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Abstract

We introduce a family of quantum field theories for fields carrying monopole and
dipole charges. In contrast to previous realizations, fields have quadratic two-derivative
kinetic terms. The dipole symmetry algebra is realized in a discretized internal space
and connected to the physical space through a background gauge field. We study
spontaneous symmetry breaking of dipole symmetry in 141 dimensions in a large-N
limit. The trivial classical vacuum is lifted by quantum corrections into a vacuum
which breaks dipole symmetry while preserving monopole charge. By means of a
Hubbard-Stratonovich transformation, heat-kernel and large-N techniques, we com-
pute the effective action for the low-energy modes. We encounter a fractonic immobile
Nambu-Goldstone mode whose dispersion characteristics avoid Coleman-Hohenberg-
Mermin-Wagner theorem independently of the large-N limit.

Contents
1 Introduction
2 Realization of dipole symmetry

3 Spontaneous breaking of the dipole symmetry
3.1 Symmetry breaking with a classical potential . . . . . . . .. ... ... ...

3.2 Dipole symmetry breaking preserving monopole symmetry . . . . . ... ..

*evanafxon@gmail.com
tcaddeoalessio@uniovi.es
thoyoscarlos@uniovi.es
$mussodaniele@uniovi.es

\]



3.2.1 Hubbard-Stratonovich transformation . . . . . . . . . . . .. ... .. 10

3.2.2 Effective action . . . . . . ... 11

3.2.3 Saddle point equations and symmetry-breaking solution . . . . . . . . 12

3.2.4 Ground state and Nambu-Goldstone modes . . . . . ... ... ... 14

3.2.5  Avoiding the Coleman-Hohenberg-Mermin-Wagner theorem . . . . . 15

4 Fermionic model with spontaneous breaking 17
4.1 Effective potential . . . . . . . . . . ... 18
4.2 Ground state and Goldstone modes . . . . . . . ... ... L. 19

5 Conclusions 20
A Generalization to a finite number of fields 21
B One-loop computations 24
B.1 Bosonicmodel . . . . . . . ... 24
B.2 Fermionic model . . . . . .. ... 27

1 Introduction

The spontaneous breaking of symmetries which depend on the coordinates is a topic which as
yet lacks a complete and systematic understanding. In general, no universal rules relate the
symmetry breaking pattern with the properties of the emerging low-energy Nambu-Goldstone
modes, neither about their precise number, nor about their dispersion relations [1,2].

Multipole symmetries are a class of coordinate-dependent symmetries which combine an
internal (monopole) symmetry with suitable polynomial combinations of the spatial coordi-
nates. The monopole symmetry is an ordinary global symmetry whose conserved charge is
a scalar with respect to rotations. When a higher moment of the charge is also conserved,
like for instance dipole moment, quadrupole, etc., we have a multipole symmetry. Multipole
symmetries do not commute with translations since their charge densities depend explicitly
on the coordinates. These symmetries impose restrictions on the mobility of isolated charged
particles, thereby the theories enjoying multipole symmetries can have fractonic excitations.
Fractons have sparked a lot of interest because of their possible application to quantum
error correction in lattice models and extensions to field theories with unusual properties
like an extensive degeneracy of states and IR/UV mixing, see [3-6] for reviews on the topic.
It should be noted that they are not simply a theoretical curiosity, they can describe the
low-energy properties of defects in quantum elasticity, see [7-15] for an incomplete list of
references.

The spontaneous breaking of multipole symmetries has been recently investigated in
[16-20]. Since the momentum density is not invariant under a multipole transformation,



multipole symmetries are in general spontaneously broken in thermal states with a hydro-
dynamic description (including momentum conservation) [21-29].

Generally, it is assumed that the spontaneous breaking of the monopole/multipole sym-
metries produces a single scalar Nambu-Goldstone mode ¢, transforming as

(S(ﬁz)\o—l-)\“l'l—l-)\g”lﬂl'j—l- s (11)

where Ag, A1;, etc. are constant coefficients corresponding to the monopole, dipole and
higher-moment transformations. It is interesting to appreciate that Ay and \{; generate
the same symmetry as that characterizing Galileons in flat space [30,31]. The most rele-
vant low-energy terms in the Nambu-Goldstone effective action invariant under all multipole
symmetries up to the M-th moment are

Su= [ a1z (a0 - S o] 12)

M+1

where, for even M + 1, we have 0M*1 = (V?)75~ | while for odd M + 1 we have oM+ =
(V2)%8i and the spatial index is contracted such that the action is rotationally invariant.
This is a Lifshitz theory with dynamical exponent z = M + 1, so that the Nambu-Goldstone
mode has a dispersion relation w = x|q/” . If the dimensionality of space is too low, then
a multipole-symmetry generalization of the Coleman-Hohenberg-Mermin-Wagner (CHMW)
theorem shows that spontaneous symmetry breaking is not possible in dimensions d < 2z at
non-zero temperature. However, dipole symmetry breaking at zero temperature is allowed
even at d =1 [32-35].

In a phase where not all the multipole symmetries up to order M of the UV theory are
spontaneously broken, the low-energy effective action is in general different from (1.2). For
instance, for M = 1, when the dipole symmetry is spontaneously broken but the monopole
symmetry is not, the order parameter is expected to have a spatial index and the Nambu-
Goldstone mode is expected to exhibit a linear dispersion relation [18,33,36, 37].

Focusing on continuous models with monopole and dipole symmetry, the concomitant
spontaneous breaking of both symmetries follows in general the pattern described by Pretko
[36]. There is a scalar order parameter charged under both monopole and dipole transfor-
mations,

O — ¢ = lPothint)g (1.3)

A dipole transformation is equivalent to a charge-dependent shift in momentum
; i ddq U g ddq U g ddq U g
(I)/ — A1z /_ 92" g _/ T Hg — A _/ 1G;x (I)I 1.4
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hence dipole symmetry is related to invariance under Galilean boost and UV/IR mixing.'
The transformation properties of ® are such that there cannot be an ordinary kinetic term

L As discussed in [38], in this context the UV /IR mixing refers to the low-energy mixing among small and
high momenta, something which characterizes Galilean hydrodynamics as well.



compatible with dipole symmetry and the theory is “non-Gaussian” around ¢ = 0. In fact,
the terms in the action have to depend on the difference of two momenta. On the other
hand, when ® acquires an expectation value, the effective theory for the Nambu-Goldstone
mode falls in the class shown in (1.2), since both monopole and dipole symmetries are broken
simultaneously. If one introduces a large number of fields transforming as in (1.3), it has
been shown that at high temperature the dipole symmetry may be broken without breaking
the monopole symmetry through the expectation value of a two-point function [37].

In [39] a different proposal for the realization of dipole symmetry was introduced, inspired
by [40]. The dipole symmetry is introduced as an internal symmetry that implies a shift
in momentum after a background field is turned on. Such background can be thought as
emerging from a spontaneous symmetry breaking which locks the internal to the external
space translations. Dipole symmetry is preserved by replacing ordinary derivatives by co-
variant derivatives and kinetic terms with the usual number of fields and derivatives are
allowed. There is no reason a priori to expect that previous analyses of dipole symmetry
breaking and the corresponding generalizations of CHMW theorem apply to this internal
realization of dipole symmetry. The goal of the present paper is to build working models for
the spontaneous breaking of dipole symmetry and examine in detail some of the questions
mentioned above. In particular, we are interested in the case where monopole symmetry
remains unbroken.

The paper is organized as follows. Section 2 describes the realization of the monopole
and dipole symmetries on charged scalar fields, with particular attention to the definition of
suitable covariant derivatives. Section 3 constitutes the core of the paper. It first discusses
a classical realization of the simultaneous breaking of monopole and dipole symmetries,
whose effects comply with standard Nambu-Goldstone expectations. Then a quantum model
where dipole symmetry is broken while preserving the monopole symmetry is thoroughly
analyzed. We apply several effective-field-theory techniques involving auxiliary Hubbard-
Stratonovich fields and the associated dualization, large-/N and saddle-point approximations
and a heat-kernel expansion controlled by the scalar field mass, which sets the UV cut-off for
the low-energy description. We also discuss in depth the properties of the emerging Nambu-
Goldstone boson which is interestingly exotic: It is fractonic and completely immobile, a
characteristic which makes it evade standard CHMW-theorem arguments. As a consequence,
the symmetry breaking could occur also at zero temperature in 1+ 1 dimensions, regardless
of the large-N suppression effects to the fluctuations of the order parameter. In section 4
we analyze a similar model for spinless fermions and in section 5 we conclude. Technical
developments are detailed in the appendices.

2 Realization of dipole symmetry

Details about the algebra of generators of multipole symmetries in the context of fractons
was originally discussed in [41]. In the simplest scenario, the relevant generators are those
for spatial translations, P;, the monopole charge Q, and the dipole charge Q}. The only



non-zero commutator is A ‘

i[P;, Q1] = 67 Qo - (2.1)
This was dubbed the monopole-dipole-momentum algebra (MDMA) in [22], and it coincides
with the centrally-extended Heisenberg algebra, as pointed out in [40].

The generators P; can be the usual translation operators shifting the spatial coordinates
on which the fields depend

v Pot,x)e P = ¢(t,x +a) . (2.2)

As a consequence of the Stone-von Neumann theorem [42], all representations of the Heisen-
berg algebra are unitarily equivalent, thus the choice (2.2) does not reduce the generality
of the present analysis. Completing to a unitary representation of the MDMA algebra, we
have that the field ¢(¢, x) transforms as

(1, m)e N0 = gt a) (230)
e 23)
This leads to the type of action introduced by Pretko [36] where there is no quadratic term

with space derivatives (when rotational symmetry is preserved).

Instead of using this realization which directly involves the space coordinates, we introduce
a continuous set of complex fields ¢ ¢(t, ), labelled by a set of internal coordinates X T that
are in a unitary Schroedinger representation of the Heisenberg group, namely

R Pps(t,z)e ™ = pg (t @), (2.4a)
ei’\OQOgbi(t,m)e_i/\OQo _ ei’\ogzﬁ)z,(t,a:) 7 (2.4b)
ein-Ql <Z5)2 (t, w>€fix1-él _ eixl'igb)g (t, w) ) (2.4C)

In principle, the space spanned by the internal coordinates X’ can be of different dimension-
ality than the space spanned by the spatial coordinates z¢, but the usual dipole symmetry
is recovered only when the internal and external spaces have the same dimensionality.

The symmetry (2.4) can be gauged by making the parameters of the transformations

{ o, X1, K} dependent on the spacetime coordinates (¢, ). Besides, it is possible to define a
covariant derivative

DM¢X :auqb)z —iau¢)2 —igu-)?qﬁ)-(’ —‘7“-6)(@555, (2.5)
where, if I is the unit vector in the I-th direction, we have

8X1¢X = lim 1 (¢X+ef — QﬁX—') . (26)

e—0 €

The gauge fields {a,, EW \7#} transform as [39]
Sa, = Oho—V, X +b,-R, (2.7a)
8by = O, (2.7h)
SV, = O.R. (2.7¢)



With these gauge transformations, D, ¢ transforms in the same way as ¢ ¢ in (2.4).

There can be fields in other representations of the MDMA algebra, for instance we can
introduce fields x ¢ that carry no monopole charge and have a dipole charge d:

ez’r-{.ﬁXX (t, w)e—z‘;‘-{ﬁ — X)?+F{(t7 CL‘) , (2.8&)
ei/\oQOXX <t7 w)e*i)\OQO — XX, t7 ag) , (28b)
ei)\1-Q1XX, (t’ w)e*i)‘l‘Ql ei)‘l'dXX (Zf, CC) . (2'8C)
Accordingly, the covariant derivative for x ¢ reads
DNX)? :auxi—ibu-dxi . (29)

These fields are interesting because they allow us to write a different covariant derivative for
¢, if one restricts to constant x*. Consider a field Xﬁg for each internal spatial dimension,

namely [ € {1,...,d}. If each field X% carries a dipole charge d; such that (CE)J = 67, then
Do :5u¢)2—iau¢f—igu')z¢g—¢)32‘/; log X% (2.10)
I

defines a covariant derivative for ¢ (¢, ), under the restriction d,x = 0.

Adopting either the covariant derivative (2.5) or (2.10), there is no obstruction to intro-
ducing quadratic derivative terms in the action with the internal realization of the symmetry
that we have just discussed. The connection to the usual definition of coordinate-dependent
dipole transformations emerges when the internal space spanned by the X’ has the same
dimensionality as the real space spanend by the z* and there is a constant background field

Vo=0, VI =6V . (2.11)
In this case there is a global symmetry transformation that leaves the gauge fields invariant
M=Va- -z, Mr=ay, (2.12)

with a a constant vector. Under this global transformation, the fields transform as
dg — €¢Va~w+ia-)‘(’¢)? ’ (2.13)

which amounts to a simultaneous shift of the phase linear both in the internal and external
spatial coordinates.

In summary, the Schrodinger representation of the Heisenberg group in the internal space
provides an alternative realization of dipole symmetry. However, according to (2.4) and
(2.8), it involves a continuously-infinite number of fields because X’ € R, which makes
unclear whether this realization can be treated as an ordinary field theory. Such issue can be

2This is actually a case considered below for a system with one internal, discretized spatial direction.



avoided by generalizing the construction to a finite number N of fields, obtained discretizing
and compactifying the internal coordinates. In the remainder of the paper, we work in a
large- N limit, so we use the expressions for the transformations and covariant derivatives of
the non-compact case, referring to a discrete though infinite number of fields. We discuss
the compact case with a finite number of fields in appendix A.

We discretize the internal coordinates, as well as the associated translations,
X' =l K — k" n' klez, (2.14)

hence the set of fields is infinite and numerable. The transformations (2.7) and (2.8) keep the
same form also in the discretized case, they are obtained by simply replacmg the continuous
internal coordinates and translations with discrete integer-valued vectors X - n, Kk — k.
Importantly, since k is a vector of integers, 5VH = 0. Moreover, the covariant derivative (2.5)
involves derivatives with respect to X', which have to be replaced by a suitable discretized
version. Using the unit vector in the I-th direction I, we have

Dyt = Dy — i,z — i1 - by — Z Vi ¢a [l0g(0h¢q, 1) — log(dhdn)] - (2.15)

1

The continuous case is recovered by considering X = e and taking the limit ¢ — 0 such
that?

: 1 * *
Ox1¢z = 11_{% Eﬁb)? [log(¢g¢i+ef) - 10%(%3%?)] : (2.16)
The specific form of the logarithmic terms is chosen for later convenience. As we observed
already in the continuous case, if there is a set of fields x% which are not charged under
monopole transformations but have dipole charge (d;)? = §7, then one can define a covariant
derivative as

Dy = Ou — i — i1 - buds — > Vil log(xh) - (2.17)
I

For simplicity, in the remainder of the paper we restrict to the case of a single spatial and
internal direction.

3 Spontaneous breaking of the dipole symmetry

In the present section, we propose a model for bosonic complex scalar fields ¢,, transforming
in the one-dimensional discrete version of (2.4). First, we discuss the case in which the sym-
metry breaking is enforced by a classical potential and both monopole and dipole symmetries
are broken simultaneously. Then, we consider the case in which the breaking is triggered by
quantum fluctuations and only dipole symmetry is broken.

3Reference [38] discusses the infinite volume limit at finite lattice spacing for theories with subsystem sym-
metries, a circumstance bearing a similarity to the discretization described here in the main text. Specifically,
they connect the non-commutation of the infinite-volume and the continuum limits to the UV/IR mixing.
Related comments, focused mainly on possible continuum descriptions (or lack thereof) for theories with
subsystem symmetries, are given in [43].



3.1 Symmetry breaking with a classical potential

Let us consider a model with a classical Mexican-hat potential,

N

A
£ = S|k v o - Flol] (3.1)

n=1

where we contract Lorentz indices with 7, = diag (—1, 1) and

Du¢n = #¢n - Vu¢n [log (d)n—&-lgb;) - log (¢n¢2)] : (3'2)

Actually, we are considering a, = b, = 0 and constant background field V,, = (0,V,). The
model (3.1) displays monopole and dipole global symmetries. The former transformation
corresponds to (Ag, A1) = («, 0) with constant a;, namely

On(t, ) = P, (t, x) . (3.3)
The latter transformation corresponds to (Ao, A1) = (5zV,, B) with 8 constant,
On(t,z) — ePtaVal g (¢ 1) . (3.4)

When the background V), is non-null, the dipole transformation (3.4) implies a shift in
momentum, dqg = BV,. In fact, expanding ¢, in plane waves along the x direction,

ou(w) = [ 52,0 (35)

and performing a dipole transformation, we have

) da . ~ ) da . ~ da .
o (o) = o) [ S g = eon [ 0o, q—pv) = [ Serd @), (30)
with _ o
&g+ BVa) = " ¢ulq) - (3.7)

We stress that the representation of dipole transformations described above is compatible
with having an ordinary relativistic and quadratic two-derivative kinetic term , in contrast
to the realization of [36]. The theory is nevertheless non-Gaussian due to the logarithmic
terms appearing in the covariant derivative.

We are interested in a background for V,, which breaks Lorentz boosts. Nevertheless,
if there is spontaneous breaking of the monopole and dipole symmetries, we expect the
Nambu-Goldstone boson to display a linear dispersion relation. Let us explicitly show this
by considering configurations of the form

¢n(ta ZE) = ¢(O)n eien(t@‘) > (38)



where ¢(g), are the values of the fields at the classical vacuum and 6,, are their phase fluctu-

ations. The potential obtained adding the non-derivative terms contained in |D,¢,|? reads
- PO)n+1) ’ A
0)(n+1 . ¢
n=1 n

m2
This potential is minimized when, for every n, we have ¢, = ¢y = \//\—j, and 0, = 0.

The low-energy action for the phase amounts to

Sy = NA"Z‘b / 2z [(8,0)> — (9,9)7] . (3.10)

Therefore, the Nambu-Goldstone field 6 displays a linear dispersion relation w? = ¢?, differ-
ently to what happens in other realizations of the dipole symmetry.

Since the dipole symmetry (3.4) involves the spatial coordinate, the model displays degen-
erate coordinate-dependent vacuum configurations. The family of vacuum configurations is
given by

¢n(t; .%’) _ ¢(0)€ia€iﬁ(n+sz)ei@(t,r) 7 (3'11)

where we have included the phase fluctuations 0(¢,z). The constants o and [ parameterize
a two-dimensional vacuum manifold. For 8 # 0 the configuration (3.11) does not minimize
the potential V in (3.9), since 6,1 — 6, = B # 0, yet this is compensated by contributions
from derivative terms. Taking these latter into account, the vacua (3.11) are all degenerate
and the action for the Nambu-Goldstone field is given by (3.10), regardless of the specific
vacuum configuration.
The Nambu-Goldstone field 6(t, z) realizes the global monopole and dipole symmetries
non-linearly,
O(t,z) — Ot z)+a+pn+2V,). (3.12)

The low-energy action (3.10) is invariant under these transformations only modulo a total
spatial derivative term 250,60, which does not alter the equation of motion. According to
(3.11), the transformations (3.12) are the rigid zero modes that connect different degenerate
vacua. The Nambu-Goldstone particles corresponds to localized modulations of the Nambu-
Goldstone field 6(t, x), for which we can drop the total derivative terms in the action.

The presence of just a Nambu-Goldstone mode despite the breaking of two symmetries can
be expected a priori for two reasons. First, the rigid n-independent fluctuations about the
vacuum are described by a complex field whose modulus and phase encode the fluctuations of
the vacuum configuration ¢, (¢, ). Since a constant in z and n-independent variation of the
modulus leads to a variation of the potential V while leaving the derivative terms unaffected,
this represents a gapped Higgs mode. The remaining phase mode is necessarily gapless,
according to the non-relativistic and spacetime generalizations of Goldstone theorem, which
imply the presence of at least one Nambu-Goldstone mode when one or more symmetries



are spontaneously broken [2,44]. Secondly, the generators Qq and Q; for the global broken
symmetries, respectively associated to o and (3 in (3.12), satisfy the following commutation
relation

I, @] = ifV2 Qo , (3.13)

where II is the generator of the external spatial translations (i.e. the shifts in z). We recall
that V, is a background field. Relying on the commutation relation (3.13), the present case
is formally analogous to the presence of an inverse Higgs constraint [45].

In the present subsection, we enforced the spontaneous symmetry breaking of the dipole
symmetry through the introduction of a classical potential. In the following, we discuss
the case in which the spontaneous breaking of the dipole symmetry at zero temperature is
triggered by quantum fluctuations.

3.2 Dipole symmetry breaking preserving monopole symmetry

We consider the action
2 2 m i
L = E (_|Du¢n| - m¢¢z¢n) - 2]{7 E Qb:ﬂsn +

n
A o

m
e <Z ¢n¢n) - [2_ 9nndh > bund;

n n n

where m7 > 0 while m? and m? can have either sign. The action has a classical local
minimum at ¢, = 0, where all symmetries are unbroken. Below we show that, for some
choices of the parameters, the large-N quantum effective action associated to (3.14) can
develop a stable saddle point where dipole symmetry is broken spontaneously while monopole
symmetry is preserved.

2 4

, (3.14)

Ax
2N3

3.2.1 Hubbard-Stratonovich transformation

We employ the Hubbard-Stratonovich transformation to express the action (3.14) into a more
suitable form, where terms involving self-interactions of ¢,, are replaced by terms involving
Hubbard-Stratonovich auxiliary fields. We first identify non-quadratic terms in the action as
combinations of the local (in z) composite operators o, = ¢, and x, = ¢n1105. We then
promote these combinations into dynamical fields, introducing Lagrange multipliers 7,,, and
Ty to enforce the equivalence of the two partition functions,

Z = / D ¢, Lo
= /D(énDaannDrgnDTXn exp <2’S[¢m Ons Xn) + 1 / Z Ton (On — O On)
75 Ot = Gui10) + T (X — G0 (3.15)

10



The transformed Lagrangian, including the Lagrange multipliers, reads
2
2 2 x m;
ﬁHS = Z (_|Du¢n| - m¢¢n¢n) - W (Z Un) +
2 X 2 X

4
Ao m2
AN® (Z U") N

+ Z [Tcrn (On — Ppn) + T;n (Xn = Pnr16y) + Ty, (X:; - ¢Z+1¢n)} . (3.16)

n
n

2 4

Ax
2N3

Notice that the fields y,, are charged under dipole symmetry while they are invariant under
monopole transformations. The fields o, are invariant under both symmetries.

The covariant derivative becomes

Dﬂ¢n = du¢n - Vu¢n log (’;Cn') ) (317)

n

where, for later convenience, we introduced the notation
d, =0, —1iV,0, , (3.18)

with 6,, being the phase of x,.

3.2.2 Effective action

We first assume that there are vacuum configurations that do not break internal translations,
and introduce an n-independent ansatz for the auxiliary fields,

Xn =X, Op =0, Tyn = Ty s Tor = To - (3.19)

The Lagrangian simplifies to

Lus = Z [_|Du¢n|2 - (mé + 7'0) Oy O — T;¢n+1¢z - qub;;-{—lgbn} +

n

mg,z Ao 4 91o12 L Mo ¥ — _x _
- N 0+ +m x| +7lx| —TIX =T X —T.0 | . (3.20)

Integrating by parts the kinetic term leads to

_|Du¢n|2 — Cbzdud“% - §¢>Z¢n ) (321)
where o
E=7,+ <Vm log %) . (3.22)

11



The fields ¢,, enter the Lagrangian (3.20) quadratically. They can be thus integrated out
to find a quantum effective action for the auxiliary fields. Crucially, the action for ¢, is
such that the dependence in the phase of x, only enters as an effective gauge field in the
‘covariant derivative’ d, defined in (3.18). As we show explicitly below, this prevents terms
~ [0, Xn|? from appearing in the low-energy effective action.

Defining

A? =mj+¢, (3.23)

a standard calculation of the one-loop determinant (see appendix B) gives the low-energy
effective Lagrangian for homogeneous (in n) configurations®

1 *
Leg = pr— [(0:€)* + 20,707 | — Vgt (3.24)
where
m2_,  Ag_ 2 A ‘e .
Ve = 702 + ZUA‘ +mi|x|* + 7X|X|4 — X — T X+
DAY PSS 2 A2
- lf— (V:c10g7 o - Elog Az + 9(Im |7 A%) (3.25)

The symbol A indicates a dynamically generated scale. For small values of |TA’<2‘2, the last
term can be expanded to quadratic order (see appendix B for details)

(‘ ‘2 A2) _ |TX|2 —l—O ‘TX‘4 (326
RN 20 = TG A2 AT ) -26)

3.2.3 Saddle point equations and symmetry-breaking solution

In the large-N limit, the partition function is dominated by configurations that extremize
the effective action

7 — /’DCT,{DX,{D&{DTX N Seft [0::67x] g1V Serr[70,X0,60,Tx ] 7 (3.27)

where, as already mentioned, we define the effective action factorizing a factor of N. The
saddle point equations that determine these configurations are Euler-Lagrange equations

4We define the effective action, so Leg and Vg as well, extracting an N factor, as we write in (3.27).

12



obtained by varying (3.24) with respect to the auxiliary fields

eA? dg _
247'(' téO |:10g (F) - 477-@‘| = 09, (3283)
1 dg
(/2 = = ¥ 3.28b
24mmy x0T Tyt X0 ( )
e V2 0e [ X0l o) _ 2oy o
&+ Violog | = log | = 2| +mio0+ A0 = 0, (3.28¢)
00 00
—Txo + V2—01 (|§0|> +mixo+ Mxol’xo = 0. (3.28d)
0

This system of equations admits time-independent solutions that break dipole symmetry
(Ix| # 0) for some range of values of the parameters in the effective potential. An analytic
approximation to such solutions can be found if |7,| is small, so that g(|7y,|?, A%|) can be
approximated by the simple form written in (3.26).

We introduce the following parameterization for y, o and V,°

% = e P2 o = éél—ﬂﬁew 4 VZ= mi)(l —a)v, (3.29)
where 0 < a < 1. In order for the approximation (3.26) to be valid, we take 1 — a < 1.
Assuming that a solution exists, we solve the system (3.28) for m?, A%, & and 7, expanding
in 1—a. Then we fix m? so that the solution can be stable under time-dependent fluctuations
(absence of tachyons). Stability corresponds to the values of § and v corresponding to the
shaded region of Figure 1.
Following the procedure described above, we fix the parameters of the potential to

my 213 (B2 — 38+ 2)v
m_i ~ —Ar |:1 + Qﬁ -3 :| + 51“0 5 (330&)
mi ~ —0647 |1 2
m =T m[1—w(B—-2)5] +
A [16e*vB(28 — 1)(8 — 2)? + €7 (3 — 28)]
_ { 58— 3) +0 ((5,%)} (1—a), (3.30b)
R I 500

where 0 < dp, < 1 is a small parameter. The solutions for the fields & and 7,, up to order

®Here, o and 3 are different than the parameters in (3.11) and (3.12). No confusion should arise.
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(1 — «) are then given by

o (4m —0u0)e*’ (25 —3) — 64e'n (B — 2)°B(26 — 1)v

my o 64mel5(26 — 3) (I-a), (33la)
1 —

7%% - T8 —e (3.31b)

Note that the solutions do not depend on the quartic couplings A\, and A, up to this
order. However, without the quartic couplings the effective potential would not be bounded
from below, since m? < 0 and mi < 0. Even introducing them, it is not guaranteed that
the solution we have found is a global minimum. This is not an issue, since tunneling is
suppressed by the large- N limit. We can thus neglect non-perturbative instabilities.

\%

Figure 1: Values of § and v for which the dipole-symmetry-breaking solution is stable.

Although we have traded four dimensionless parameters in the potential (m?, mi, A? and
V2 in units of mi) by other four parameters, (a, §,v and dp, ), there is some degree of fine-
tuning when we expand with respect to V.2 / m?, < 1, taking into account that v is relatively
small in the allowed range shown in Figure 1. Because of this, the values of the parameters
for which solutions exist remains close to the values

m2 ~ —4mwm} m? ~ —64wm} A~ em? . (3.32)

3.2.4 Ground state and Nambu-Goldstone modes

We have found a stable large-N saddle point of the quantum effective action which breaks
spontaneously the dipole symmetry while preserving monopole symmetry. As we discussed,
classical minima of the energy break both symmetries, with a single scalar Nambu-Goldstone
mode with linear dispersion relation. Remarkably, when monopole symmetry is unbroken,
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we find that the Nambu-Goldstone mode does not have a linear dispersion relation. This
key point is shown and discussed in detail below.

In the case at hand, the Nambu-Goldstone mode is the phase 6 of the dipole-charged field
X- On general grounds, the low-energy theory describing the Nambu-Goldstone dynamics is
symmetric with respect to shifts of §. The potential (3.25) is thereby independent of # and
the low-energy Lagrangian for # involves derivatives terms only.

A one-loop calculation (see appendix B) gives the following Lagrangian density at the
leading and next-to-leading orders in 77

V2

= 3407 m? [10m2(0,0)* — (2,0,0)° + (9720)?] . (3.33)

Lne

Here T?Lé = mi + &o, where & is the background value of . Note the V2 in front of the
action, one can understand its origin in that there is a global dipole symmetry only when
Ve # 0.

The Lagrangian (3.33) does not involve terms with only spatial derivatives of the Nambu-
Goldstone field. Indeed, every term involves at least two time derivatives. As we argue
in appendix B below (B.21), this is actually true at any order in the heat-kernel expan-
sion. Hence, the low-energy action for the Nambu-Goldstone field 6 features an emergent
subsystem symmetry with respect to arbitrary spatial profiles f(z), namely

O(t,x) — 0(t,z) + f(z) . (3.34)

From the low-energy perspective, the spatial profile of the Nambu-Goldstone field resembles
a gauge redundancy. More specifically, the symmetry (3.34) prevents the Nambu-Goldstone
to propagate, leading to immobile fractonic behavior.

The equation of motion up to this order are
103 070 + 07020 — 9,0 =0 . (3.35)
In principle, the corresponding dispersion relation presents two branches

Ww2=0, (3.36)
w? = ¢* — 10m} , (3.37)

but the branch (3.37) is beyond the low energy approximation w?, ¢* < mj that we used to
derive the effective action.

The low-energy effective Lagrangian (3.33) contains terms with higher time derivatives,
such as (0%0)%. Relying on the fact that they are sub-leading with respect to the dominant
kinetic term (9,0)?, one can iteratively solve the equation of motion relegating the higher
derivative terms to a neglected reminder, thus avoiding the issues related to Ostrogradsky
instability [46,47]. Note that this argument relies on the assumption of convergence of the
heat-kernel expansion [48].
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The branch (3.36) is an exactly flat band [33] whose flatness is due to the shift symmetry
(3.34). It is fractonic in the sense that the propagation speed is exactly zero, so it corresponds
to a mode that is immobile and can have an arbitrary spatial profile. In the context of
effective theories of elasticity, this characteristics can be related to plasticity.

A similar situation arises from gradient-Mexican-hat models for the dynamical breaking
of spatial translations, where the minimization of the potential implies (at least) an emer-
gent, subsystem symmetry and the associated Nambu-Goldstone mode is indeed a fractonic
immobile phonon with w? = 0. When the emergent symmetry (3.34) is valid only at leading
order in the derivative expansion, the Nambu-Goldstone dispersion w? = 0 can be deformed
by higher-order corrections in the momenta which lead to propagation [49,50].

3.2.5 Avoiding the Coleman-Hohenberg-Mermin-Wagner theorem

The CHMW theorem states that thermal (or quantum) fluctuations of the order parameter
in three (two) or less spacetime dimensions are so large that they spoil the ordered vacuum.
As a result, it is often claimed that there cannot be spontaneous symmetry breaking in these
theories.

Let us recall one version of the argument. Assume that a symmetry is broken, in two
dimensions and at zero temperature, by a scalar order parameter ®. In principle, there
would be a Nambu-Goldstone boson 6, which corresponds to fluctuations of the phase of the
order parameter

O = (|®|)e”. (3.38)
Its low-energy effective action would be that of an ordinary massless field
2
S = % / &z [(0:0)* — (0,0)7] . (3.39)

where f is a constant normalization factor. The strength of the quantum fluctuations of the
order parameter is conveniently analyzed through the ratio

<€i(9(t,50)—9(070))>
p(ta x) = <€i9(t@)> <e—i9(0,0)>

e%({@(t,x),O(0,0)}) ’ (3'40)

where we have used the fact that the action for the Nambu-Goldstone boson is Gaussian.
If the symmetry is spontaneously broken, cluster decomposition in a local theory yields the
factorization

(00D -000)) _y (i002)y (o=i0(0.0)) (3.41)

at large space separations [43]. Therefore, one expects the ratio defined in (3.40) to approach
one
lim p(0,z)=1. (3.42)

|z| =00
On the other hand, if the correlations do not decay fast enough at long distances, p(0, z)
could be vanishing. It can be shown that for a massless field one gets

p(0,2) = (pla]) /= 2= g (3.43)
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where 1 is an arbitrary scale. The physical picture is that fluctuations are so strong that
they destroy the ordered phase and there is no spontaneous symmetry breaking, namely
(P) = 0.

The anti-commutator in the exponent of (3.40) equals the sum of the Wightman correlators
D~ (t,z) = (0(t,x)6(0,0)) and D<(t,x) = (0(0,0)0(t, z)) which, for a massless field, satisfy

(0} — ?)D>(t,z) =0 . (3.44)

The solutions are logarithmic functions that lead to the behaviour in (3.43).

Let us now study the effective low-energy theory for the Nambu-Goldstone modes de-
scribed in subsection 3.2.4. We have the Lagrangian in (3.33) and the Wightman correlators
for the Nambu-Goldstone field 0(t, ) satisfy

(10m20;7 + 0702 — 9}) D=(t,z) =0 . (3.45)

We work at low energy and momenta with a UV cut-off Ay < 1077@- In this regime, the first
term in (3.45) dominates, reducing to the usual case (3.44), except for the absence of the
spatial derivative term.

From the action (3.33), the retarded correlator is the solution to the equation

NV?2
2 o _ x
KO;Dg(t,z) = 6(t)d(x) , = —127”7”@ : (3.46)
satisfying Dg(t < 0,2) = 0. The solution is
t
Dg(t,x) = E@(t)é(m) . (3.47)

On the other hand, the retarded correlator is expressed in terms of the Wightman functions
as
Dg(t,z) = iO(t) ([0(t, ), 0(0,0)]) = iO(¢) [D”(t,x) — D=(t,z)] . (3.48)

The Fourier transform in time then gives

~ o 1 [®  ImDg(w ~
Dr(w,x) = / dt e Dg(t, z) = —73/ dw'w +iIm Dg(w, x) , (3.49)
—0o0 ™ —00 -
where )
Im Dp(w,z) = 5 [D>(w,$) — D<(w,x)] : (3.50)

In (3.49) we recognize the Kramers-Kronig relation between the real and imaginary parts of
the correlator. A direct calculation gives

Im Dp(w,z) = —%5'(@5(3;) . (3.51)
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Using now the properties D> (w < 0,z) = 0, D<(w > 0,z) = 0, and D<(—t, —z) = D> (t,z),
we obtain y ”
> _ ! < _

D~ (t,z) = 2K5(1:) : D=(t,x) 2K(5(a:) . (3.52)

Thus, the expectation value for the Nambu-Goldstone anti-commutator reads
({6(t,2),0(0,0)}) = D7 (t,z) + D~(t,z) =0 . (3.53)
Therefore, from (3.40) and (3.53), we get
lim p(0,z)=1. (3.54)

|z|—o0

As a result, our model admits spontaneous symmetry breaking at zero temperature, despite
being defined in two spacetime dimensions.

4 Fermionic model with spontaneous breaking

In the present section, we propose another model that displays spontaneous dipole-symmetry
breaking and no monopole-symmetry breaking at zero-temperature. The matter sector now
involves fermionic (i.e. anticommuting) complex scalar fields ¢, transforming in the irre-
ducible representation (2.4) and dipole fields x,, transforming in the representation (2.8).
Given its anticommuting character, 1, satisfies

The covariant derivatives of these fields can be written (we consider the case a, = b, = 0)
as

D;ﬂ/}n = Qﬂﬂn - V;ﬂ/}n log Xn (4.2&)
Dan aan - Zqun . (42b)

Let us consider the Lagrangian

Ly = ~|Dypal® = mi|enl® = |Duxal® — mi|xal® (4.3)

where, similarly to what we have done in section 3, we assume that the mass parameters
my, are the same for each n.

4.1 Effective potential

We integrate out the fields 1, so to obtain an effective action for the dipole fields y,. The
computation is analogous to that of subsection 3.2 (more details can be found in appendix
B). The fermionic Lagrangian after integration by parts is
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where now

0| Xn
6 = (Velog [+ V.2 (4.5
The effective action for the dipole fields x,, is defined through
¢ 5 Sl _ / Dip 1 S Plalin il
eiznfd2a;<—\Dan|2—mi|Xn|2) /Dw ei ande%(dud“—mi—fn)d)n
N
; 2 2 2 2

¢ o] PP =i b P) T det (dd — m? — €,) (4.6)

n=1

where D7) indicates integration over all the fields ¢, and 1. Notice that, since we are
working with anticommuting fields 1,,, the functional determinant appears with a positive
power. Because of that, the resulting potential takes the same form of the second to last
term in (3.25), but for a sign (see appendix B for details),

A?l A?l 2 2 2 2
AViraln) = T2log (55 ) A= V2(oghl)? +m? . (4.7)

The symbol A represents a physical scale of the theory. Including as well the mass term, the
effective potential reads

| IXEON
Virn(n) = gl + 32 1os (53 (45)

We have N copies of the same effective action, so, for an n-independent configuration x,, = ¥,
the total effective potential is

o ) 1, ., A2 A?
NVer(X) = D Vern(X) = N | milxl® + - log ( 55 ) | - (4.9)
n=1

With the obvious notation A* = V?(log |x])* + my,.

The potential is depicted in Figure 2. For small values of |y|, it diverges to positive infinity
due to the logarithmic term. For large values of |x|, instead, the mass term dominates,
leading again to a positive divergence. Thereby, in the intermediate region, the potential
features a global minimum. The model is hence guaranteed to exhibit spontaneous breaking
of the dipole symmetry, triggered by the quantum fluctuations.

Since the dipole-symmetry-breaking configuration is a global minimum of the effective
potential, for what concerns the stability of the vacuum, we do not need to assume the
large- N limit, in contrast to the bosonic case of section 3. However, as we show in subsection
4.2, the dispersion relation for the Nambu-Goldstone mode in this fermionic model is linear
at small momenta as in the standard case. This is basically due to the fact that yx, are
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dynamical fields and so the model Lagrangian includes a bare kinetic term for them. As a
result, the CHMW theorem applies and there would not be spontaneous symmetry breaking
in 1 4+ 1 dimensions. Here we need to assume the large-N limit in order to suppress the
fluctuations of the Nambu-Goldstone boson that would otherwise spoil the ordered vacuum
configuration.

(Vett, 7=0)/my

0.351

0.30 1

0.25

0.20

Il

Figure 2: Effective potential for the fermionic model. Here we conveniently chose
(my/my)? = 0.002, (V,/my)? = 0.1, (A/my)? =0.1.

4.2 Ground state and Goldstone modes

Having found that the fermionic model is characterized by an effective potential for the dipole
field y that is minimized by a dipole-symmetry-breaking configuration |x| # 0, at low energy
the physics is captured by the small fluctuations 6 around this vacuum configuration. The
Nambu-Goldstone field 0, defined as the phase of x, enters the effective action only through
derivative terms. Unlike the bosonic model of section 3, the dipole field y is dynamical at
tree level. The Nambu-Goldstone action includes standard derivative terms as in (3.10). In
addition to these, there are derivative terms coming from the one-loop determinant in (4.6)
(see appendix B for more details). All in all, the Nambu-Goldstone Lagrangian reads

V2
~1
2407rmw

Lng = (1 W > (8,0)° — (8,0)° — [(070)* — 970020] . (4.10)

~3
247rm¢

Here mj = mj + &, where & is the background value of £, defined in (4.5).
The equation of motion derived from this Lagrangian is

1— Ve 00 — 020 + Ve (9/6 — 0;926) =0 (4.11)
w3 | T T 240mmd, NV T ‘ '
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Going to Fourier space, the dispersion relation is

2 2
— (1 Ve >w2+q2+v—m(w4—w2q2) =0, (4.12)

- 24m?, 2407},

which, being quadratic in w?, features two branches. One is analogous to the higher branch
encountered in (3.37); as such, it should not be considered in the low-energy theory. The
dispersion relation of the relevant, lower branch is

w=c1q+ c3q° + (’)(q5) ) (4.13)

where
— (1—2) _ el z 2 _ Yz 4.14
“ (L-w) ™ o 20m2 T w2 (4.14)

Since in the present fermionic model the dipole field y is dynamical, the dispersion relation
(4.13) of the Nambu-Goldstone field # is not as exotic as that arising in the bosonic model
(3.36). Indeed, at small momenta, it looks linear, with the speed of sound lowered by a
quantum correction. As a result, the CHMW theorem holds in this case. To wit, in the
fermionic model, the quantum fluctuations would spoil the ordered vacuum. As already
mentioned, this can be avoided by taking the large-/N limit which suppresses the quantum
fluctuations.

5 Conclusions

The present analysis introduces novel families of field theories, for either bosons or fermions,
that are symmetric under dipole transformations and have ordinary (quadratic and with two
derivatives) kinetic terms. We studied thoroughly some concrete examples that feature a
spontaneous breaking of the dipole symmetry, with or without a concomitant breaking of
monopole symmetry. The dispersion relations for the emerging Nambu-Goldstone modes
differ from those encountered in other models studied before in the literature. Remarkably,
we find a fractonic Nambu-Goldstone mode characterized by full immobility in a quantum
model which preserves monopole symmetry. Such fractonic character of the low-energy mode
evades the CHMW theorem in two spacetime dimensions at zero temperature. Therefore,
the low-energy properties of systems with multipole symmetries are sensitive to the details
of the symmetry realization and there might not be a universal effective description. Beyond
the specific interest regarding multipole symmetry breaking, we provided a working counter-
example to Coleman expectation. The exotic fractonic character of the Nambu-Goldstone
mode being the crucial ingredient to escaping CHMW theorem. It would be interesting to
explore the relationship of our result with possibly similar conclusions found in the context
of non-Fermi liquids, where the avoidance of CHMW theorem is argued on the basis of
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a vanishing spectral weight for the gapless Nambu-Goldstone mode in the limit of small
momenta [51].

The models analyzed in the present paper can be coupled to dynamical gauge fields for
the monopole and dipole symmetries.® Besides, it would be interesting to extend the present
analysis to three spacetime dimensions. With these extensions, one could address the low-
energy description of dynamic elastic defects within the particle-vortex dual formulation
proposed in [39] pursuing thus on the program reviewed in [14, 15] and recently revived by
the connection to fractons [7].
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A Generalization to a finite number of fields

Besides discretizing the internal space directions, in order to further reduce the set of fields
to a finite number N, a possibility is that the discretized internal coordinates take values in
Z . This is akin to making the internal directions compact. It should be noted that in more
than one dimensions this is not unique, as we could discretize a compact space in different
ways, analogous to having different crystalline configurations. The compactification of the
internal spatial directions does not lead to any modification of the gauge transformations or
in the form of the covariant derivatives, but we should enforce

n' + k' = (n' + k' )mod N . (A.1)

In one dimension, ¢z — ¢, it is also possible to generalize the transformations to a finite
number of fields keeping n as an ordinary integer, rather than a Zy-valued variable, with
0 < n < N —1. For convenience in the presentation, we henceforth replace n = N with
n =0.

6The gauge structure of fracton theories has recently received attention in itself, see for example [52,53].
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The finite transformations of the fields are the following:

eikp¢n(t7 x)e—ikP = ¢n+k(t7 .T) ) <A2a)
A 4 2
€0, (t,x)e M = exp (’Mo cos %) On(t ) , (A.2b)
. . N 2mn
61)\1 Q1 an(t’ x)e—z/h Q1 _ exp (2)\1% sin T) ¢n(t> gj) , (AQC)

where the trigonometric expressions encode the periodicity of the compactified space. More
specifically, in the regime n < N, we recover a constant phase for the monopole transforma-
tion and an n-linear phase for the dipole transformation. The gauge fields V), are invariant
under all gauge transformations and a, and b,, transform as usual under monopole and dipole
gauge transformations

(501# = 8#)\0—‘/#)\1, (A3a)
by = Ou\i. (A.3D)

However, their transformation under translations is modified into

2k N | 27wk

Gu = COS—ay + 5, Sin Tbu : (A.4a)
2k N 2k
b, — cos %bu ~ 5 sin %au . (A.4b)
The covariant derivative takes the form
2 N 2
D,¢, = 0,0, — icos o Ay Qp — i7—sin o b dn
N 2w N (A5)
1 2w . " ’
- Vu On m [COS N log (¢N—n ¢n) — log (¢N—n+1 ¢n—1):| .

Taking N — oo with n, k finite, one recovers the expressions for the non-compact case.
When doing this one should consider ¢n_, = ¢_,,.

A possible alternative to the realization given in (A.3) is:

2T . 27
da, = Ouro+ ViAo (1 — CoS N) — VM (1 + sin N) , (A.6a)
2r . 27 2T 27
56“ = 8,)1 - VM)\ON S1n N -+ VN)WN (1 — COS W) . (A6b)

Together with the covariant derivative

2 N 2
Du¢n: uﬁbn—iCOS%naugbn—i%Sin%n

- Vu ¢n [bg (ijz gbn—&-l) - log (Qb:z ¢n)] .
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It is not completely straightforward to generalize this to a larger number of dimensions. A
possibility is to introduce additional monopole gauge fields, one for each direction a,ﬂ. The
expressions for the transformations of the fields are

FPoa(t, @)™ = 6t @), (4.82)
20Qo —ixoQo L1 2mnt
e On(t, x)e = exp MON cos — oa(t, ) , (A.8b)
I
o o N 2!
M@t x)e MO = exp (@Z /\{% sin 7;\? ) oalt,x) . (A.8c)
I

The transformations of the gauge fields under monopole, dipole and translations in the I-th
direction are

dal = 90— VA, (A.9a)
Sby = A, (A.9b)
2rk! 2 2rk!
aﬁ —  COS 7]TV ai + Nﬂsin 7]TV bIIL : (A.9¢)
2kt N 2kt
T I : I
b, — cos N Ok T g sin—ay (A.9d)
J#I TAI
a,u - CLH ) (A9e)
J#I JAI
b7 = b (A.9f)
And the covariant derivative for these transformations is
1 2mn! ~ N . 2m!
D,¢n = 0,07 — i zj: CO8 —— @y, bin — 1 ZI: 5, Sin— b, 95 (A.10)

1 2w N ¥
- ; Vi 05 TonZ {COS v log (¢a+<zv_2nf)f ¢ﬁ> —log <¢ﬁ+(w_2n1+1>f ¢ﬁ—f)1 '

When N — oo, these also become the same as for the non-compact case, provided one
identifies the monopole field as

1
a, = NZaﬁ. (A.11)
T

B One-loop computations

In the present appendix, we provide some details on the computations of the effective actions
for the bosonic and fermionic models discussed, respectively, in sections 3 and 4.
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B.1 Bosonic model

After introducing Hubbard-Stratonovich fields, our bosonic model is described by the La-
grangian (3.20), which we report here for convenience,

Lus = Y [IDutul> — (M3 +7,) Grtbn — T0ui1 &y — T Sh10n) +

n

m; o Ae 4 21212, Moy o —x —
- N o+ o +m|X| —|—7|)<| —TIX =T X —Te0 ) (B.1)
The second line in (B.1) gives a classical contribution to the effective action for the Hubbard-
Stratonovich fields and the Lagrange multipliers, while the quantum contribution comes from
evaluating the determinant arising from the Gaussian integrals in ¢,,, which can be written

as’

NASeg =itrlog [(d*d, — A*) 1y + By] . (B.2)
Here,
_ 2
A2Emz+§zm?¢+7'g+(‘/;glog|?x|> , (B.3)

the symbol 15 denotes the identity matrix in N dimensions and By denotes the following
N x N-matrix

0O, 0 O
TX* 0 n O

By=10 77 0 7 (B.4)
0 0 77 0

To compute the effective potential, we take constant field configurations, while, in order
compute the derivative terms of the effective action, we use the heat-kernel approach.

Effective potential

Let us consider constant field configurations. From (B.2) we get

. . By
N/d%,; AV.g = —iN trlog [(d#du — AZ)} —1trlog []lN + m] ) (B.5)

We perform the computation in Euclidean signature compactifying the time direction on a
circle with length 5 = 1/T. We then take the zero-temperature limit 7" — 0. Since here we

"We use the notation tr for the trace over spacetime and internal space, while Tr will indicate the trace
over the internal space only. We also recall that Seg, Log and Veg are defined extracting a factor of V.
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are dealing with bosonic fields, we impose periodic conditions. In Euclidean signature, (B.5)

reads B
N/dQ;zj Aveﬂc = Ntr log [(_dzdz + A2)] + tr log {]1]\7 + WJLN] (BG)
Let us first consider the first contribution, we have explicitly
dq =
2y _ 2 2
trlog(—d;d; + A%) = T/ glog LH [(2nTk)? + Q2] | (B.7)

where Qg = (q—V,0)*+ A% We subtract the contribution of a free field dividing each factor
in the argument of the log by (277)* + w? with w? = ¢* + m2,

< (2nTk)? + 2 Slﬂh2(§T>
H q

= o (B.8)
(2nTk)® + w? sinh? (£2)

k=—o0

Dropping the contribution that is independent of x, one then finds (neglecting also another
constant term)

T/%log [sth (?T)} /;lq [Q, + 2T log (1 — e~ %/7T)] . (B.9)

The first term inside the square bracket can be identified as the zero-temperature contribu-
tion. We can evaluate it explicitly according to

_ k2T ~3/2 (TR /12
Q, = T(—1/2) lg% [ NG -I—/O dr(T+¢€)""/“e ) (B.10)

where g is a renormalization scale. Then, dropping the == dlvergent term, the integral over
q gives

dq :u2 : OO (T+6)A2/,u
/27TQ = —Elg% i dr(t +¢€)7? . (B.11)
Pursuing on, the integral over 7 gives
d A? A? A2
/ qQ ——+—(—10ge+1—7E)——10g + O(e) . (B.12)
de  Am 47 12

Eventually, plugging this into (B.9) and suitably choosing the dynamically-generated scale
A, we find that the first contribution to the one-loop effective potential in (B.6) is

A? A?
A‘/efflT 0= —4—10g (F) . <B13)
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Let us now consider the second contribution in (B.6), recalling that By is given by (B.4).
For small values of |7, |/A?, using that Tr By = 0 and Tr B = 2N |7, |? at large N, we have
1

By )
log |1y + ——2>——| ~ —Np/tr —— B.14
trios |+ oy AQ} e T ay (B.14)

= —N|n’T
7l Z/ [(27Tk)? + ¢* + A?]?
v A2+q + sinh csch? | Y A2+q
= —N|r |2 @
- ) 2 8 (A2 4 ¢2)*?

dq 1 1 q2 2/
= NI~ 2+ |—— @(\/+A )
|7x] /27T [64 (2 + A2)3/2 +

As a result, in the zero-temperature limit we find
L ~ _A]\[—‘TX‘2
—d;d; + A?

trlog {JIN + (B.15)

Derivative terms

To find the derivative terms explicitly, we adopt the heat-kernel approach, which consists in
an expansion in powers of 1/my (see for instance [48,54]). It relies upon the identity

NALeg =i (z|log [(d"d, — A*) 1x + By] |z) = / d—TH(x T), (B.16)

where we have introduced the heat kernel
H(x,7) = (z]exp (—7 [(d"d, — A?) 1x + By]) |2) (B.17)

Equation (B.16) holds after removing an irrelevant infinite constant.

The one-loop effective action exhibits derivative terms for the fields ¢ and |7,| and for
the Nambu-Goldstone field 6 defined as the phase of the dipole-symmetry field y. For the
stability analysis it will be enough to consider only time dependence. Then, these derivative
terms are given by the following terms in the heat-kernel expansion

7m2T
.€ ¢ 2 2
Hkin(Ta l’) = 1 AST 7 Tr [(thjl—l—atBN) ]

7m2T

= ie ’ '7'2 [N (8t£)2 -+ 2N3t7* 8tT :| <B18)
A8 xR

where we remind the reader that the field ¢ has been defined in (B.3). We also used that
Tr By = 0 and Tr B%, = 2N|7, |* at large N. As a result, the kinetic terms in the low-energy
effective Lagrangian read

]_ 2 %
Nﬁkin = 4871-—77-% |:N (até-) + 2NatTXatTX] . <B19>
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Let us consider the derivative terms for the Nambu-Goldstone field 6. Recalling the form
of the covariant derivative

Dyn = dyon — Vi log ('i”') A=, — iV, (B.20)

n

and that we are considering 6,, = 6 (see discussion below (3.9)), we understand that 6 enters
the low-energy effective action only through terms involving the covariant derivative d,,.
Since we expand around a background configuration, Y = xo + X/, we have £ = &, + §~ , where
&o is given by (B.3) evaluated on the background configuration. We then define m; = mi+fo.

Given that [é ,0) = 0, the heat-kernel expansion does not produce interaction terms be-
tween the fluctuation fields € and 6. Thus, the relevant terms in the low-energy action which
involve the Nambu-Goldstone field 6 read (see [48] for the derivation of the heat kernel
expansion)

a2
e mq;r

(T

Hyo(w,7) = iN {[dmdyndﬂ,d”]+115(4[dp,[du,dymdmdﬂ,dyn+

+ [dy, [dy, d"]ld,, [@", d°]] + 6]d,, [d”, [dmdy]]][d”7d”]> + 0(72)} - (B.21)

The gauge invariance of the original action (B.1) is preserved at each individual order of the
heat kernel expansion. This implies that the covariant derivative d,, can only appear through
commutators with itself in nested structures which at their core have a commutator [d,, d,].
Jointly with the fact that the background V), is only spatial, V,, o 4;, the inner commutators
always produce a term 0;0. Hence, each Nambu-Goldstone field 6 is always acted upon by
(at least) one time derivative.

Evaluating the first terms of the large fn?b expansion of the heat kernel (B.21) and using
(B.16), we find the leading contributions to Lagrangian density for the Nambu-Goldstone

field,
V2

Lng =2
YT 240}

[107723(0,0) — (8,0,0)% + (976)*] . (B.22)

B.2 Fermionic model

The effective potential for the fermionic model is found from

/d% AVeg = itrlog[(d"d, — A%)] | (B.23)
which, in Euclidean signature, becomes

/ P AVig = — trlog [(~did, + A?)] (B.24)
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For fermionic fields, we need to impose antiperiodic boundary conditions along the time
circle. We have

o0

—trlog(—d;d; + A?) = —T/ ;i—g_ log [ H (7T (2k + 1))* + ]

=—0Q

, (B.25)

where Qg = (q — V,0)? + A?. Evaluating the sum over Matsubara frequencies, we find

2y
S TRk D402 cosh’ (g)

kl__[OO (7T (2k + 1)]2 + w2 ~ cosh? (g—%) '

(B.26)

Dropping the contribution that is independent of y, one then finds (dropping another con-
stant as well)

dq Q dq _
AV =1 [ hhog feosi (G2 )| = [ SL [0, + 2001 %m)] L (o)

As a result, in the zero-temperature limit, we eventually obtain

A? A?
A‘/,gﬁT:O = E 10g (F) . <B28)

Derivative terms

The derivative terms in the fermionic model can be computed again using the heat-kernel
approach. Because of the anticommuting nature of the fermionic fields, we now have

ALy = =i Galtog (d—m2 ~ ) 10) =i [~ Ltta.r) (B.29)
0

where the heat kernel reads
H(z,7) = (z]exp (- [d"d, — mi —&]) |z) . (B.30)

The quantum corrections to the Nambu-Goldstone effective Lagrangian is still found by
evaluating (B.21). Including also the classical contributions, it reads

247rﬁ112p 240#7713)

,cNGz<1— Ve )(at9>2—<ame)2— Ve [(o26)2 — 6r00%) | (B.31)

where 107, = mJ + &, with § being the background value of €.
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