁ) , (6.240)
then X, transforms homogeneously under  (i.e., without derivatives).
Using furthermore that
D
V3,8~ —Ke, (6.241)
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where K is the trace of K,,,, scales homogeneously under 2 we can write down the following

anisotropic Weyl invariant theory in d = 3 dimensions

1 1 o
Localar = € [(vva@ +ipd + §K<1>) (v“auqf —ipd* + 5K<1>*) — AMTRPOX pXW] . (6.242)

If we compute the energy-momentum tensor of this theory it will obey the z-deformed traceless
condition (5.226).

Referring back to equation (2.32) and the discussion of improvements of the Noether
energy-momentum tensor, it is this result, the Weyl invariant coupling to an arbitrary Aris-
totelian space, that guarantees the existence of ©,, the improved energy-momentum tensor
used in equation (2.32).

If we consider the complex scalar field theory on a fixed curved background we can ask if
it still has a global dipole symmetry. This will be the case provided that we can set both the
gauge fields and their transformations (6.235) to zero. In other words, the scalar field theory
whose Lagrangian on a curved spacetime is given by (6.231) in which we set ¢ =0 =4,
admits a global symmetry of the form 6® = iA® provided A obeys the conditions

va,A=0,  P°PIV

0PIV ,8,A=0. (6.243)

On a generic background there need not exist any non-constant A that obeys these equations.

7 Scalar charge gauge theories on Aristotelian geometry

We will now couple the scalar charge gauge theory to curved Aristotelian spacetime. Unlike
for the case of the complex scalar fields, the coupling of the scalar charge gauge theory to
curved spacetime is less straightforward. Perhaps the analogy with partially massless gravitons
makes this somewhat less surprising. The coupling of the scalar charge gauge theory to curved
space (but not spacetime) has previously been considered in [31]. To facilitate comparison,
we begin by coupling the scalar charge gauge theory to a partially gauge fixed torsion-free
Aristotelian background that admits a timelike foliation whose leaves are a priori arbitrary
Riemannian geometries. We recover previous results that require the spatial geometry to obey
certain conditions in order for the theory to maintain gauge invariance. We then generalise
this coupling to Aristotelian spacetime. We summarise our results regarding the coupling to
curved space in Table 1 and to curved spacetime in Table 2.

7.1 Coupling the scalar charge gauge theory to curved space

In order to get started we will first look at a special class of torsion-free Aristotelian geometries
for which the Riemannian geometry on constant time slices is time-independent. We will
partially gauge fix the (d + 1)-dimensional diffeomorphism invariance so that T = dt and
hy,dxtdx? = hijdxidxj with 8;h;; = 0. In other words we consider the simpler problem of
curving up the geometry on constant t slices. This is a d-dimensional Riemannian geometry,
and we denote by D; the Levi-Civita connection of this geometry.

7.1.1 The magnetic sector

In this subsection we only consider the magnetic part of the Lagrangian, i.e., the curved gen-
eralisation of " "
1 2
Emag :_ZFiijijk_EFiijikk' (7244)
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Let us define F;j; to be

Fijx = DiAjx — DjA, (7.245)
and the gauge transformation to be

Note that the right-hand side is symmetric in (ij) since we are using the Levi-Civita connection.
The object Fjjj is covariant under d-dimensional general coordinate transformations of the
form x! — x’t = x’!(x) but is no longer invariant under the A gauge transformations. Instead
we now find that

5 Fijr = D;D;DyA—D;D; DA =Ry ' DA (7.247)

One way to possibly deal with this is to introduce a new gauge field A; that transforms as
0A; = J;A and then to define

i l l
Fijk == DiAjk _Dink _Rijk Al - Fijk _Rijk Al . (7248)

However, we will show in appendix C that this procedure leads to a Stiickelberging of the
dipole symmetry in that A;; now always appears in the combination A;; —D;A;). We show that
this remains true if we include a complex scalar field that is minimally coupled to (¢,A;). The
field A;; — D(;A;y is not a gauge field and so its presence does not correspond to any genuine
gauge invariance. This procedure therefore does away with the need to introduce A;; in the
first place and is thus unwanted.

Here we will show that for a specific relation between h; and h, the magnetic Lagrangian
can be coupled to a curved geometry without invoking A; provided the geometry on the con-
stant time slices is a space of constant sectional curvature, thus reproducing a result found
in [31]. The curved generalisation of the magnetic part of the Lagrangian is

Limag=—Vh (%himhk” + %hikhm") U F i P (7.249)
where F;j is as in (7.245) and where h = deth;;. The gauge variation of the Lagrangian is
S Lomag =—Vh (%himhk” + hzhfkh’"”) hR i Frmn @A (7.250)
For d = 3 the Riemann tensor can be written as
Rijii = hiRjy — hjiRyp + hj Ry —hyRj — g (hixhj —hjchy) - (7.251)
In this case the variation can be written as

& Lmag = Vh ((h1 + hy)h™" (Rla - 25;)

hy +2h
+hy (Rm” — ghm”) s+ —1——2

l

Rhm”5a)Flmn3“A. (7.252)
Hence, in order to have invariance in d = 3 we need to assume that the Ricci tensor is pure
trace, i.e., R;; = %hi ; and furthermore we need to take h, = —h; /2. This is precisely the value
for which the magnetic part is independent of the trace of A;;.

In fact we can generalise this result to general dimension d. If the Riemann tensor for a
d-dimensional manifold is given by

R

Riixi = ———==(hyh;; —h;h; .25
ijkl d(d—l)( ik'jl il ]k)’ (7.253)
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then substitution into equation (7.250) shows that the Lagrangian is invariant if we take
h; = —(d — 1)h,, which is the same condition we met in (4.176) in the traceless theory. Due
to (4.164), this also implies that the d = 2 scalar charge gauge theory cannot be coupled to
any curved background in a gauge-invariant way. We come back to the case d = 2 in Section
7.1.4. Given (7.253) it follows that the Einstein tensor is Gij = —%Rhi j- Using the twice
contracted Bianchi identity D'G; ; = 0 this tells us that R must be constant for d > 3. Therefore
spaces of the form (7.253) are spaces of constant sectional curvature.

Consider again the case d = 3 with h, = —h,/2. In this case the variation of the magnetic
part of the Lagrangian is

R
8 Lonag = Vi (R’"” - ghm") (7.254)
1 ij 1 ij ij 1 ijg,kl
X Zh FmijanA + Zh FnijamA +h Fl(mn)f/’]A - Ehmnh h Fikl 8]A B

where the second parenthesis has been made symmetric and traceless in m and n. We can
make L,,, gauge invariant by adding a Lagrange multiplier term

R
Ly = Vhhy (Rm“ - ghm") X » (7.255)
where X, is a traceless symmetric Lagrange multiplier that transforms as
1 i L ij 1 ijpkl
6/\an - Zh le-janA + Zh Fm'jamA + h Fl(mn)aJA_ Ehmnh h FiklajA . (7256)

In higher dimensions, the Riemann tensor is no longer determined only in terms of the Ricci
tensor, and we generically expect that a similar procedure would involve a Lagrange multiplier
with four indices, i.e., Xy

7.1.2 The electric sector

We next consider the electric sector with g, +dg, > 0, i.e., the traceful electric theory. For the
moment we still restrict ourselves to geometries of the form T = dt and h,,,dx"dx” = h; jdxidxj
with J.h;; = 0. On such a geometry the Lagrangian of the electric sector of the scalar charge
gauge theory is given by

1 ik 82 1
Loee=Vh (—hlkhﬂF Fgy— ——S52__(hiiR, i-)z) , (7.257)
fec 281 0T oKt 2g1(g1+dgy) o

where we defined

which, unlike Fj, is invariant under the gauge transformations 6¢ = 9, A and 6A;; = D;J;A,
ie.,

It is thus straightforward to put the traceful electric theory on the curved space described by
T =dt and hy,dx"dx” = h;;dx'dx’. The traceless electric theory has g; +dg, = 0 and needs
to be treated independently.
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7.1.3 The traceless scalar charge gauge theory on curved space

To end our considerations of scalar charge gauge theories on curved space, let us explicitly
demonstrate how the traceless scalar charge gauge theory (4.178) couples to curved space,
thereby reproducing the results of [31] for d = 3. In this case both the electric and the magnetic
sector are traceless. The gauge transformations of the gauge fields of the traceless theory on
curved space are

1 .
8A;j = D;D;A— EhijDzA and 5¢ =A, (7.260)
where D?A = hi D;D;A. The electric and magnetic field strengths are given by
. . 1 .
Foij = Ayj— DiDs — = (h1Ay — D*$)h;, (7.261)
Fijk = 2DpiA i - (7.262)

The electric field strength is invariant under (7.260), while the magnetic field strength trans-
forms as

2

§Fiji = Rije' DA + Ehk[iaj](DzA), (7.263)

which is the generalisation of (4.175). The curved space traceless theory is given by

1 . . . h, . . 2 :
LlA; ¢1=Vh [—hlkhﬂFOi Forg — =R (hlmhk” — —thhmn) F; jkplmn] . (7.264)
2g, 4 d—1
It is easy to verify that this theory is gauge invariant on backgrounds that satisfy the rela-
tion (7.253). We also see that the traceless electric theory, which is given by the above La-
grangian with h; =0, i.e.
1 0 e .
'Ctraceless electric[Aij7 (]5] = ﬁghlkhﬂFoijFOkl 5 (7-265)
1

can be coupled to any curved space.

7.1.4 2+ 1 dimensions

In Section 4.6 we mentioned that for d = 2 we can consider the CS-like theory given in (4.163).
If we couple this to curved space we find

ko . )
L= 4_n€u W (AyAj + ¢ DyFijy) (7.266)

where F;j; is now given by (7.245) and where €Y is the Levi-Civita symbol. Under the gauge
transformations 6 ¢ = J,A and 6A;; = D;9;A we find that

k ..

where we used that any 2-dimensional Riemann tensor is of the form R;j;; = %(hikh i1—hithji)
with an arbitrary Ricci scalar R. The Lagrangian is (7.266) is gauge invariant provided the
spatial geometry has constant curvature R [31,32].
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7.1.5 Summary of coupling to curved space

We have summarised the coupling of the scalar charge gauge theory to (d + 1)-dimensional
Aristotelian geometry with absolute time and time-independent Riemann geometries on the
leaves of the foliation in Table 1 below.

The scalar charge gauge theory with a traceful electric sector and a traceless magnetic
sector coupled to curved space for d > 3 is described by the Lagrangian

1 R 25 ..
L= \/H[—hlkhﬂp o — ——82 _(hiE,, )
28 0TOR ™ g (g1 +dgy)” Y

+hy (—%himhk” + hfkhm") h”Fl-ijlmn} . (7.268)

2(d—1)
The magnetic and electric field strengths, respectively, are defined in (7.245) and (7.258),
while the background geometry is subject to the condition (7.253). In particular, the theory
(7.268) is not traceless in the sense of (4.166) since the electric part depends on the trace
of A;;. For d = 3, we introduced a Lagrange multiplier &), that restricts the background
geometry, which led to the following Lagrangian

1o g :
L=Vh| =—h*n'Fy;Fo — ——2——(hFy;)?
\/—I:Zgl 0ij L0kl 81(g1 + ng)( 01])
he o . . R
_Zl (MR — IR R E y Frpny + hy (Rm“ — ghmn) an] . (7.269)

Similar Lagrange multiplier terms can be constructed in higher dimensions.
We have summarised the coupling to curved space in the Table 1 below.

Table 1: Summary of the spatial backgrounds to which the scalar charge gauge the-
ories can couple in a gauge-invariant way. The electric theory is given in (7.257) if
it is traceful and in (7.265) if it is traceless. The magnetic theory is given in (7.249).
Recall that the scalar charge gauge theory, for which h, = —(d —1)h;, only has a non-
trivial magnetic sector for d > 3 (c.f., (4.164)). The condition for constant sectional
curvature is given in (7.253).

Dim. Theory Spatial geometry
d=2 magnetic theory with h; + hy > 0 flat
electric theory (traceful and traceless) any
CS-like theory constant sectional curvature
d = 3 | magnetic theory with hy # —(d — 1)h; flat
magnetic theory with hy, = —(d —1)h; | constant sectional curvature
electric theory (traceful and traceless) any

Note that Table 1 agrees with Table 1 of [31] with the understanding that 3-dimensional
Einstein spaces must have a constant Ricci scalar (as follows from the covariant constancy
of the Einstein tensor) and are therefore spaces of constant sectional curvature (which in
turn follows from the fact that the Weyl tensor vanishes identically in 3 dimensions). For the
higher dimensional cases we also find that the coupling of traceful theories is restricted to
flat backgrounds (due to the magnetic sector), but when the magnetic theory is traceless the
theories can be coupled to backgrounds of constant sectional curvature (this generalises the
result of [31] since the electric sector can be traceful).
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7.2 Coupling the scalar charge gauge theory to curved spacetime

In this section, we couple the scalar charge gauge theory to any torsion-free Aristotelian space-
time. This means that we generalise the previous results by allowing for time-dependent h;;
and that we furthermore add a shift vector N as in (5.214). We will however refrain from
using the ADM parametrisation here and instead use a spacetime covariant notation.
We generalise the symmetric tensor gauge field A;; by replacing A;; — A, satisfying
v“AW =0 and Arun =0. (7.270)

The absence of torsion implies that the gauge transformation of the symmetric tensor gauge
field can be written as'®
0A,, zPﬁprpEUA, (7.271)

which preserves (7.270), while the scalar ¢ transforms as
6¢p =—v"g,A. (7.272)
We replace the field strengths Fy;; and F;j by the following quantity
Fuvp = VA — Vol —2PT T,V Vs . (7.273)
By construction, this field strength satisfies

VPF,,, =0, (7.274)

and transforms under (7.271) as
6F,np :RWPUEUA, (7.275)

where the Riemann tensor of the Aristotelian connection (5.212) is given by (1.4). Further-
more, by explicitly writing out the definition of the field strength, we see that

+F

ouv TF

3Fuyp1=F

which, together with the fact that F,,, is antisymmetric in its first two indices, implies that
the field strength is hook symmetric.
The electric part of the field strength is symmetric in its two indices

—VPR"RPAE,,, =—h""hP* (V'Y A, +V,3,¢) (7.277)
which transforms as
& (—v*R"hPF,,,) = —vFh""hP*R,,,," O, A (7.278)
The magnetic part of the field strength is
h* R hPAF,,, = " R"hP* (V,A,, —V,A,,) , (7.279)
which transforms as

& (R“h"hP*F,,,) = R* R hP*R,,,“3,A . (7.280)

13If we drop the assumption of a torsion-free background, we must explicitly symmetrise the projectors since
V, ;A is no longer symmetric, i.e.,

— pP
5A,, = POPIV,0,A.
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7.2.1 The magnetic sector

The Lagrangian with the condition (4.176) (for d > 3) already implemented is

1 A1, PK 1 AK
ﬁmag =eh (_Zhv RS+ 2(d — 1)h”ph )hMUFWpFUAK > (7.281)
and the variation is now
1 VAL PK 1 VP 1, AK uo a
5‘Cmag = ehl _Eh h + ﬁh h h R,uvp O.)maa/\. (7282)

Since the Aristotelian geometry is taken to be torsion-free we have the usual algebraic
Bianchi identity Ry,,,1% = 0 which implies that the Ricci tensor R, = R,,,,,F is symmetric.
Using that V,,v? = 0 and thus that 0 = [V, V,]v? = —R,,,,,7vF, it follows that the Ricci
tensor is spatial, i.e., V¥R, = 0. Hence the only contraction of R, is what we will call the

RicciscalarR = h*"R,,. Theidentity0 =[V,,V,]t, =R,,,“ T, implies thatR,,, =R, L PE.
The condition that makes the magnetic Lagrangian gauge invariant is
R
UK 1, YA o __ K1,0A _ 1,0KpA
h*h"*R,,,,, —d(d_l)(Pph ho*P?), (7.283)
for any torsion-free Aristotelian spacetime.
7.2.2 The electric sector
The Lagrangian of the traceful electric sector is now
1 82 2
Lejec =€ (—h"lh"K — ———=——hP%h K) VRMYYF Lo F i s (7.284)
e 28 81(g1+dgs) o iR
and its variation is
5 Lejec = € (lhf”h‘” — thgh“) VEE ooV Rypc O (7.285)
g1 g1(g1+dg>)

Equation (7.277) tells us that v*hP*h°*F upo is symmetric in k and A. Furthermore, the alge-
braic Bianchi identity Ry,,,7° = 0 and the fact that R, ,”v* = 0 tell us that v"R,,;,.* is also
symmetric in k and A. Hence the electric Lagrangian is gauge invariant provided we demand
that

V'Rt =0, (7.286)

for any torsion-free Aristotelian spacetime. We do not need to contract the x and A indices
with h°*hP? because any contraction of v’R,,;,* with v* is zero. Therefore the condition
(7.286) tells us that the Riemann tensor is entirely spatial, i.e., all possible contractions with
v# and 7, now vanish.

7.2.3 Summary of coupling to curved spacetime

The combined Lagrangian that describes the full theory with a traceful electric sector and a
traceless magnetic sector is given by

L= ‘Celec + ‘Cmag

1 g
= (G g P P g 7.287)
1

2(d—1) nre
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where d > 3. The background must now satisfy the conditions (7.283) and (7.286), which
can be summarised into one condition as

R

Ryyp® = pTeh) (huoPg —h,,PY). (7.288)

This condition generalises (7.253) to the case of an arbitrary torsion-free Aristotelian back-
ground and can be imposed using an appropriate Lagrange multiplier as in (7.255). We sum-
marise the state of play in the table below.

Table 2: Summary of the torsion-free Aristotelian spacetimes to which the scalar
charge theories can couple in a gauge-invariant way.

Theory Curved torsion-free

Aristotelian background

Magnetic theory (7.281) with hy = —(d —1)h; (d = 3) | obeying (7.283)
Magnetic theory (7.281) with hy #—(d —1)h; (d > 2) | flat
Traceful electric theory for d > 2 (7.284) obeying (7.286)

It would be interesting to generalise the traceless electric theory (7.265) and the Chern—
Simons like theory of Section 7.1.4 to curved spacetime and furthermore to drop the assump-
tion that the background geometry is torsion-free.

8 Discussion and outlook

In this paper we have shown how to couple fractonic theories to curved spacetime. This space-
time is not the familiar one of Lorentzian geometry, rather, it is an Aristotelian geometry de-
scribed not by a metric but in terms of an Aristotelian structure consisting of 7, and h,,,, as
discussed in Section 5. We have shown how to couple the complex scalar theory with dipole
symmetry to an arbitrary curved background, which, to the best of our knowledge, has been
an open problem in the theoretical description of fractons. Additionally, we presented how
the scalar charge gauge theory couples to torsion-free Aristotelian spacetimes, generalising
previous results in the literature where the coupling to curved space was considered [31]. In
order to couple both the electric and magnetic sector we find that there are two cases. If the
magnetic sector depends on the trace of A, then the background must be flat. If the magnetic
sector is traceless, i.e., obeys the condition (4.176), then the background must satisfy a severe
restriction on its curvature, namely (7.288), which can be enforced using a Lagrange multi-
plier. We have shown that the electric sector of the scalar charge gauge theory, regardless of
whether it is traceful or traceless, can be coupled to any torsion-free Aristotelian background.

Along the way, we have derived new results for the complex scalar theory with dipole
symmetry that describes fracton matter. In particular, we have found a no-go theorem that tells
us that such a theory cannot simultaneously enjoy linearly realised dipole symmetry, contain
spatial derivatives, and be Gaussian. The case with linearly realised dipole symmetry that is
also Gaussian thus contains no spatial derivatives, and we have shown that this an example of
a Carrollian theory. Conversely, if the theory is Gaussian and has spatial derivatives, the dipole
symmetry is non-linearly realised and the theory becomes a special case of a Lifshitz theory
with polynomial shift symmetry. We have gauged the dipole symmetry using the Noether
procedure, and the dynamics of the resulting symmetric tensor gauge field is described by
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scalar charge gauge theory, for which we have provided a Faddeev-Jackiw type Hamiltonian
analysis and elucidated the gauge structure using generalised differentials.

This opens up a number of interesting avenues for further research, some of which we list
below.

Vector charge gauge theory There exist other interesting rank 2 symmetric gauge theories,
one of them is the “vector charge theory” [21]. It is governed by gauge transformations
of the form A;; — A;; + 29;A;) with the corresponding vector-flavoured generalised
Gauss law 9,EY = p/ and leads to mobility restrictions of a another kind and gives rise
to one-dimensional particles that move on a line (lineons). Many of the results and tools
of this work should generalise to this case.

Fracton hydrodynamics The theory of fracton hydrodynamics has been considered in, e.g.,
[62-66]. As we have shown in this work, fractons couple to Aristotelian geometry.
In [34], the theory of boost-agnostic fluids was coupled to Aristotelian geometry, and
it would be very interesting to include dipole symmetry in the approach of [34] and
thus develop a theory of fracton hydrodynamics on curved space. As demonstrated in
that paper, this would allow us to use the technology of hydrostatic partition functions
to extract hydrodynamic information.

Carroll theories As mentioned in Section 2.4 the free (or Gaussian) uncoupled matter theory
has Carrollian symmetry and the quanta are rather unconventional Carrollian particles.
Even though the non-Gaussian and Aristotelian fractonic theories do not inherit these
enhanced symmetries it is tempting to ask if we can gain further insights into the physics
of fractons by perturbing around the Carrollian theories (see also [37, Appendix A]).'*

Charge-Dipole symmetries and their spacetimes Much of the fascinating fractonic physics
emerged by generalising beyond the usual symmetries (see, e.g., [13]). For the proto-
typical charge and dipole symmetries, i.e., the first two lines in (2.76), this could mean
to classify all Lie algebras and their spacetimes with so(d) rotations, two vectors, and
two scalars. A classification in this direction which also uncovers further coincidental
isomorphisms will be given in a future work [76].

Gauge structure and asymptotic symmetries Since the scalar charge theory is a gauge the-
ory the question of conserved charges is intimately related to asymptotic charges and
symmetries. Indeed, in Section 4.2 a first step in this direction is taken when we recover
the charge and dipole charge using a Regge-Teitelboim type [45,46] analysis. A more
elaborate analysis of the asymptotic symmetries might be interesting, especially since
boosts, that often complicate the analysis for the Lorentzian theories, are absent. For
this reason we find it reasonable to expect an enhanced asymptotic symmetry algebra.

Higher spins As emphasised repeatedly, see, e.g., [5,21,43] a generalisation to higher spins
might be an interesting endeavor. Especially since many of the no-go results, as nicely
summarised in [77], fail due to the non-Lorentzian symmetries and, what is possibly
even more relevant, the absence of asymptotic momentum eigenstates for isolated parti-
cles (which helps to circumvent, e.g., the Weinberg-Witten theorem [78]). Higher spin
symmetries are also closely tied to gauge symmetries and our elaborations in Section 4.2
uncover the interesting place at which the gauge structure of this fractonic theory sits,
see (4.137). This might present a starting point for generalisations to higher rank and
dual representations (see for instance [44]).

4Curiously this resonates with early ideas of perturbations around Carrollian (“zero signature”) geome-
tries [67-69]. See also, e.g., [70-75] for more recent interesting works on Carrollian geometry.
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Partially massless fractons In Section 4.9 we have highlighted similarities between the scalar
charge theory and partially massless gravitons. It might be interesting to understand if
there is more to it and if one can formulate a nonlinear theory of “partially massless
fractons” (of possibly even higher spin [79-84]).
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A Electrodynamics

The purpose of this of appendix is mainly pedagogical. We will illustrate some of the concepts
and ideas of the main text in the simpler and more familiar setting of electrodynamics.

A.1 The gauge sector

We start by defining the gauge potential A; ~ [{]and its canonical conjugate 7' with the equal-
time Poisson bracket

{A(x), T ()} = 6/8(x —y). (A.289)

The indices i, j run from 1 to d, the spatial dimensions.
The gauge transformations are given by

S\Aj=3A, S,mi=0, (A.290)
where A = A(t,x) ~ ®. They are generated by the gauge generator
G[A] = / dix[—Adn + 8, (Am)]. (A.291)
Using the differential we can write pure gauge potentials as
(dA); = GiA. (A.292)

Since the discussion of the gauge sector follows mutatis mutandis from Section 4.2 we will
be brief. Let us emphasise that this discussion is restricted to spatial slices, but generalises to

53


https://scipost.org
https://scipost.org/SciPostPhys.12.6.205

Scil SciPost Phys. 12, 205 (2022)

spacetimes for Poincaré invariant electrodynamics. We define the gauge invariant “curvature”
or “magnetic field”

where the Young tableaux represents the antisymmetry of the indices. The curvature vanishes
when the potential is pure gauge

F;=2;01A=0 (& d*A=0). (A.294)

Conversely, a vanishing curvature implies that the potential is pure gauge, i.e., F=dA=0=
A = dA, this shows that the curvatures fully capture the gauge symmetries. The derivative of
the antisymmetric tensors is given by

The final class of tensors we want to introduce are totally antisymmetric tensors T;jx) = Tjjk
which have the following Young tableaux

Tijx ~[1]. (A.296)
The differential Bianchi identity follows
aiFjx)=28,0An=0 (& dF =d*A=0) (A.297)

and conversely &; Tjx; = 0 implies that T}, is the curvature of a potential. Explicitly
In summary, we have shown that there exists an exact sequence that we can schematically
depict as

. i)[]iﬂiﬁ. (A.299)

For the Hamiltonian density we demand rotational invariance and gauge invariant (basi-
cally so that the constraints fulfill a first-class system). To lowest order in derivatives of the
gauge invariant quantities this leads to

R
H = %nlni + IR (A.300)

In principle the parameters g and h are free and could in principle be set to zero, in contradis-
tinction to the Poincaré invariant theory. We can then write the Hamiltonian action

LIA;, 7', p]=m'A; —H + ¢po;nt — 8i(p ), (A.301a)
=n'(A;—6;¢)—H, (A.301b)

where we have introduced the Lagrange multiplier ¢ which enforces the constraint. This
theory has d — 1 degrees of freedom in d spatial dimensions. The variation is given by

SL=(—1' +hoF* +J)6A; + (A; — gm; — 8,0) 57
+(8m +J°) 69 +3,6° +8,6°, (A.302)
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where

0°=n'6A;, 0'=n'6¢ —hFI5A;. (A.303)
We have to add
SAp = A (A.304)
to the gauge symmetries (A.290) to show that the action is gauge invariant
0,L=0. (A.305)

Solving the equations of motion for 7t and substituting it into the action leads to the “covariant
form” of the action

1. . h_.
LA, ¢]1= g(Ai —aP)A —0'¢)— TFVF;;. (A.306)

The fact that we do not write the first term in the usual Poincaré covariant form —%F OiF,,;
is a manifestation of the Aristotelian structure, where we have no natural nondegenerate
Lorentzian metric that would allow for these index manipulations.

Another perspective is to consider emergent low energy U(1) gauge theories. In general
they are determined by Aristotelian geometry however there might be emergent Lorentz in-
variance and a “speed of light” determined by some microscopic Hamiltonian. In that case,
like for, e.g., some U(1) spin liquids, there would then be a natural nondegenerate Lorentzian
metric.

A.2 3+ 1 dimensions

In three spatial dimensions we can use the epsilon tensor to define the magnetic field as
Bi=¢l kajAk = %eij kg ks which we can use to write the generic term Hamiltonian (A.300) as
H= %(gnini + hB'B;). However in 3 + 1 dimensions there is the option to add another term
to the Hamiltonian

H® =0 n'B;. (A.307)

We will now show that this term is closely related to the usual 0 term of the Witten effect. We
start by adding the term to the generic Hamiltonian and complete the square

d=3 o_1 i 0 Y 0%\ i
HIB =y +n == /gn'+ —=B'| +|h—— |B'B;|. (A.308)
2 V& g
Next we change coordinates according to
. 9 .
Qi :Ai 5 P'=m'+ EBI[A] 5 (A.309)

where the square brackets indicate that this is the magnetic tensor of A;. This is a canonical
transformation as can be seen from

(A — ;) —HP= =PY(Q; — 8;¢p)— K — %(301:0 +0,FY), (A.310)

where the new Hamiltonian is given by

2

IC=%[gPiPi+(h—%)Bi[Q]Bi[Q]] (A.311)
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and the boundary term or “generating function” F is

=QB', F'=¢"*Q;Q,—2¢B". (A.312)

This means that the addition of the 6 term to the Hamiltonian leads, after a canonical trans-
formation, to an shift in the coupling constants of the B term plus a boundary term. This
means the equations of motion stay unaltered (up to the shift). However, the addition of the
boundary term has nontrivial effects for the charges and quantum mechanics [85].1

For 2+1 dimensions there is the possibility to add an €;;F i/ term to the Hamiltonian, which

is a boundary term that leaves the EOM unaffected.

B Field redefinitions for cases 2 and 3

In this appendix, we show that the two remaining cases of Section 4.7 do not lead to new
theories.

Case 2: When ¢; # —1/d and ¢, = —1/d, the gauge transformation again takes the form
(4.174), which implies that we cannot construct a gauge invariant field strength by augmenting
Fjji by adding a suitable term involving A;;. With the Hamiltonian (4.140), gauge invariance
again imposes the condition (4.176). The gauge invariant electric field strength is the same
as in case 1 and thus given by (4.177). The Lagrangian in this case, obtained by integrating
out E;; from (4.167), therefore takes the form

de; +1)% . h hy
(de, +17 (Ai)? — 2 FijuFijp + ————F, . F, (B.313)

1
Lo[A —Fy F _
2[ l_])¢] g 0ij Ol] 2d( 1+dg2) 4 2(d 1) 1]] ikk >

and is not independent of the trace A;; due to the second term in the above expression for £,,
in contrast to the traceless theory we considered above in case 1. In deriving this result, we
have assumed that g; +dg, # 0. The trace A;; is gauge invariant and hence it is like adding
a scalar field to the theory of case 1. We thus conclude that this case does not lead to an
interesting deformation of the scalar gauge theory and we will not consider it any further.

Case 3: When ¢;,cy #—1/d the trace A;; is no longer gauge invariant, which can be used to
construct a gauge invariant magnetic field strength invariant

1]k = 28[1 i1k + 25k[18]]AH 1+ dcl (B.314)

which is gauge invariant under (4.173). The Hamiltonian is again given by (4.140) written in
terms of the field strength above, and there is no longer any constraint on the parameters g,
and h, in contrast to cases 1 and 2. The gauge invariant electric field strength now reads

PA'OU=AU—813]¢ +C1511Akk_6251]82¢ (B315)

By integrating out the electric field from (4.167), we see that the Lagrangian in this case is
given by

1

hy A
'CB[AU:(IS] g FOl]FOl]
1

m( 0”)2 Ukﬁllk 2 Fl]]Flkk . (B.316)

'>To make this more obvious we can write &,F°+,F' = 2B'(Q,—d,¢) = 1/4€""°°F,,F ., where the last equality
sign uses a lorentzian metric.
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As in case 2, we have assumed that g; +dg, # 0.

The case ¢; = ¢y, # —1/d has the same gauge transformations as used in the previous
sections. In this case the magnetic field strength F; jk is the same as in the undeformed case
Fyji while the electric field strength can be written as

Foij = Foij +¢16;Forx » (B.317)

where F;; is the electric field strength of the undeformed theory. In this case the Lagrangian
L4 becomes

hy h,
(Foir)* — ZFiijijk — 3 FijiFikk.

(1 +dC1)2 1 ]

1
E A", :—F1F1+ —
sl Y ¢ 2¢; 0oy [2d(g1+dg2) 2d g,

(B.318)

This theory is not essentially different from the undeformed theory (4.153b) studied in the
previous sections. It is simply related by a redefinition of the parameter g,. Alternatively, we
can start with g, = 0 and generate its presence by deforming the Poisson bracket and Gauss
constraint with ¢; = ¢y #—1/d.

Finally, we show that the case c¢; # c, and both different from —1/d does not lead to a new
theory either. To see this define

v Cl —C2
A=A+ ——265 A, (B.319)
Y Yo 14dey, Y
which transforms as

8A;; =03,0,\. (B.320)

Note that the gauge transformation of the Lagrange multiplier ¢ remains unchanged. In terms
of this redefined gauge field, which transforms in the same way as the original, we can write
the invariant magnetic field strength as

Fijk =28 A ., (B.321)

while the electric field strength becomes
Foij = Aij— 805 + ¢26;j(A — %) (B.322a)
= ﬁou + C25ijﬁ'0kk ) (B.322b)

which is the same as (B.317) but with ¢; replaced with c,, allowing us to conclude that this is
also the same theory as the undeformed theory (4.153b).

C Stiickelberging the dipole symmetry

Consider equation (7.248). We introduce a new gauge field A; which transforms as 6A; = J;A
and we use this to build the gauge invariant field strength

o 1 l
Fijk = DiAjk _Dink _Rijk Al = Fijk _Rijk Al . (C323)
We can write
o 1
Fij = DiAj — DiAy — Riji' Ay = D; (Ajr — DAy ) — D (A — DiAy)

1 1
= Di (Ajk _D(jAk) - Eij) _Dj (Aik - D(iAk) — EFik) 5 (C.324)
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where F;; = 3;A; — 9;A;. Note that the combination

A

is gauge invariant, so one way of thinking about 4; is as a Stiickelberg field that removes the
symmetric tensor gauge symmetry from the theory as we can now perform a field redefinition
fromAj to A ix and in this new theory the magnetic sector is a gauge theory for A; that contains
a symmetric rank 2 tensor field Ajk which is not a gauge field. Furthermore, the electric field
strength of the next section can be written as

A 1
Foij = Aij = 5 00F;; + Di (%A1 = 6;¢) , (C.326)

which contains the electric field strength 9,A; — 9;¢, F;; and the non-gauge field A; It
Using the identity

0,90;% —®D;3;® +1d°A;; = D;®D;® — 8D Dj)® + i®%4A;;, (C.327)
we see that also in the matter sector we can formulate things in terms of the non-gauge field
A; j- Here the covariant derivatives D; contains A; (as well as the Levi-Civita connection). We
see that introducing the A; field amounts to Stiickelberging the dipole gauge symmetry as
there is now no longer an A;; gauge field, and hence this is the same as saying that there is
no dipole gauge symmetry. So this is a non-solution to the problem of putting the theory on
curved space. In order to recover dipole gauge symmetry on curved space one would have to
reinstate the ¥; gauge symmetry but that is equivalent to setting A; = 0 with A;; transforming

as usual, which brings us back to square one.
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