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The methods of nonlinear realizations have proven to be powerful in studying the low-energy physics
resulting from spontaneously broken internal and spacetime symmetries. In this paper, we reconsider how
these techniques may be applied to the case of spontaneously broken gauge theories, concentrating on
Yang-Mills theories. We find that coset methods faithfully reproduce the description of low-energy physics
in terms of massive gauge bosons and discover that the Stiickelberg replacement commonly employed
when treating massive gauge theories arises in a natural manner. Uses of the methods are considered in
various contexts, including generalizations to p-form gauge fields. We briefly discuss potential applications
of the techniques to theories of massive gravity and their possible interpretation as a Higgs phase of general

relativity.
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I. INTRODUCTION

Gauge symmetries form a pillar of modern physics and
as such they have been studied and interpreted in myriad
ways. Here we focus on a treatment of gauge fields in
the context of nonlinear realizations. The basis for this
approach is the observation that the global part of a gauge
symmetry acts linearly on gauge fields, while the local
symmetries act nonlinearly. That is, the transformation for
a Yang-Mills (YM) 1-form gauge field, A, schematically
given by A > U(A + d)U~!, is generally nonlinear due to
the presence of the second term, but becomes linear in the
global limit where U is independent of x. This allows us to
think of the gauge field as a Goldstone field nonlinearly
realizing the gauge symmetry and to apply standard coset
construction techniques to build its action.

The techniques of nonlinear realizations were developed
in the context of spontaneously broken global symmetries
[1-3]. Given a spontaneous symmetry-breaking (SSB)
pattern in which a global symmetry group G is broken
to a preserved subgroup H, denoted G — H, these methods
generate all terms which can appear in the low-energy
effective action used to describe the physics of the broken
phase [4]. The preserved symmetries of H act linearly on
the resulting low-energy degrees of freedom, while those in
G/H act nonlinearly. The coset construction has recently
seen a resurgence of interest (see Refs. [5—14] for a variety
of novel applications).

Tt is quite surprising that this is possible; after all gauge
symmetry is merely a redundancy of description and not a
physical symmetry. Nevertheless, we will see that decomposing
the gauge symmetry into an infinite number of global trans-
formations will allow us to construct gauge fields as Goldstones.
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The power of coset methods lies in their generality.
For example, in the case of (internal) global symmetry
breaking one only needs the knowledge of the breaking
pattern to derive the universal form of the low-energy,
infrared (IR) action. Long-wavelength features are insen-
sitive to the detailed high-energy microphysics responsible
for breaking the symmetries. The goal of this paper is to
elucidate the analogous result for gauge theories, that is, to
determine the gross features of the Higgs phase of a gauge
theory only from the knowledge of the breaking pattern,
while remaining agnostic about the theory’s ultraviolet
(UV) completion.

Gauge fields are not typically interpreted as low-energy
degrees of freedom arising from spontaneous symmetry
breaking, but the coset techniques described above are still
useful in this context. A typical gauge group, which we
denote Gy, 1s infinite dimensional and includes global
transformations as a subgroup, denoted Ggjgpy- As noted
previously, the action of Gy On gauge fields is linear
while the action of an element in Gy / Ggiopal 1S nOnlinear.
Applying the coset methods to the “breaking” pattern
SU(N)iocat = SU(N)gjgpar» for example , one can generate
the YM action [15-17]. The Einstein-Hilbert action can
be derived similarly by considering the diffeomorphism
group [18].

Nonlinear realization techniques have previously been
used to study Higgs phases of gauge theories, but this was
done by first applying coset methods to global symmetry-
breaking patterns and then gauging the resulting theory
of Goldstone bosons by hand [19,20]. Here, we instead
systematically construct the appropriate actions for broken
gauge theories entirely in the coset framework. This
alternate route has gauge bosons built in from the start
and makes contact with a greater number of conceptual and
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technical aspects of coset methods, such as the subtleties
of spacetime symmetries due to “inverse Higgs” effects,
and the use of cohomological methods in finding Wess-
Zumino terms.

Before studying the broken phase of gauge theories, we
review the standard coset construction for both internal and
spacetime symmetry groups and then perform the con-
struction of unbroken Yang-Mills theory in this language.
Along the way, we provide interesting demonstrations of
how various facets of gauge theories are expressed in the
coset language. For instance, the search for Wess-Zumino
terms leads us to the construction of Chern-Simons
(CS) terms.

We then turn to the main case of interest and demonstrate
that these techniques are also applicable to Yang-Mills
theories which truly exhibit spontaneous symmetry break-
ing. That is, given a SSB pattern in which G, 18 at least
partly broken, coset methods correctly reproduce the fact
that the low-energy degrees of freedom are a mix of
massive and massless gauge bosons, where the precise
mixture depends on the breaking pattern. Further, we find
that coset techniques automatically employ the Stiickelberg
trick commonly used for treating massive gauge bosons.

In the final section we discuss applications and gener-
alizations of these methods. We consider scenarios in
which different residual symmetries are preserved after
SSB and work out one such case in detail, confirming that
we accurately reproduce known results. We also discuss the
generalization to the case of p-form gauge fields where
the Stiickelberg realization of the p-form gauge symmetry
arises naturally. Finally, we discuss the potential use of
coset methods in treating anomalous gauge theories.

There are many generalizations and applications of the
formalism we present. One such application is to the
spontaneous breaking of gauge symmetries in the non-
relativistic setting. Although throughout we assume that
Poincaré symmetry is preserved, our results generalize
straightforwardly to the nonrelativistic arena. Another
possible application of the coset formalism is to investigate
the Abelian vector duality presented in Ref. [21], which we
discuss. Finally, we briefly discuss the potential application
of our methods to theories of gravity. In this context, coset
methods can be used to study generic IR properties of
gravitational Higgs mechanisms in a systematic way which
is insensitive to the precise UV mechanism. In particular,
we are interested in studying breaking patterns which can
give rise to ghost-free de Rham-Gabadadze-Tolley (dRGT)
[22] massive gravity and exploring whether the dRGT
interactions are special in some way when compared to the
generic terms one generates. We explore this possibility in
detail in a companion paper [23].

II. GENERAL COSET METHODS

In this section, we review the machinery of nonlinear
realizations for treating the spontaneous breaking of both
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internal and spacetime symmetry groups. The procedure for
the internal case was originally developed in Refs. [1,2] and
was discussed nicely in Refs. [4,24-26]. The construction
was generalized to broken spacetime symmetries in Ref. [3]
and techniques and subtleties relevant to the spacetime case
can be found in Refs. [9,26-30]. Both cases were reviewed
in Refs. [6,7], which we follow.

A. Internal symmetry breaking

Consider the spontaneous breaking of an internal
symmetry group, G, to a subgroup H. Let V,,
Ie{l,...,dimH}, be the generators of the preserved
subgroup, H, and all other generators be denoted by Z,,
ae{l,....dimG/H}. We refer to V;’s and Z,’s as the
“unbroken” and “broken” generators, respectively.
Representative coset elements, g € G/H, are written in
the canonical form g§=exp(£“Z,). From Goldstone’s
theorem, there are as many Goldstone bosons as there
are broken generators and we identify the associated fields
with the coordinates of the coset space G/H. The coset
elements are maps from spacetime, denoted M, to the
coset space, g(x) : M — G/H, and the Goldstone fields
are the &%(x)’s.

Every group element g € G defines a symmetry trans-
formation of the fields, g:&% — £, defined through

gexp(&'(x)Z,) = exp(§“(x)Z,)h(g.&(x)),  (2.1)
where h(g,&%x)) is an element of H. Generally, the
transformation &4 — £¢ is complicated and nonlinear,
but in the limit that g C H the relationship becomes linear.”

In order to build actions for the &4 fields we employ the
Lie algebra-valued Maurer-Cartan (MC) form

g_]dg = Q = QZ + QV = Q%Za + Q{/VI

The utility of € is that it transforms nicely under Eq. (2.1),
where Q transforms homogeneously and Qy, transforms as
a connection,

.{QZ
9 q,

For a d-dimensional spacetime, one then builds a
G-invariant d-form Lagrangian for the Goldstone fields
by combining together factors of €%’s using the exterior
product3 and contracting indices appropriately so that the
result is H invariant, in the sense that the final d-form is

> h(x)Qzh~!(x),

> h(x)(Qy + d)h! (x). 2-2)

2Strictly speaking this is only if commutators between broken
and unbroken generators never contain any unbroken generators.
The algebras we consider obey this restriction.

3Equivalently, the forms Qf can be used to construct a
covariant derivative for the Goldstone fields, dx*D,&* = QF,
which transforms covariantly.
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invariant under Eq. (2.2). Other matter fields couple to the
Goldstones via the covariant derivative whose connection is
defined by Q.

The above procedure of creating d-form Lagrangians
only constructs terms strictly invariant under the relevant
symmetries and therefore may miss certain “Wess-Zumino”
(WZ) terms which shift by a total derivative under the
symmetries. These terms can also appear in the action, but
require a higher-dimensional construction [4,31]. Finding a
WZ term is equivalent to a cohomology calculation: one
looks for an exact, H-invariant (d + 1)-form* @ = df, built
out of the Qf, such that  is not itself H invariant. Instead,
p shifts by a closed form under the symmetries, so that
a = dp is still strictly invariant, and thus f§ represents a
perfectly fine term that can be added to the d-dimensional
action. That f# is not strictly invariant is equivalent to
the statement that it is not built out of the € building
blocks and is therefore a term that would be missed had
we restricted ourselves to only searching for d-forms.
(See Refs. [4,32-34] for more on the cohomological
aspects of WZ terms.)

This higher-dimensional construction can help elucidate
the quantum-mechanical properties of Wess-Zumino
terms [31]. Given the appropriate (d + 1)-form «, one
can compactify spacetime so that it encloses a (d + 1)-
dimensional ball B, with 9B = M, and define the WZ
action as an integral over the ball by

Svi=[a=[ b

There are actually inequivalent possibilities for the ball
over which the WZ action is defined, say /5 and 5'. In order
for the physics to be insensitive to the choice made, the
difference between the two actions must be an integer
multiple of 2z,

/(x—/a:/ a = 2nk,
B 4 Sd+l

so that the path integral is unaffected. As indicated in
Eq. (2.3), the difference between the integrals over the two
balls is equivalent to a single integral over the (d + 1)-
sphere generated by gluing the two balls together.
Essentially, one has compactified M into the d-sphere,
§9, which is the equator of a (d + 1)-sphere, S9!, whose
northern hemisphere is 3, and whose southern hemisphere
is B'. The (d + 1)-form @ now defines a map from S%*! into
the coset space G/H. Such maps are classified by the
homotopy group 7z, (G/H); if this group is nontrivial,
then it is possible for f g1 @ # 0 and the condition (2.3)
forces the coefficient of a to be quantized. The coupling

kez, (23)

“One imagines that the form « is constructed either on a
(d + 1)-dimensional spacetime or on G itself so that the (d + 1)-
form is well defined and not simply automatically zero.
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constant therefore cannot change continuously and hence
it cannot be renormalized. This was the procedure of
Ref. [31] where it was shown that the Wess-Zumino-
Witten term of the chiral Lagrangian must be built in
this manner and enjoys a nonrenormalization theorem.
See Ref. [4] for more details and subtleties in such
constructions.

B. Spacetime symmetry breaking

The coset treatment for spontaneously broken spacetime
symmetries proceeds much as the internal case, but with
two main subtleties. For simplicity, we take M to be
d-dimensional Minkowski space in this section.

The first subtlety is that every translation generator is
included in the coset element g, regardless of whether it is
truly broken or not. The reason for this is a practical one;
the generators included in the coset element are precisely
those that induce nonlinear symmetry transformations,
and since translations act nonlinearly on coordinates i.e.,
X"+ x* 4 bH, they too need to appear in the coset element,
despite the fact that they may act linearly on fields in the
theory.

The coset elements are then members of G/H, where H
includes all preserved transformations except for trans-
lations. Generators of H and preserved translations are
denoted by V; and P,, respectively, and the remaining
generators are denoted by Z,. We write the coset element as

9= exp(x/‘P”) exp(f“Za), (24)
where x*’s are the spacetime coordinates. The Maurer-
Cartan 1-form is expanded as

Q = QZ + QV + Qp == Q%Za + Q{/VI + Q’;:.P”, (25)
and Qy again transforms as a connection, while Qp and
Q, transform homogeneously. Further, Qp defines a
vielbein for the system with components (Qp) defined
by Qp = dx”(Qp)ZP,,, where v is the Lorentz index, so that
the covariant metric is given by g,, = (Qp)z(gp)fﬂaﬁ.

The second subtlety is that, in the case of spacetime
symmetry breaking, there can be fewer Goldstone modes
than broken symmetries. There are various interpretations
of this phenomenon (see Refs. [9,11,27-30,35-38]), but
there is no general consensus and it is a topic of ongoing
research. In any case, a procedure exists for determining
when one can reduce the number of degrees of freedom by
eliminating fields in the action. Schematically, the rule is
that if the commutator of an unbroken translation generator,
P, and a broken generator, Z;, contains another broken
generator, Z,, that is [P,Z,| ~ Z,, then it is possible to
eliminate the field corresponding to Z; in favor of the
remaining fields and their derivatives. The relation between
fields is determined by setting parts of the Maurer-Cartan
form along Z, to zero. This is known as the inverse Higgs
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(IH) effect [27]. In practice the elimination of the Z; field is
often equivalent to integrating the field out via its equations
of motion [29], but this is not always the case [7].

There is something of an art to choosing which parts of
the Maurer-Cartan form to set to zero and in determining
whether the fields ought to be eliminated at all [9], but the
only requirement from a consistency standpoint is that the
final theory obey all of the symmetries contained within G.
We take the viewpoint that one chooses which inverse
Higgs constraints to apply based on the degrees of freedom
one wishes to describe. For example, when considering
Yang-Mills we know that we are interested in gauge bosons
and therefore we eliminate all higher-order fields in favor
of Aj. Keeping the other fields may be interesting in other
contexts, but not the one we wish to study here, and we
leave such explorations to future work.

III. YANG-MILLS AS A NONLINEAR
REALIZATION

With the knowledge of the previous sections, we can
construct the YM action on d-dimensional Minkowski
space. Much of the following section is a modern rephras-
ing of the original calculation of Ref. [15] and appears
elsewhere in the literature (see Ref. [39] for a nice review),
but some lesser-known results will be emphasized.
Although the results are very general, we will assume
that the gauge group is a simple group for simplicity.
For these groups, one can choose a matrix representation
for the generators, {T,}, which satisfy tr(7,T}),) & 8., =
diag(+, ..., +).” We shall use the notations interchangeably
when convenient. The existence of other invariant tensors
depends on the group in question and for the majority of
our purposes it is sufficiently general to only contract group
indices with J,,.

A. The local Yang-Mills algebra

We now construct the algebra which the gauge fields
nonlinearly realize. Although our main interest is non-
Abelian gauge theory, it is helpful for building intuition to
first consider the Abelian case. An Abelian 1-form gauge
field, A, transforms under a gauge transformation, with

A g (A+d)g=A+da, (3.1)
where Q is the U(1) generator and a(x) is an arbitrary
function. We can imagine Taylor expanding this function as

[Se]

a(x)Q = Z Cppro, X1+ X Q,

n=0

(3.2)

*In addition, for a simple group, the structure constants of the
Lie algebra can be made totally antisgfmmetric by employing the
Cartan-Killing metric g,, = j.u“frc"-
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where the Cy,..u, Ar€ CONStant coefficients. If we then define

new generators

HiHn = yHi
0 X

X, (3.3)

we can think of a gauge transformation as being built out of
an infinite number of global rotations [39]

g = eCQ+Z:O:1 Curmn grn . (3.4)
The interpretation is then that the global transformation
generated by Q is linearly realized, while the transforma-
tions generated by the Q#1"*#» are nonlinearly realized and
the gauge field is the corresponding Goldstone boson.
Notice that the generators Q*1*#» explicitly depend on x*
and therefore do not commute with the spacetime Poincaré
generators.

With this intuition, we can now proceed to construct the
algebra nonlinearly realized by a non-Abelian gauge field.
We denote the generators of the global part of the algebra
by T,, a € {1,...,N}, satisfying commutation relations

[Ta’ Tb} = _gfabCTc’ (35)
where g is the gauge coupling. Latin gauge indices are
raised and lowered with §,;, and whether an index is up or
down is unimportant. The Poincaré generators are P,
and J .

In order to define local gauge generators we again expand
the gauge generator as a*(x)T, = > % g, X x0T,
for some set of constants «f , . Then, defining
Ty " =x"...xT,, these generators obey the commuta-
tion relations’

[TZI"'ari, T/bfl/jm} — _gfabCTg]'“anﬁ]“‘ﬂm,

[P, T = =8 T (3.6)
and indeed we take Eq. (3.6) to define the algebra under
study, along with the relations for [P,.J 4], [J,,.J,,;] and
[/, Ta" ] whose specific forms will not be needed. We
call {Tg" "}, n+#0, the “local generators” of the gauge
group and {T,} are the “global generators.” The union
of the two sets generates G,y While {7,} generates

G global c Glocal .

B. Unbroken phase
When the global symmetry is preserved, the SO(3,1)
rotations and Gjopy transformations act linearly on gauge
fields and YM is reproduced by studying the “breaking”
pattern

Glocal X ISO(3, ]) i Gglobal X 50(3, 1) (37)

®We symmetrize with weight one, e.g., T = T +To)-

025022-4



SPONTANEOUSLY BROKEN GAUGE THEORIES AND THE ...

The representative coset element belongs to (Gjeq X
ISO(3.1))/(Ggiobat X SO(3.1)) and is written as

e

- a TUNRSB b T2 peqn
_ a -
g = ¢ L et mmas e vn'r e ule,

(3.8)
where the fields {®{ , } are totally symmetric in all greek

indices and the terms in [...] are all higher order in that they
contain generators with more greek indices.

1. Maurer-Cartan form and inverse Higgs

Given the coset representative (3.8), we can compute the
Maurer-Cartan form and expand it as Q = Q P, + QT ,+
Q4T 4 ..., with components calculated to be

Q= dx*,
Q¢ = dx*A¢,
1 .
Qf = —dA¢ — 2dx* P4, + 3 9f b "ALASdx, (3.9)
The commutation relation [P, TY | = —25,(,”’T§) reveals

that we can eliminate the field corresponding to T,
Le., @7y, through an inverse Higgs constraint. In compo-

7 . .
nents,” we have Q = dx*€2j,, which we can separate into a

symmetric and an antisymmetric piece, where ®7; only
appears in the symmetric components

Qa

4, = —0AY = 2B8

V) s

1 1
Q= =0uAy +59fpc AuAL = =5 F,

SFu. (3.10)

Setting Q((l/w) = 0, we eliminate @y, in favor of derivatives

of Aj through

. (3.11)

1
¥, = =5 0uAL
Evaluating Q¢ on this constraint, we obtain the YM field
strength tensor, denoted

1
Qg = — 5 Fud". (3.12)

A similar pattern holds when performing the calculation
to higher orders. The fields ®f , can all be removed by
IH constraints which eliminate them in favor of A% and its
derivatives. The higher-order components of the Maurer-
Cartan form all turn into gauge-covariant derivatives of the
field strength tensor [39].

"There is potential confusion here as greek indices are used
both as form indices and indices on the fields, but their meaning
should be clear in context.
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2. Symmetries

As a consistency check, we confirm that actions con-
structed using the IH constraint still respect the full set of
Gioca Symmetries. We perform a generic symmetry trans-
formation by acting on § with exp(=>_,e4 , Ta""™).
Defining ¢“(x) =), x*1...x*"¢f ,, the infinitesimal
transformations are found to be

0A; = gfbcaebAﬁ +0,€%,
1 1
50, = gfbcaebq)fw - 56”6,,6“ - ngbcaA(cya,,)eb. (3.13)

The first line of Eq. (3.13) is recognized as the familiar non-
Abelian gauge transformation with gauge parameter €.
The second line demonstrates that —%8(}¢Afj and @7, have
the same transformation properties and hence the IH
replacement, @y, — —%G(ﬂAS, is consistent and yields
an action invariant under the 1')ull Gioeal group.

3. Construction of the action

We now construct the action. As discussed previously,
the components of the Maurer-Cartan form along the
preserved generators define the connection used in mat-
ter-covariant derivatives, and thus from Eq. (3.9) the
connection is simply Ajdx* = A“, as expected. The remain-
ing components are contracted in H-invariant ways. For
the case under consideration, this simply translates into the
requirement that latin gauge indices are contracted with
factors of 6,, and greek indices are contracted with 7,
OT €.y

We are imposing the IH constraint ¢, = — % 8(/4AZ) and
so the lowest-order forms we can build actions with are
Qfp =dx* and Qf|y =—31Fddx*. In generic d >2
dimensions, there is only one possible invariant action
which is quadratic in Qf|y,

L, x 8,,F* A xF? = trF A xF, (3.14)
where F' is given by8
a 1 a " v v a
F :EF””dx Adx’ = Q4 A QY (3.15)

and where * is the Hodge star with respect to the vielbein
on M defined by € (here just the flat metric). This is
nothing but the standard Yang-Mills kinetic term,
trF A xF « dxF I‘j,,FZ", and hence the coset construction
is seen to generate the correct term.

We therefore see that the objects from which we can
construct an invariant action are the field strength tensor
F;,T, and the gauge-covariant derivative D,=0d,+
igA4T,, and that any Lagrangian £(D,, F,,) built from

¥This relation is actually independent of whether or not one
chooses to impose the IH constraint.
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these ingredients will be gauge invariant, which is a
familiar result.

In even dimensions, there are further possibilities.
For example, in d =4 there can be a term of the form
Lo x trF A F. This is nothing but the topological 6 term
which is known to be a total derivative. It is straightforward
to verify this fact by explicitly writing out £, in terms of
Ay, but it proves more interesting and fruitful to verify
this fact through an alternative procedure which takes
advantage of the underlying group structure and makes
connections to standard techniques of coset methods.

4. Chern-Simons as a Wess-Zumino term
Given a group G with Lie algebra generators X, which
obey [X,, X, = fur“X,, the components of the Maurer-
Cartan form obey the Maurer-Cartan equation,
1
dQc + Efab“Q“ A QP =0, (3.16)

where Q = Q“X .. For the Lie algebra at hand [Eq. (3.6)]
and the Maurer-Cartan components in Eq. (3.9), this implies

dgY =0,
dQa — gbe“Qb AQEH QA QL

dQ% = gf, Qb A Q°+ QY A Q4. (3.17)
The exterior derivative relations (3.17) then provide the
necessary ingredients for the cohomological problem of
finding Wess-Zumino terms.

For simplicity, we will focus on the case d = 4 and use
Eq. (3.17) to show that trF A F is closed and, relatedly,
that there exists a WZ term in d = 3 which is simply the
Chern-Simons term. We follow the general WZ strategy
and look for closed 4-forms. There is no need to impose IH
for this part of the calculation; we consider the form

£9 = 5(117(9/;) AN QZ) AN (Q% A Qf) (318)

Using the relations (3.17) we find that this form is closed,
dLy = 29f .o (Qp A Q) A (Qp AQY) AQ, =0, (3.19)

since under c<>a the structure constant is antisymmetric
while the forms are symmetric. As indicated by our
notation, this 4-form is simply the @ term from the previous
section, Ly « trF A F, and thus we have proven the claim
that it is a total derivative using the coset framework.

Further, L, is the exterior derivative of a 3-form which is
not itself A invariant. Explicitly,

1
Lo=d|Q A QA Sy + L 9farcQ N QNG

= d[:CSs, (3.20)
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and since we are not allowed to use Q¢ in constructing the
relevant H-invariant actions, L, is not itself strictly H
invariant. Therefore, L, represents a WZ term which can
appear in the d = 3 action which would have been missed
in a purely three-dimensional coset construction. Replacing
the Q’s in favor of A“ and the field strength, we find

1
ECS} - 6“[’Aa A Fb t ngabcA“ AN Ah N A€
1
= 5,,A% A dAP — 39 avc A A AP ANAC (321)

As the notation indicates, and as one may have expected,
the Wess-Zumino 3-form for non-Abelian gauge fields is
simply the Chern-Simons term. Note that this result is in
harmony with the earlier discussion about symmetries in
the coset construction; the Chern-Simons term (a WZ term)
changes by an exact form under a gauge transformation
while the standard, non-WZ, kinetic term is strictly
invariant.” A similar connection between Chern-Simons
and Wess-Zumino terms was noted in Ref. [41].

The extension to higher-dimensional cases is straightfor-
ward, but group dependent. If the gauge group Gggpa
admits an invariant tensor of the form M, _, , then there
exists a closed, gauge-invariant 2k-form £2* which will
lead to WZ terms defined by

LHA=dpi =M, QL A A AQAQ, (3.22)

but the existence of such an invariant tensor depends on the
precise gauge group at hand. In terms of the usual treatment
of gauge fields, given the set of generators {7, } the tensor
M,, ., exists if tr(T, ...T, ) is nonvanishing. Assuming
the tensor exists, then the (2k—1)-form p25~! shifts
under the gauge transformation by an exact form.
Having chosen the gauge group and determined the values
of k for which Eq. (3.22) exists, we can build the WZ terms
appropriate for odd, d = 2n — 1 dimensions.

There are, in general, multiple such terms and they are
all constructed by wedging a single 525! type form with a
set of £2F type forms such that the final resultis a (2n — 1)-
form. That is,

Ly, = PN L2 A oA L0 (3.23)
will define a WZ term (equivalently, a Chern-Simons term)
in d=2n-1, so long as k;+---+k, =n and the

°It is well known that the coupling of the d = 3 non-Abelian
Chern-Simons form is quantized for certain gauge groups [40].
In particular, the d =3 Chern-Simons level is quantized if
the homotopy group z3(G) is nontrivial. On the other hand, a
naive application of Wess-Zumino-Witten-type arguments [31]
would alternatively indicate that this coupling is quantized if
74((Grocal X ISO(2, 1)) /(Ggigpar X SO(2, 1)) is nontrivial. Fur-
ther explorations of the relation between the two arguments
would be interesting, but fall outside the scope of this paper.
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appropriate invariant tensors exist to generate each of
these forms. For instance, defining the shorthand Qz‘ )=
Qp A Qg, d =" will always inherit a Chern-Simons term
from the 8-form

A Q4

b
ne oy

ES/ = 5ab50d§2a (2)

) A QF

) (3.24)
and if M ,;,., exists then there will also be a second Chern-
Simons term coming from

AQLAQL .

b
AL @ " &)

‘CS = Mabcdga (2)

) (3.25)
These results are well known, so this section is intended
both as a translation between the language and concepts of
coset constructions and those of gauge theories and as a
further check that the methods of nonlinear realizations
can reproduce known results. Indeed the final two lines of
Eq. (3.17) are nothing but the definition of the curvature
tensor and the Bianchi identity, respectively, implying

1
FO = A"~ gf"A” N AC,

dF® — gf p.9AP A FC = 0. (3.26)

If one were to repeat the calculations of this section using
the identities in the form (3.26) rather than (3.17), the
derivation of Chern-Simons terms would have directly
mirrored methods familiar in the literature. For instance,
the 8-forms in Eqs. (3.24) and (3.25) simply correspond to

Ly « (ttF A F) A (tF A F),

Lyxtr(FAFAFAF), (3.27)

in the usual language, with corresponding Chern-Simons
7-forms.

C. Spontaneously broken phase

We now want to address the situation in which the gauge
symmetry is spontaneously broken. For concreteness, we
consider the case where all of the gauge symmetries are
broken. It is straightforward to apply the following pro-
cedure to more general breaking patterns and we will
comment on other scenarios in a later section.

The primary difference from the unbroken case is that
now the global part of the gauge transformation is also
nonlinearly realized. Therefore, only Lorentz symmetry is
linearly realized, and the corresponding breaking pattern
is Gioea X ISO(3, 1) > SO(3, 1). The representative coset
element belongs to (Gjeq % ISO(3,1))/SO(3, 1) and can
be written as

PHYSICAL REVIEW D 90, 025022 (2014)

P[] DY, T2 —ASTY 1T,

e e (3.28)

=
in the same manner as Eq. (3.8).

1. Maurer-Cartan form and inverse Higgs

The construction of the Maurer-Cartan form and the
implementation of the inverse Higgs constraint proceed
along the same lines as the unbroken case. Since the
representative coset element of the broken case is related
simply to that of the unbroken case, i.e., Gyroken =
Gunbroken€™ ', the two Maurer-Cartan forms are also closely
related,

Qbroken = e—zr“Ta QunbrokeneﬂaT" + e_ﬂnT“ deﬂ“Ta' (329)
Expanding out the Maurer-Cartan form as before, we find
that the coefficients are

Q= dx*,
1

Q4 = dx*ALU(7)¢ + = f.°U(n)5dU ()%,
9

Q¢ = —dALU ()} — 2dx"®5, U (x)¢

1
+59f b AgALdx U (7). (3.30)
where we have defined the matrix
1 ,
U(r)b =85+ gncf .0 + Egzﬂ”ﬂ“ Foalfod® + ...
= exp[gﬂ'cfcab]_ (331)

Also note that U!(z)? = U(x)¢. Additionally, we have
chosen to normalize the generators so that f,.%f,,° = 8.
The IH constraint which eliminates @zﬁ remains the

same'’: Qop = —%8(O,A/‘;). After imposing this constraint,
we have Qf |y = —1dx*Fb,U(n)s.

2. Relation to the Stiickelberg trick

The above calculation demonstrates that the ingredients
derived from coset methods for building Yang-Mills
actions in the Higgs phase are simply a realization of
the Stiickelberg trick used to restore gauge symmetries. In
this section, we make the correspondence explicit.

""Notice that the commutation relation [P,,T%] = —8.T,
implies that it is possible to eliminate Aj in favor of ¢ and
its derivatives through an inverse Higgs constraint. In accordance
with our philosophy on the IH effect, we choose not to implement
the constraint. Physically, we know that we want to describe
gauge bosons so we keep the Aj’s. In practice, the resulting IH
constraint would force Af to be pure gauge, resulting in a trivial
Maurer-Cartan form free of any dynamical fields, which is indeed
invariant under the relevant symmetries, but is not particularly
useful.
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First, we review the implementation of the Stiickelberg
trick in the theory of massive SU(N) YM gauge bosons
which, for simplicity, all have the same mass m,

2

L= —étrFm,F/”’ - zm—gztrAﬂA”. (3.32)

This Lagrangian is not gauge invariant, but gauge
invariance can be restored by coupling in new fields,
7%(x), with a € {1,...,N> =1}, i.e., one field for each
generator of SU(N). In order to insert the z%(x)’s appro-
priately, one first performs a gauge transformation with
7%(x) as the gauge parameter,

A, — Ul(n)(A,+0,)U(x) = A,

Fy = U'(2)F,U(n) = F,,

(3.33)

where U(z) = ™74 is an element of SU(N). We then
define a new Lagrangian £’ by taking Eq. (3.32) and
replacing A, — A, and F,, — F,,. That is,

/ 1 ! Iy m2 I Alv
£ = - 4—‘g2trFﬂVF — 2—92 tI'A#A

2

1 m
= —4—gztrFWF"” - 2—gztrD,,U(n)DﬂU*(n), (3.34)
where D, U(x)=0,U(x)+A,U(x) is the gauge-covariant
derivative of U(x). The Lagrangian £’ then enjoys a gauge
symmetry under which we simultaneously change

A, — Vi(x)(A, +19,)V(x),

U(r) = Vi(x)U(n), (3.35)
where V(x) € SU(N).

The physics of the £ and £ Lagrangians are the same;
we have just made the degrees of freedom in Eq. (3.32)
manifest. In £/, we introduced N? — 1 new fields, but also
restored N2 — 1 gauge symmetries and hence the degree of
freedom counting is the same for both cases. We can
demonstrate the equivalence explicitly by using the gauge
symmetry of £’ to go “unitary gauge” in which we set
U(z) — 1, where the two Lagrangians coincide.

The above process and its generalizations are known
collectively as the Stiickelberg trick, which is often a
useful tool for elucidating the physics in certain regimes
of theories, especially at high energies. See Refs. [19,42-44]
for good discussions of Stiickelberg fields in various
contexts.

The Stiickelberged fields in Eq. (3.33) are precisely
the terms which arise in the Maurer-Cartan form (3.30) when
applied to completely broken SU(N). We noted in Eq. (3.29)
that the Maurer-Cartan forms for the broken and unbroken
phases of YM are related in a very simple manner. If we
expand out the terms on each side of Eq. (3.29) using
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Qproken = QEP, + QT , + QUTY + - -+,
Qunbroken = P, + QT + QIT, + -+, (3.36)
then Eq. (3.29) demonstrates that
QAT = e W) (Q4T, + d)eﬂb(x)T,,’
QT = e~ I QyTyer T, (337)

Identifying Q, > A%dx, Qf > —L Fd,dx* and e* 7 =
U(rx) (and similar for primed terms), we easily see that the
ingredients we obtain from the Maurer-Cartan form (3.30)
are precisely the same as the fields used in the Stiickelberg
trick (3.33).

The Stiickelberg trick is applicable to more general
theories (in our example the gauge masses were only
chosen to be equal for simplicity) and, as we will see,
the broken-phase Maurer-Cartan components (3.30) pro-
vide the completely general building blocks for generating
the low-energy action in completely broken gauge theories.

It is interesting that the coset construction for broken
YM theories automatically comes replete with Stiickelberg
fields, but perhaps it is not surprising. After all, the coset
construction generates actions which nonlinearly realize
every broken symmetry of the system. Massive gauge
theories written in the standard form, as in Eq. (3.32), retain
none of the broken gauge symmetries. Only when we
couple in Stiickelberg fields do we restore a realization of
gauge invariance and hence one might have expected this
method to coincide with the coset result.

3. Relation to gauging cosets by hand

Finally, we comment on the relation between our con-
struction, the Stiickelberg trick and the method in which coset
models are gauged by hand [19,20]. This technique explores
the role of gauge fields in SSB systems essentially by using
the Stiickelberg trick in reverse. Rather than beginning
with the gauge fields, one starts with the Goldstones {7z}
which parametrize the coset space G/H corresponding to a
global symmetry-breaking pattern G — H.

As detailed previously, the action for the bosons is
generated by writing a typical element of G/H as §=e” T,
taking the z’s to be the Goldstone fields and defining the
nonlinearly realized symmetries of z¢ by 7% — 7' via the
relation

ge™Te = e Tap(z, g), (3.38)
or equivalently g:g— § = ggh~'(x,g), where g is an
arbitrary, spacetime-independent element of G. One
then constructs the Maurer-Cartan form Q = g7 'dg =
Q,+Qy =Q4Z,+QLV,, where V;’s generate H and
Z,, are the remaining, broken generators. Under Eq. (3.38)
these components transform as
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Q7 = h(z.9)Qzh7 (7. 9).

g.{ (3.39)
Qy > h(m,g)(Qy + d)h™ (x. g).

If we wish to promote this to local transformations,
g — g(x), so that the transformation now replaces z“ by
7% — 7’9 via the new relation

glx)er e = e Tan(m, g(x)). (3.40)
or equivalently g(x): g+ 7 = g(x)gh~"(z, g(x)), we
need to introduce a gauge field A with components along
all of the generators of G. Since we wish to insert A in such
a way that we retain the nice properties we had when
working with the Maurer-Cartan form, it proves useful
to consider the object Q=7g'(d +A)g=Q+ g 'Ag.
Demanding that under the action of g(x), A transforms
as g(x):A > g(x)(A+d)g(x)”", we find that the total
transformation of Q is

g(x): 57 (d+A)g
> hg g(x) 7 [d + g(x)Ag(x)™! + g(x)dg(x)~"]g(x)gh™!
= hQh~' + hdh™. (3:41)

If we break up Q into its components along Z, and V; as
Q=0Q,+Q, =Q%, +QlV, then, entirely analogously
to the ungauged case (3.39), the above transformation law
and the assumed properties of the groups imply that the
components of Q along broken generators transform
homogeneously while those along unbroken generators
transform as a connection,

o {fzz > B g(x)) (. 9()) " )

Qy = h(z, 9(x))(Qy + d)h(z, g(x))~".

From here, the coset construction proceeds as normal; one
uses €2, to write down H-invariant actions, and in particular
one can use these terms to write down masses for the
broken gauge generators. In the limiting case where the
gauge group is entirely broken, we see that we are required
to build actions with g~'(d + A)g, with § € G, which is
exactly the object we used to build actions in the previous
section when using the Stiickelberg trick which was, in
turn, found to be essentially equivalent to the construction
used in this paper.

In the end, the building blocks found through the
methods of this section—the Stiickelberg trick and the
spacetime coset techniques presented in this paper—are
identical to each other, but rather than starting with only
gauge fields or only Goldstone bosons, our method
incorporates both simultaneously and fits entirely within
the framework of nonlinear realizations, which may prove
to be a technical advantage. In particular, when studying
Higgs mechanisms for systems which also spontaneously
break Poincaré invariance, spacetime coset methods handle
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the implementation of inverse Higgs constraints quite
naturally and would seem to be better suited for these
scenarios than Stiickelberging or gauging by hand would
be [23].

4. Construction of the action

We now construct the d-dimensional action appropriate
for the broken phase of the theory. Two crucial differences
between the broken and unbroken cases are that we can
now use Q¢ in the construction of the action (because it
now corresponds to a broken generator) and we no longer
are required to contract gauge indices with J,,.

Defining Q4 A Q¢ = F* = F*Q(r)¢, the most general
SO(3,1)-invariant action quadratic in the Maurer-Cartan
components is

Ezzlahfa/\*fh—MahQa/\*Qh+®abfa/\fh

+£,Q0 A QP (3.43)
for arbitrary tensors /,, and M. The tensors ©®,, and ¢,
can be nonzero only in d = 4 and d = 2, respectively, and
we do not consider them further. Any theory whose gauge
group is completely broken will have a low-energy
description whose action takes on the form (3.43), at
lowest order.

Basic physical requirements place coarse constraints on
the form of Eq. (3.43), but finer-grained information cannot
be determined without further assumptions. The require-
ment that there be no tachyons forces the mass matrix M,
to be positive semi-definite, while freedom from ghosts
and technical naturalness'' require that I, parametrically
reduces to 1,, — Ad,,, with 1 > 0, as M, — 0 [42]. But
there is no physical principle that determines, for example,
the distribution of the gauge boson masses.

This is as it should be, since the knowledge that the
symmetry group is entirely broken is not enough informa-
tion on its own to determine the distribution of gauge
masses. The coset construction only gives us invariant
objects that can be used to build low-energy effective
actions and finding a UV theory which gives rise to specific
parameters is a separate question. In fact, even given a
microphysical model where the field content, interactions
and couplings are specified, this information may not be
enough to uniquely determine the spectrum of gauge
masses. For instance, there could be moduli in the theory
which break the gauge symmetries by acquiring vacuum
expectation values (VEVs), which in turn set the gauge
masses. Since there exist many possible values for the

""Here we mean requiring that gauge invariance be restored in
the limit that the gauge masses are taken to zero. This ensures that
corrections to the gauge masses are proportional to the masses
themselves, so that the mass is not raised to the cutoff by quantum
corrections.
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VEVs, there exist many possible distributions for the
gauge masses.

The coset construction can thus properly reproduce the
generic form of the low-energy action for a completely
spontaneously broken gauge theory. We found that the
gross features of the action could be determined, but certain
details could not. This is in part an artifact of the example
we chose to study. Often the gauge group is not entirely
broken; rather, it is only broken down to a subgroup, or
there may be additional UV global symmetries which more
tightly constrain the form of the low-energy action than in
the setting considered above. We briefly touch on some of
these alternative situations in the next section.

5. WZ terms in the broken phase

For completeness, we search for possible Wess-Zumino
terms in the broken phase. Unlike in the unbroken case,
there are no terms which we a priori expect to find. That is,
the Chern-Simons term fits all of the criteria for a WZ term
and it was fairly clear that it would arise as such in the
unbroken phase. However, there are no well-known ana-
logues which appear in the action only in the broken phase
and, indeed, we will not find any WZ terms here.

The procedure is nearly identical to that of the unbroken
case. For simplicity we assume that in addition to Gy,
there is an additional global G symmetry and that the
total group is spontaneously broken down to the diagonal
subgroup,” Gioea X G = (Gioea X G)giag- This is not a
significant change. The Maurer-Cartan components for
this pattern are the same as in Eq. (3.30) and the preserved
symmetry just forces us to contract latin gauge indices with
gauge-invariant tensors, as we will see more explicitly in
later examples. The choice is simply made for brevity, since
it reduces the number of terms we need to consider when
constructing actions.

We start with the components of the Maurer-Cartan form
and use the Maurer-Cartan structure equations to find
H-invariant, closed (d + 1)-forms which are locally the
exterior derivative of a d-form which is not itself H
invariant. The d-form defines a d-dimensional WZ term.
Since the algebra under study remains unchanged in the
broken phase, all of the Maurer-Cartan structure equations
remain exactly the same. The only differences are that the
Maurer-Cartan components now have different dependen-
cies on the fields'® and we can now use Q4 whereas it was
forbidden in the unbroken case. Finally, to be precise, we
concentrate on the construction of WZ terms in d = 3 in
order to compare to the work of previous sections.

2Along with the usual “breaking” pattern for the Poincaré
symmetries, which we have omitted writing here.

PFor example, in the broken phase Q¢ = dx*AbU(n)i+
5 foc“U(m)5dU(z)%, while in the unbroken phase it was simply
Q* = dx"Aj.
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We find that in the broken phase there exist only two
invariant 4-forms that are generically closed." The first
such 4-form is

L=0Q NQEAQEAQ f e, (3.44)

but this is the exterior derivative of an allowed 3-form,

L— %d[fabcg“ AQP A Q. (3.45)

The second 4-form is familiar to us; it is simply the 6 term

Lo= 68, AQL) A (Q AQD), (3.46)
and as we stated earlier, we already knew this would be
closed in the broken phase since the algebra and form of
the Maurer-Cartan structure equations remain unchanged.
Again, we previously found [Eq. (3.20)] that L, is exact,

1
Lo=d|Q AQLAQIS,, +6gQ“ AQPAQS e

=dL,, (3.47)
but now the conclusion is different. In the unbroken phase
the use of Q¢ was disallowed in the coset construction and
so L3 was missed when attempting to generate 3-form
actions, meaning that L, represented a true WZ term. In
the broken phase, “ can now be used to generate 3-forms
and so L, is simply a 3-form action that can be written
down within the usual coset framework. In the language of
nonlinear realizations, L, no longer represents a WZ term
in the broken phase. Therefore, there are no WZ terms at all
for spontaneously broken d = 3 gauge theories.

There is some potential confusion with respect to the
interpretation of L, in the Higgs phase which deserves
comment. We no longer have QT , = A“T,, but instead,
from Eq. (3.30), it is of the form Q¢T,=
U(z)~" (AT, + d)U(x), where U(x) is an element of G
which depends on the z¢ fields. Therefore, L, defined in
Eq. (3.47) is the normal Chern-Simons 3-form (3.21) with
the replacement A > U~!(A + d)U everywhere, which we
write as L, [U™'(A + d)U]. Since the CS term is gauge
invariant up to a total derivative it is tempting to replace
Les,[U(A+d)U] - L, [A] and remove the Stiickelberg
fields entirely. Possible confusion arises as this replacement
obscures the fact that the CS term is no longer a Wess-
Zumino term in the sense that it should no longer shift by a

14By “generically closed,” we mean closed for all possible
gauge groups. Certain forms may end up being closed only for
particular gauge groups simply due to dimensionalities. For
example, Q¢ A QP A Q° A Q7 vanishes for SU(2) because there
are only three independent gauge indices, and this fact could in
principle cause certain forms to be closed when studying
SU(2), but this would not generally be true.
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total derivative. That is, we have claimed that non-WZ
terms are strictly invariant, but if we make the above
replacement then we will find that £ [A] shifts by a total
derivative under gauge transformations, as usual. The key is
that to preserve the non-WZ nature of this term in the
broken phase we should not drop the total derivatives we
get when removing the Stiickelberg fields as they are
responsible for keeping L., [U™' (A + d)U] strictly gauge
invariant. For most purposes, either form of L, will be fine
and this discussion is just a clarification on the internal
consistency of these coset procedures. However, there does
exist one subtlety in that the usual nonrenormalization
argument [40] for the CS coupling constant does not go
through for L [U™'(A + d)U] as it crucially relies on the
fact that the CS term shifts by a total derivative.

IV. APPLICATIONS AND GENERALIZATIONS

In this section, we generalize the previous construction in
two ways. First, we consider a situation where the gauge
symmetry is not completely broken, but rather is broken to
some subgroup. Additionally, we consider the generaliza-
tion of our techniques to p-form gauge theories, and
construct actions for these theories in both the unbroken
and Stiickelberg phases using coset techniques.

A. Other breaking patterns

First we consider symmetry-breaking patterns where the
UV physics contains both gauged and global copies of a
symmetry group G which is spontaneously broken down to
a group which contains a diagonal version of G.

As a concrete example, consider an SU(N) theory with
N Higgs fields transforming in the fundamental represen-
tation. We can combine the Higgs fields into an N x N
matrix ® and build an appropriate potential out of tr[®®]
such that the fields acquire a vacuum expectation value
(®) 1 [43]. The potential has a SU(N) x SU(N) x U(1)
symmetry under which ® — ¢?L®R, where ¢ € U(1)
and L, R € SU(N).

Now imagine that we have gauged the left transformations.
The VEVs then generate the breaking pattern SU(N ), .. %
SU(N)global X U(l)global - SU(N)diagona]’ since <(I)> -
L{®)R with L = R™! is the only preserved symmetry.

We now examine this breaking pattern using our coset
methods. Letting the generators of SU(N)jocu1s SU(N) giopal
and U(1)gopa be {Td' "}, {U,} and V, respectively, the
only preserved internal symmetry is generated by the
diagonal set {T, — U,}. It is convenient to take the basis
of broken generators as {Tg' ", V}, in which case the
representative coset element is
T,

7 = e"Pul.. ]eBhTi e~ AT

e Pul.. @ e MuTe o™ Ta gV (4.1)

and we may expand the Maurer-Cartan form as
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g7y =Qp P, + Q0 T, + Q) U, + Q) V 4+ Q0T 4+
(4.2)

The calculation is almost the same as in the broken
case (3.30), and the result is

7
Q) = dx*,

Q| = dg,

1
Q= ALY (m)f + - fie"Ulm)gdU (x)"
Q¢ = —dALU(z)% — 2dx* @b, U(z)S

+ % 9f v AL AL X" U ()4, (4.3)
where the matrix U(x)? is defined in Eq. (3.31).

Every part of the Maurer-Cartan form lies along a broken
generator, since there is no component along U ,, and hence
we can use every component of Eq. (4.3) to build actions. It
is crucially important that there is now a preserved global,
diagonal SU(N) symmetry, as this dictates that the latin
gauge indices must be contracted with d,;,. This eliminates
many of the U(x)? factors, since U(x)5U(x)¢ = &5, and
the most general, stable action that is quadratic in the
components of the Maurer-Cartan form is found to be

1 m? 1
[, = ——tI‘Flelw —Z—thI'DﬂU(ﬂ)D”U_l(JT> —5(8(]5)2,

4q
(4.4)

where we have imposed the inverse Higgs constraint,
employed trace notation rather than displaying the explicit
d,4°s and have used the gauge-covariant derivative notation
of Eq. (3.34).

Therefore, the result of the symmetry-breaking pattern
is N> —1 gauge bosons of equal mass and a massless
Goldstone field corresponding to the broken U(1), in
accord with the results of Ref. [43].]5 We thus see that
the coset methods applied to gauge theories can have more
predictive power when more symmetries are preserved.
Also note that had we not included the U(1) factor we
would have reproduced the Lagrangian of Eq. (3.33).

B. Generalization to p-forms

Thus far, we have been studying 1-form gauge fields, but
it is also straightforward to generalize to the case of Abelian
p-forms. Such a form, A, = A”l...ﬂpdx”' A Adxte,
transforms under a gauge transformation as

“We have assumed that the acquired gauge boson masses are
smaller than the masses of the radial modes so that the massless ¢
field and the gauge fields are the lowest-energy degrees of
freedom.
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A, > A, +dA, (4.5)

where A,_; is a (p — 1)-form. Explicitly, in components,
this is Ay ., Ay, + 8[”11\”2__,,,[)]. As before, the
global part of the gauge transformation (for which
dA = 0) is linearly realized on A,, while the local part
of the gauge transformation is realized nonlinearly.
Similar to the Yang-Mills case, we can expand out the
gauge parameter A,_; and define new generators by
TH e bp-t = x® ... x% THFp-1 - a]] of which commute
with each other. Note that 7#1"#r-1 generates the global part
of the gauge transformation, while the other generators
generate the local transformations. These generators have
nontrivial commutators with spacetime translations
[Pw Tm“'anlll‘“ﬂp—l] — _n5l(/al Taz“-an)ﬂl“'ﬂp—l , (46)
and also with spacetime rotations and boosts, but the
form of this latter commutator will be immaterial to our
purposes.
We are interested in the coset Gioea/Ggiopa, Which we
parametrize as
T Hp—1

XP, L (I)’ll"zl’]"'ﬂ/y—l apypp—]

THRHHp—1 A
e e

=€

. (47)

NaY

Note that AW]...,,”_] is antisymmetric in all of its indices.
From this, we can compute the components of the Maurer-

Cartan form

Q=P +Q, ., Tt +Qp -y THHr1, (4.8)
where the coefficients are given by

Q= dx*, (4.9)

Qo = AX Ay (4.10)

Qoo = Ay, = 2dXP Py o (411)

As before, we can eliminate the field ® through an inverse
Higgs constraint by setting

1
50(pA0)

5 (4.12)

- ZdXﬂq)(am =0.

K1 Hp-1 H1Hp—1

This projects the part symmetric in (). Upon substituting
back in, we obtain the field strengthlé:

1

1
Q = POy, = 5

ey AP F gy (4.13)

Using this, we can construct the quadratic action

'Here we have used the fact that a[ﬁAa]m -

= JpA
because A is antisymmetric in all its indices.

g php ]
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£2 :Qﬂl'”ﬂp AN *Q’ulmﬂl’ NFerl A *Fp+l7 (414)
where F, ; = dA,. Notice that in the case p =1, with
A = A,dx", this reduces precisely to Maxwell electrody-
namics, as expected.

Similar to the Yang-Mills case, there exist Wess-Zumino
terms for p-forms, descending from topological terms built
out of products of Q*1"*#» of the form

L~F, g AFpy Ao AF Ly, (4.15)
which exist whenever n(p + 1) = d for some n. These
terms are exact (£ = dp.), and have corresponding Wess-
Zumino terms in one lower dimension, which are again the
Chern-Simons terms

ﬁcs:Ap/\Ferl/\"'/\FIH,l, (416)
which shift by a total derivative under a gauge
transformation.

1. Spontaneously broken p-form gauge theories

We now consider the theory of spontaneously broken
p-form gauge fields. Much as in the Yang-Mills case, in
order to construct the theory in the broken phase, we
consider breaking the global part of the field transformation
also, corresponding to 7#1#r-1_ which has a corresponding
Goldstone boson, B, .. . We therefore consider the coset
element

P
g= glocaleBﬂluﬂp_lT ! .

(4.17)

The Maurer-Cartan forms are similar to before: after imposing
the inverse Higgs constraint (4.12), the MC 1-forms are

Q= dx*, (4.18)

Qo = AX (A + 0By, ). (4.19)
L

Qs = 58 Fpy o, (4.20)

Notice that in addition to the kinetic term ~F2, we can also
now construct a mass term for the gauge field, so that the
quadratic Lagrangian is (in form notation)

1 m?
EI —EdAp VAN *dAP —T(Ap +dBp—l) A *(Ap +dBp—l)?
(4.21)

which is invariant under a gauge transformation where both
A, and B,,_; transform,

A, > A, +dA (4.22)

p—1b
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B, =B, —A,. (4.23)
Here the form field B ,_; is a Stiickelberg field which restores
gauge invariance in the massive theory. This type of
Stiickelberg realization of the gauge symmetry arises, for
example, in the worldvolume action of D-branes in the
presence of background p-form gauge fields [45]. Again,
in the case p = 1, this reduces to the scalar Stiickelberg field
that appears in a massive U(1) theory.

C. Anomalous gauge theories

Finally, we note that the discussion has so far
remained classical, but the above methods could have
applications to interesting quantum-mechanical aspects
of symmetry breaking. There exist gauge theories which
are anomaly free in the UV, but which display gauge
anomalies in the IR after SSB occurs, as was nicely
discussed in Ref. [43]. Here, a gauge-invariant descrip-
tion can be restored by coupling in Stiickelberg fields
through a Wess-Zumino term whose gauge variation
does not vanish, but precisely cancels the anomalous
variation arising from the other low-energy fields. It
would be an interesting exercise to explore whether the
physics of such anomalous low-energy theories can be
captured in the coset language.

V. CONCLUSION

The coset methods of Callan, Coleman, Wess and
Zumino, and Volkov [1-3] have proven to be invaluable
tools for exploring the low-energy behavior of systems
which exhibit the spontaneous breaking of internal
symmetries. These methods were later extended and it
was shown that the YM Lagrangian naturally arises if
one studies a “breaking” pattern in which a local gauge
symmetry is “broken” to the global group [15,16]. In
this paper, we have extended these methods to study the
case where gauge symmetries are truly spontaneously
broken.

First, we reproduced the coset construction of Yang-
Mills gauge theories in modern language. The results are
familiar, but it is interesting to approach YM from this
nonstandard direction. For instance, the search for a Wess-
Zumino action in the coset calculation, in the sense of
Ref. [4], was shown to lead to the Chern-Simons terms.

Next, we have extended these techniques to the case
where even the global symmetry is nonlinearly realized,
which physically corresponds to a true breaking of the
gauge symmetry. Coset methods faithfully reproduce the
result that the low-energy physics is described by massive
gauge bosons. Depending on the breaking pattern, it can
be possible to discern the distribution of gauge boson
masses while remaining agnostic about the UV physics.
Historically this is what makes the coset construction
powerful: generic properties of the low-energy physics
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can be discerned from only the knowledge of the breaking
pattern. A search for WZ terms in the broken phase
revealed that none exist.

We were able to reproduce familiar results about
Stiickelberged Yang-Mills theories, where the nonlinear
realization of gauge symmetry arises in an interesting way.
Further, we were able to reproduce results about other
breaking patterns, where only some of the gauge sym-
metries are broken in this alternative language. Similar
analyses can be performed for other, related patterns. For
instance, the above procedure could be used to study color-
flavor locking [46], electroweak symmetry breaking via
chiral condensates, or theories with approximate custodial
symmetries. Alternatively, it is straightforward to study
examples in which subsets of the gauge group are pre-
served. Additionally, it was straightforward to generalize our
results to the case of p-form gauge theories. Although we
focused on Abelian p-form theories, it would be interesting
to see if these techniques could be applied to the construction
of actions for non-Abelian p-form gauge fields.

Many other directions in which to generalize present
themselves. An obvious one is to consider what happens
if in addition to gauge symmetry, spacetime symmetries
are broken. In this note we have assumed that Poincaré
symmetry is preserved by the symmetry-breaking physics,
but this need not be so, and the formalism should generalize
readily to this case. Such Higgs phases of nonrelativistic
gauge theories have recently been considered in
Refs. [47,48], and it would be interesting to try to reproduce
their results in this language. Another possible application
of these techniques is to the duality recently pointed out in
Ref. [21] for Abelian vector fields. Similar to the way
that the duality enjoyed by Galileon theories [49] can be
understood from the coset perspective [13,50], it should be
possible to understand this vector duality using the tech-
niques presented here. Concretely, the duality should
follow upon the identification 7, +— T, + aP,, which
implements the field redefinition x* - x* 4+ aA* in the
low-energy theory.

A final application of these methods concerns studying
Higgs phases of gravity. Various proposals for Higgs
mechanisms of gravity have been previously suggested,
but only with the recent discovery of dRGT [22] has it
become known how to construct an apparently consistent,
ghost-free theory of massive gravity, making it the
leading candidate for describing a potential Higgs phase
of gravity. Applying our methods to general relativity,
it is possible to determine to what extent dRGT can be
expected as the generic low-energy description of sponta-
neously broken gravity. These avenues are currently under
investigation [23].
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