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ABSTRACT: A great deal of effort has recently been invested in developing methods of calcu-
lating scattering amplitudes that bypass the traditional construction based on Lagrangians
and Feynman rules. Motivated by this progress, we investigate the long-wavelength behav-
ior of scattering amplitudes of massless scalar particles: Nambu-Goldstone (NG) bosons.
The low-energy dynamics of NG bosons is governed by the underlying spontaneously bro-
ken symmetry, which likewise allows one to bypass the Lagrangian and connect the scaling
of the scattering amplitudes directly to the Lie algebra of the symmetry generators. We
focus on theories with enhanced soft limits, where the scattering amplitudes scale with a
higher power of momentum than expected based on the mere existence of Adler’s zero.
Our approach is complementary to that developed recently in ref. [1], and in the first step
we reproduce their result. That is, as far as Lorentz-invariant theories with a single phys-
ical NG boson are concerned, we find no other nontrivial theories featuring enhanced soft
limits beyond the already well-known ones: the Galileon and the Dirac-Born-Infeld (DBI)
scalar. Next, we show that in a certain sense, these theories do not admit a nontrivial gen-
eralization to non-Abelian internal symmetries. Namely, for compact internal symmetry
groups, all NG bosons featuring enhanced soft limits necessarily belong to the center of
the group. For noncompact symmetry groups such as the ISO(n) group featured by some
multi-Galileon theories, these NG bosons then necessarily belong to an Abelian normal
subgroup. The Lie-algebraic consistency constraints admit two infinite classes of solutions,
generalizing the known multi-Galileon and multi-flavor DBI theories.
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1 Introduction

Recent years have seen a surge of interest in novel computational methods for scattering
amplitudes in particle physics [2]. On the practical side, the motivation for these efforts
has been provided by current and future particle collider experiments, and the need to
bypass the combinatorial explosion that plagues standard perturbation theory based on
Lagrangians and Feynman diagrams. More fundamentally, however, the work along this
direction has brought to light new structures in quantum field theory, completely invisible
to standard perturbative techniques (see refs. [3-5] for recent reviews). Different methods
to evaluate scattering amplitudes in quantum field theory have thus been put forward,
based on recursion relations [6-10] as well as other approaches [11, 12].

While the original works focused mostly on gauge theory, more recently the behavior
of scattering amplitudes in nonrenormalizable effective field theories (EFTs) for massless
scalars — Nambu-Goldstone (NG) bosons — has attracted considerable attention, see for
instance refs. [13-15]. In this case, the asymptotic behavior of scattering amplitudes in the
limit of zero energy (the soft limit) is of particular interest. Namely, spontaneous symmetry
breaking implies, apart from the very existence of NG bosons, that the interactions of NG
bosons become weak at low energies. The fact that the scattering amplitude for a process
involving a NG boson and an arbitrary number of other particles vanishes in the limit
where the NG boson momentum goes to zero (single soft limit), is usually referred to as
Adler’s zero.! Apart from the single soft limit [19-23], other kinematic regimes such as
the double soft limit where the momenta of two participating NG bosons are sent to zero
simultaneously [24-27], have been investigated.

Let us be concrete and consider a scattering process involving a set of N particles with
four-momenta p1,...,py. Now deform the momenta by introducing a scaling parameter z
and redefining the momenta p; to p;(z) so that:

e All the particles remain on the mass shell regardless of the value of z.
e Energy and momentum conservation is respected regardless of the value of z.
e The first four-momentum is merely rescaled, p;(z) = zp;.

e The other four-momenta have a nonzero limit, lir% pi(z) # 0 for ¢ # 1.
2—

The scattering amplitude 27 (p1, ..., pn), once expressed in terms of the modified momenta,
can then be symbolically expanded in powers of z as

o (p1(2),...,Pn(2)) ox 27 + terms of higher order in z. (1.1)

Provided that the particle with four-momentum p; is a NG boson, the Adler zero condition
requires that ¢ > 1. In the following, we will refer to the soft limit as enhanced if o > 2.
The question of what values the leading power o can take and how it depends on the
given theory has been addressed in a number a recent works [1, 19, 28-30]. A complete

!There are some notable exceptions where Adler’s zero is absent though [16-18].



classification of Lorentz-invariant EFTs for a single NG boson from the point of view of
scaling of scattering amplitudes was accomplished in ref. [1]. One of our goals in this paper
is to provide a complementary viewpoint of the problem, reproducing some results obtained
therein, and extending them to theories with multiple NG bosons.

The existence of an enhanced soft limit of scattering amplitudes relies crucially on the
presence of symmetry in the system that does not commute with spacetime translations.
A prominent example is the Galileon symmetry, see refs. [31, 32] for a recent review. In its
simplest version with a single scalar ¢, this assumes the form ¢(z) — ¢(x)+a+0b 2", where
a and b, are constant parameters. However, various generalizations involving more degrees
of freedom have been devised [33-37]. Another well-known example is the Dirac-Born-
Infeld (DBI) scalar, which can be thought of as a fluctuation of a four-dimensional brane
embedded into a five-dimensional Minkowski spacetime; see ref. [38] for a discussion of a
relation between the Galileon and DBI theories. As was shown in ref. [19], the enhanced
symmetries of the Galileon and DBI theories are responsible for the corresponding enhanced
soft limits of scattering amplitudes of the NG mode with ¢ = 2. There is a special case of
the Galileon theory that features a doubly enhanced soft limit with ¢ = 3; this behavior is
now understood to stem from an additional symmetry of the special Galileon action, under
which the field ¢ shifts by a quadratic function of the coordinate [39—41]. The possibility
of shift symmetries with polynomials of higher orders was investigated in refs. [42-44].

Such enhanced internal symmetry not commuting with spacetime translations cannot
be realized by unitary operators on the Hilbert space of the system [45]. In other words,
it has to be spontaneously broken, which is obvious in the Galileon and DBI examples.
However, it does not give rise to additional NG degrees of freedom; spontaneously broken
symmetries with this property are referred to as redundant [46, 47]. While redundant sym-
metries certainly impose a set of nonlinear constraints on the low-energy effective action,
it is natural to ask what they imply for the actual observables of the theory, if not the
existence of a NG boson. The work of Cheung et al. [1, 19] hints at an answer to this
question: they imply softening of the scattering amplitudes in the long-wavelength limit.
This insight was much needed to push forward our understanding of spontaneous sym-

2 we now understand

metry breaking. While in the case of uniform internal symmetries,
both the classification of NG bosons [49, 50] and the construction of the corresponding
EFTs [51-53], the case of nonuniform symmetries has been much less clear.

Our long-term goal is to clarify the general relationship between the presence of redun-
dant symmetries and enhanced soft limits of scattering amplitudes of NG bosons, in both
relativistic and nonrelativistic setting. In this paper, we take the first step towards this
goal by creating a catalog of theories that admit nontrivial redundant symmetries. Much
of the work has already been done by Cheung et al. [1, 19]. Namely, they classified con-
structively all Lorentz-invariant theories for a single massless particle featuring enhanced
soft limits, and noticed that a redundant symmetry is present in all cases. They then gave
a general argument for the enhanced soft limit based on certain identities for the Noether
currents of redundant symmetries [54]. We approach the problem from the opposite end,

2A uniform symmetry is one whose generators commute with spacetime translations [48].



starting from the symmetry. Our motivation is that physical massless scalars are always
NG bosons, and that interactions of NG bosons are dictated by the symmetry-breaking
pattern. Thus, the effective Lagrangian with all its ambiguities is just a necessary evil for
us as well; at the end of the day, there has to be a direct connection between the algebra of
symmetry generators and the scaling parameter o (see figure 1 for an outline of our basic
scheme). Our approach is therefore to classify the extensions of the physical symmetry
group by additional redundant generators, admitted by Lie-algebraic constraints. This al-
lows us to set rather stringent constraints on possible extensions of the Galileon and DBI
theories to systems with multiple NG bosons.

The plan of our paper is as follows. In section 2 we explain in some detail the technical
steps necessary to generate scattering amplitudes from a given symmetry-breaking pattern.
In the following sections, we then work out the classification of theories featuring redundant
symmetries, and thus enhanced soft limits. In section 3, we first reproduce the results of
refs. [1, 19] regarding Lorentz-invariant theories with a single massless scalar. This sheds
new light on the origin of the “hidden symmetry” of the special Galileon. In section 4, we
then generalize the construction to theories with multiple NG bosons. We summarize and
conclude in section 5. For the reader’s convenience we collect the list of physically relevant
Lie-algebraic structures together with the basic building blocks for invariant actions, found
in this paper, in appendix A. Some technical details are relegated to appendices B and C.

The basic idea to use Lie-algebraic arguments in order to classify effective theories with
enhanced soft limits already appeared in the companion paper [55]. Therein, we reported
briefly our main result concerning the structure of theories with multiple massless scalars,
whose scattering amplitudes feature a singly enhanced soft limit. In this paper, we provide
most technical details of our work, but also further extend the discussion, allowing for
doubly enhanced soft limits.

2 Methodology

As was shown in ref. [1], a redundant symmetry which shifts the NG field by a polynomial
of degree n in the coordinate leads generally to an enhanced soft limit with ¢ = n + 1.
Thus, a simply enhanced soft limit (¢ = 2) requires a redundant symmetry linear in
spacetime coordinates. This in turn amounts to adding a new vector generator, K*, of
the symmetry algebra that has a nonzero commutator with the generator of spacetime
translations, P#. A doubly enhanced soft limit (¢ = 3) would likewise require adding a
rank-two tensor generator, K*” and so on. Our approach is to simply classify possible
extensions of the Lie algebra of generators of the physical symmetry by such additional
redundant generators. The precise form of the redundant symmetry transformation is not
essential at this stage; indeed it is a consequence of our formalism rather than its starting
point. This offers certain advantage compared to approaches based on an exhaustive scan
of possible transformation rules, polynomial in the fields as well as the coordinates [40].
Once the Lie algebra of symmetry generators is known, we work out the details nec-
essary to generate the actual scattering amplitudes. We do so both to check explicitly the
scaling degree ¢ in the low-momentum limit, and to provide a catalog of theories that may
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Figure 1. The basic scheme of construction of the scattering amplitudes for NG bosons of spon-
taneously broken symmetry. The scattering amplitudes are fully determined by symmetry except
for a few low-energy coupling constants. The latter can in turn be traded for any physical observ-
ables, invariant under the reparametrization of the coset space, for instance the values of selected
scattering amplitudes at a fixed kinematical point.

later be used by others. In all cases, we work out the symmetry transformation rules and
the basic building blocks for the effective Lagrangian using a canonical parameterization
for the NG fields. In some cases, we provide explicit expressions for the Lagrangian.

The basic technical steps are outlined in figure 1. We use the standard method of non-
linear realizations of symmetry, also known as the coset construction [56-58], which has
been widely used to generate effective Lagrangians in both particle physics and cosmol-
ogy [59-65]. The coset space is generated by all symmetries that are realized nonlinearly,
which includes spacetime translations, the broken physical symmetries and the redundant
symmetries. One NG field is thereby associated with every broken physical generator and
with every redundant generator. Once a parameterization for all the fields has been chosen,
the coset construction automatically generates the symmetry transformation rules for us.
Then, an invariant action can be constructed solely in terms of a specific set of building
blocks, given by the components of the Maurer-Cartan (MC) form and their (covariant)
derivatives. For strictly invariant Lagrangians, this is a straightforward procedure using
tensor methods, whereas for Lagrangians of the Wess-Zumino (WZ) type, invariant up to
a surface term, some extra work is needed [66-70]. Note that these intermediate steps of
the construction of scattering amplitudes necessarily depend on the chosen field parame-
terization. A possible way out is to focus on reparametrization-invariant quantities that
have a well-defined geometrical meaning [71]. In the context of Galileon physics, the free-
dom to choose the parameterization was behind the discovery of dualities between different
Galileon theories [72, 73].

The above-outlined procedure contains a gap though: the redundant symmetries do
not give rise to additional physical gapless NG modes in the spectrum. It is now under-
stood that the corresponding modes are either gapped, not being protected by symmetry,
or absent from the spectrum altogether [54, 74]. Within the EFT based on the coset
construction, the fields associated with the redundant generators can be disposed of by
an operational prescription known as the inverse Higgs constraint (IHC) [75]. The IHCs
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Figure 2. The symmetry transformation rules are dictated by symmetry and the choice of param-
eterization of the coset space, and never contain derivatives: they are purely algebraic functions
of the coset space coordinates, that is, fields and spacetime coordinates. Transformation rules con-
taining derivatives of the fields can only appear once the redundant modes have been eliminated
using a set of inverse Higgs constraints. (The same argument was put forward recently in ref. [76].)

are obtained by setting some of the covariant components of the MC form to zero, which
ensures their consistency with the symmetry of the system. At this point, it is useful to
remark that the symmetry transformation rules generated by the coset construction are al-
ways algebraic functions of the fields and spacetime coordinates. The peculiar symmetry of
the special Galileon, containing derivatives of the NG field [39], is naturally recovered after
the THC has been imposed [76], since this dictates the redundant mode to be proportional
to the gradient of the physical NG field, see figure 2 for a schematic explanation.

3 Theories with a single NG boson

As the first step, we shall look for relativistic (Poincaré-invariant) theories of a single NG
boson. The symmetry generators then necessarily include: the generator of spacetime
rotations (J,,), the generator of spacetime translations (F,), and the generator of the
spontaneously broken symmetry (@) that is responsible for the NG boson in the spectrum.
In order to fix our conventions, we write down explicitly the already known commutation
rules for these generators,

s Jea] = 1(gundve + Gundur — Gundvr — gurdux),

[Juws PA] = 1(gua Py — 90 Py, (3.1)
[ @] = 0,
[Py, P, =0.



The first, second and fourth of these just encode the Poincaré algebra, whereas the third
expresses the fact that @), and thus the NG boson itself, is a Lorentz scalar. We remark
that the commutator [P, Q] is not fixed at this stage: it can be both zero (as for uniform
internal symmetries) and nonzero (as, for instance, for spacetime dilatations). To proceed,
we need to specify the sector of redundant generators.

3.1 Simply enhanced soft limit

Should the scattering amplitudes of the NG boson feature an enhanced soft limit with o = 2,
we need, as explained above, an additional vector of redundant generators, K,. Lorentz
invariance requires that the unknown commutators of K, with the other generators as well
as the commutator [P,, Q] take the following form,?

[y, Kx] = (g Ky — gunEKy),
[Py, K] = i(aguwQ + by + ceppmn ™),

[P, Q] = i(dP, + ¢K},), (3.2)
(K K] = i(f T + 9€umrd ™),

(K., Q] = i(hP, + iK,,).

The red-marked unknown coefficients a, b, ¢, d, e, f, g, h and ¢ are constrained by Jacobi
identities imposed on the commutators. Once worked out for all possible combinations of
generators, these imply that ¢ = g = 0 and the following additional independent conditions,

ae=0, be=0, b+ad=0, b—ai=0, f+ah=0, bld+i)+ef=0. (3.3)

These conditions have two classes of solutions, depending on whether the coefficient a is
zero or nonzero. We will now discuss them in turn; a reader not interested in the details
is advised to move on directly to section 3.1.3, where we summarize the results before we
proceed to the construction of the basic building blocks for the effective Lagrangian.

3.1.1 Unphysical solutions

The solutions with a = 0 are “unphysical” in that the commutator [P, K, ] does not contain
an admixture of (). This necessarily implies that the NG field for K* cannot be eliminated
in terms of that for @ by imposing an IHC [75]. In other words, the generator K* is not
redundant and does imply the existence of a massless state in the spectrum. This is not
the situation we are interested in, we will nevertheless give some details of the solution for
the sake of completeness.

The most general solution of the Jacobi identities with a = 0 reads

a=b=c=f=9g=0, d, e, h, i can be arbitrary. (3.4)

3By inserting terms proportional to €., We restrict ourselves to four spacetime dimensions. However,
the coefficients ¢ and g will turn out to be zero, hence the found solutions will apply to Minkowski spacetime
of any dimension.



The only new nontrivial commutators of the symmetry algebra therefore are
[Py, Q] =i(dP, + eK,), (K, Ql =i(hP, + iK,). (3.5)

These commutators define a linear mapping X — [X, Q] on the space of generators X with
the basis {P,, K,}. As such, they can be further simplified by a suitable choice of basis of
this space. According to theorem 1 given in appendix B, one can always find a real basis
of the Lie algebra in which the commutation relations take the form

[Py, Q] =1i(kP, + AK,), (K., Q] =i(sAP, + KK,,), (3.6)

where k is real, A is real non-negative and s € {—1,0,+1}. Furthermore, since we have the
freedom to rescale the generator ) by an arbitrary nonzero real factor, the final solution
for the commutation relations, modulo change of basis, is characterized by a single real
parameter and the sign s.

While this class of solutions is not relevant for our discussion of soft limits of scatter-
ing amplitudes, it may still be of interest to see what geometric structure it corresponds
to. We therefore work out the action of various symmetry transformations on spacetime
coordinates and fields. It is convenient to parameterize the coset space as

U(CC, 07 5) = eiqu}LeigﬂKueiOQ’ (37)

where 6 and &* are the NG fields associated with the generators () and K*, respectively.
Within the coset construction, the transformation properties of all the fields are defined by
left multiplication by an element of the symmetry group. This immediately tells us that
spacetime translations and transformations generated by K* act trivially in that they only
shift the coordinate z* and the field £#, respectively, without affecting the other variables.
Finally, to determine the action of the generator (), we have to evaluate the expression
e®QU, where « is the symmetry parameter. A straightforward computation leads to the
following result,?

at — " [zt cosh(v/sAa) + v/s& sinh(v/sA0)],
EF — e |€F cosh(vsha) + \}5:1;“ sinh(y/s\0) | , (3.8)
0—0+a.

The transformation rules become particularly simple in the degenerate case s = 0. Note
that for s = —1, the hyperbolic functions are simply replaced with the trigonometric ones.

3.1.2 Physical solutions

Nonzero a implies by means of eq. (3.3) the following class of solutions,

b=ai, ¢=0, d=—-i, e=0, f=—ah, g¢g=0, a,h,ican be arbitrary. (3.9)

“The transformation rule for 6 should be read as 6'(z') = 6(x) + o, where z'* is the transformed
coordinate. The same remark of course also applies to the transformation of £*(z). The same interpretation
of the displayed transformation rules will be assumed implicitly throughout the rest of the paper.



The nonzero coefficient a can now be eliminated by rescaling K* and redefining h. Upon
renaming the coefficients h, i for the sake of convenience as u, v, the nontrivial commutation
relations including the internal symmetry generators become

[ ] (guuQ + UJ/W)
[ Q] =
[ ] ,Lw:
[ Q) = 1(UP +uk,).

The discussion can be further split into four cases depending on whether the coefficients u

(3.10)

and v are zero or nonzero. In all cases, the nonzero coefficient(s) can be eliminated by a
rescaling of the generators so that, at the end of the day, the commutation relations contain
no free parameters. However, it is convenient to keep the form (3.10) since it allows us to
switch between the individual cases by taking a suitable deformation of the Lie algebra.

The case of u = v = 0 corresponds to the Galileon algebra and requires no further
discussion. Next, we consider the case u = 0,v # 0. Here v can be disposed of by rescaling
both K* and @ by \/m , leading to the commutation relations

[Psz/] = ig,uuQa [P,m Q] =0, [K,ua K,,] = :FiJ,uzu [Km Q] = :EiPH, (3-11)

where the two options correspond to the two signs of v. This is equivalent to the five-
dimensional Poincaré algebra with the four-dimensional momentum and angular momen-
tum operators complemented by J,4 = K, P, = @, and with g44 = +1. The redundant
generators correspond to Lorentz transformations between the four physical spacetime di-
mension and the fifth dimension, whereas the only physical broken generator is that of the
translation in the fifth dimension. The corresponding low-energy EFT describes the fluc-
tuations of a four-brane embedded in a five-dimensional spacetime based on the orthogonal
groups SO(3,2) and SO(4, 1), respectively. Both cases correspond to the DBI scalar.

In the u # 0,v = 0 case, we can eliminate u by rescaling the K, and () generators,
this time regardless of the sign of u. The resulting commutation relations read

[P;L7 K, = i(gm,Q + J,w/)7 [ , Q) = By, [KM?KV] =0, [K;u Q= 1Ky, (3.12)

These are the commutation relations of the conformal group SO(4,2) with the dilatation
operator () and the special conformal generator K.

Finally, for u # 0,v # 0, we can eliminate both parameters by rescaling P* by u/ \/m ,
K* by \/m , and ) by u, which results in the set of commutators

[P K] = (g Q + Jpw), [P, @ = =Py, [Ky, K] = Fidy,  [Ky, Q] = i(Ky £ Fp).

(3.13)
It is easy to check that upon the redefinition K* — Kt=K “:l:%, this Lie algebra becomes
identical to that of eq. (3.12). Hence we are dealing with the conformal algebra SO(4, 2)
again. Regardless of the value of v, the u # 0 case therefore corresponds to spontaneous
breaking of the conformal group down to the Poincaré group. Only the dilatation generator
is physical in that it gives rise to a NG mode in the spectrum; the special conformal
generators are redundant.
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Figure 3. The “phase diagram” of allowed theories with a single physical NG boson and a vector
of redundant generators K* as specified by the commutation relations (3.10). The DBI; and DBI_
symbols refer to DBI theories based on the orthogonal group SO(3,2) and SO(4, 1), respectively.

3.1.3 Classification summary

To summarize, we have classified all possible Poincaré-invariant theories with a single
physical NG mode and a vector of redundant generators. The nontrivial commutators of
the Lie algebra necessarily take the form (3.10). There are three distinct patterns that
cannot be transformed to one another by a change of basis of the Lie algebra:

e The Galileon algebra (u = v = 0).
e The five-dimensional Poincaré algebra (u = 0, v # 0), leading to the DBI theory.
e The conformal algebra (u # 0), leading to an EFT for the dilaton.

The first two are known to lead to enhancement of the soft limit with o = 2 [19]. The last
one, however, does not. This is consistent with the fact that the dilatation generator does
not commute with P*, which may spoil the soft limit [16, 18]. In the following, we will
therefore take [P,,Q] = 0 as an additional assumption when trying to map out possible
theories with enhanced soft limits.

Note that the three different cases are related by simple deformations, tuning the values
of the parameters u, v, as is clear from eq. (3.10). This is represented graphically by the
“phase diagram” in figure 3. We now use the formulation of eq. (3.10) to work out the
basic building blocks for effective Lagrangians that can be used for all three cases.

~10 -



3.1.4 Coset construction of effective Lagrangians

Following the straightforward algorithm of the coset construction, we first have to choose
a parameterization for the coset element. A convenient choice in this case is

Ul(x,0,¢) = e PuelfQeit" K (3.14)

where 0 is the physical NG field, whereas &* is the “would-be” NG mode, excited by the
redundant generator K*. The MC one-form is defined as usual by

= iU~ dU. (3.15)
It can be decomposed into components corresponding to the individual generators of the
symmetry group,
1
w= §W§VJW + wh P, + wh K, + woQ. (3.16)
A straightforward, if slightly tedious, calculation gives

W = ue“"sniﬁ :};f(f”dx“ —ghda) + 512 (1 — cos \/v§2> (Evder — erdev),
wh = edzt + e“eéuiédx <COS V€2 — 1) + Uf“d@s'ir\l/r ‘;252,
whe = %e“e <2£M££2d$ — d:z:“) (cos V€2 — 1) + uf“d@sm\/q%252 (3.17)

u ghe-dg M) < _sin\/v§2>
+dét + ( e d¢ 1 7752 :

ud sin /v&?2
wg = — "¢ dr—>+==—+ df cos /vE2.
Vv€?

The unphysical redundant mode & can be eliminated by imposing the IHC wg = 0, which

is equivalent to

t 2

fan VU _ by . (3.18)
vE€2

The physical meaning of the other components of the MC form is then as follows. The wh,

Su

represents a covariant vielbein, defined through wi P, = e;dat P, and is, among others,
needed to construct an invariant volume measure for spacetime integrals. The " is a
spin connection, used to define covariant derivatives of fields with nonzero spin. Finally,
whe contains the covariant derivative of the & field, which is the basic building block for
construction of invariant Lagrangians.

Upon using the THC (3.18), the covariant vielbein acquires the form®

1
e = e“9<@a +— > 3.19
I LT s ve? Il (3.19)

®Note that we sometimes use the THC (3.18) to express 6 in terms of £# rather than vice versa: it leads to
more compact expressions. At the end of the day, the unphysical field £ is to be solved for using eq. (3.18).

- 11 -



where &, and &) are projectors to directions perpendicular and parallel to £#, defined as

_ §1& _ &'
P =68 — e ,@ﬁ‘y =a (3.20)
The induced metric on the coset space then becomes®
Guw = gaf;efjaf = eZuegW +v0,00,0. (3.21)

This makes the interpretation of § as the dilaton in the case v # 0 obvious. The covariant
derivative of the £ field, defined through wy% = ejdz#V £, is obtained likewise as

V& = % (1 — o8 \/1)52) oy, + (@iasn\l/i ';&2 + 2, cos \/v§2>e“9(9u§a. (3.22)
v

Invariant actions can now be obtained using the volume measure d*z+/—G, multiplied by a
Lagrangian constructed solely out of V,£” and its covariant derivatives. The zeroth-order
action thus takes the form

So = /d4a:\/ -G = /d4:1: 64“0\/1 + ve=2v09,0010, (3.23)

and the corresponding flat-space Lagrangian in the three cases of interest reads

=1 Galileon (u = v = 0),
= /1+ 00,0010 DBI (u = 0,v # 0), (3.24)
= vl conformal (u # 0,v = 0).

For illustration, we also display the next contribution to the action, which reads
Sy = / dtaV/ -GV &"

4u
u9 —2ul
— /d4x e {U <\/1 + ve=2u89, 0010 — 1) (3.25)

o 91007 0(8,0,0 — ud,00,9)
1+ ve=2u09,0016

+ Ve 20 [8#3“9 — u(9,0)* — ve

The corresponding flat-space Lagrangians then become

=0 Galileon (v =v = 0),
0*00v00,,0,0
e Hno —/'L v e
ﬁ(aﬂa 0 v1—|—118u98/‘9> DBI (u = 0,v # 0), (3.26)
= 2ue®?9,00"0 conformal (u # 0,v = 0).

The above-found Lagrangians for the DBI and conformal cases agree with those found in
ref. [69], whereas the “Galileon” Lagrangians are trivial: the actual action of the Galileon

SWe use the capitalized symbol Gy to distinguish the metric on the coset space, pulled back to the
Minkowski spacetime, from the physical, flat-space Minkowski metric g..
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theories is determined using the WZ construction upon setting v = v = 0 [69]. It is,
however, also possible to obtain the Galileon Lagrangians by setting v = 0, expanding the
action in powers of v, and then picking the coefficient in front of v! [38, 55].

At this point, it is useful to remark that in line with the general philosophy of EFT [77],
we consider a given theory to be fully determined by the corresponding symmetry structure.
Its Lagrangian therefore as a rule contains an infinite tower of operators, whose couplings
are to be determined by experiment or by matching to an underlying microscopic theory.
This convention is somewhat different from the literature where, for instance, the term
“Galileon” refers to a Lagrangian with merely a finite number of operators, namely only
those with a number of derivatives per field smaller than ¢ = 2. In our terminology, even an
operator such as, say, ((J0)%(9,0,0)?, belongs to the Galileon action, being allowed by its
symmetry. It is, of course, only the operators with a sufficiently low number of derivatives
that provide a nontrivial realization of the enhanced soft limits. Our Lie-algebraic approach
suggests a straightforward way to classify such ezceptional EFTs in the sense of ref. [1].
The same remark applies to all the other EFTs constructed in the rest of this paper.

To conclude our discussion, we finally work out the transformation properties of all the
coset fields under the symmetry group, which sheds more light on the nature of the three
systems of interest here. First, spacetime translations only affect the coordinate x* and
merely shift it in the expected manner. To work out the field transformations under the
internal symmetry generated by @, we have to evaluate e®QU, where « is the parameter
of the transformation. It is straightforward to show that £* remains intact whereas

at — xte M, 0—0+a. (3.27)

The rescaling of the coordinate agrees with the fact that for u # 0, the symmetry algebra
coincides with the conformal algebra and () plays the role of the dilatation operator.

The transformation generated by the operator K* is likewise obtained by multiplying
U by the matrix ¢?*%r from the left. After some algebra, we find

1
at =t +up - rat — iuaﬁQ,B“ — Eefueﬂ“ sinhuf + O(5?),
u
0 —0+405-x+ OB, (3.28)
= & e BN ug - xft — g - Bt + O(52,€%).
Note that while the first two rules are exact expressions valid to first order in a power
expansion in ¥, the last line requires a Taylor expansion in the redundant field & as well.
More complete expressions can be obtained in the special case u = 0 which is of most

interest as in this case, the scattering amplitudes actually feature soft limits. Here we find
after a straightforward albeit somewhat tedious computation that

ot — ot — SH\I/i ';2621)«95” + (COS VB2 — 1) e x¥
v

B2
sin \/v 32

0 — Ocos\/vB2+ 13- xW, (3.29)
U€2 W v 2
+ WHV)B + O(5%).

tan \/v€2

EH 5t 4 <9’fu
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3.2 Doubly enhanced soft limit

Now that we have mapped out all Lorentz-invariant theories with a single physical NG bo-
son that could feature enhanced soft limits, we address the question which of them might
possess even softer amplitudes with o = 3. In accord with the general argument of ref. [1],
this requires adding another set of redundant operators, generating symmetry transforma-
tions quadratic in the coordinates. This means adding a rank-two tensor generator, which
allows for different options, corresponding in three spatial dimensions to spin zero, one and
two, respectively.

3.2.1 Spin-zero multiplet of redundant generators

We start our discussion with the simplest case of spin zero. In other words, we assume that
the algebra of the generators J*”, P*, () and K*, discussed in section 3.1, is complemented
by another scalar generator, denoted as X. Lorentz invariance fixes, in addition to eq. (3.1),
the following commutators,

[J/u/» KA] = i(gu)\K,u - g,u)\KV)a

s X] = 0. (3.30)

The remaining commutators of the Lie algebra can be parameterized by a set of numerical
coefficients, similarly to eq. (3.2). Keeping the notation for the a,...,7 terms, introduced
therein, we write down the most general Lie-algebraic structure admitted by Lorentz in-
variance as

E“U
=
Il
Q
)

=
S
O
+
tkl
<
+
=
<
z
S
<
R
>
+
<.
)
=
>

J =i
J=i(
J=i(
(K, Q] = i(hP, +iK}), (3.31)
J=i(
J=i(
J=i(

The full set of constraints following from the Jacobi identities would be too long to even
write down here. We therefore focus on the special case of a # 0 and ¢ # 0; these conditions
are required to make the generators K* and X redundant, and thus to be able to eliminate
the corresponding “would-be” NG fields. With these assumptions, one can readily solve

for the unknown parameters a,...,p, getting
k
b:o, C:O, d:i, f:O, g:(]’ h:@’ 12%7
¢ ¢ ¢ (3.32)
. ae e
I==0 o=k+n, p:—z(k+n),

the remaining parameters a,e, k, ¢, m,n being free. The resulting commutation relations
look somewhat involved, but they simplify dramatically upon the subsequent redefinition
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Q—>Q=0Q- ZX. This brings the Lie algebra to the form (dropping the tilde)

] =iaguwQ,

[Py, X] =i(kP, +(K,),
(K, X] =i(mP, +nK,),
(@ X] =i(k+n)Q,

with [P,, Q] = [K,, Q] = [K,, K,] = 0. Thus, out of all the Lie algebraic structures with
a singly enhanced soft limit, presented in section 3.1.2, only the Galileon algebra admits

[Py, Ky

(3.33)

extension by adding the scalar X.

The commutations relations can be further simplified by utilizing theorem 1 displayed
in appendix B. Upon absorbing the nonzero parameter a in the redefinition of ), and the
parameter A, introduced in appendix B and required to be nonzero for X to be redundant,
into the redefinition of X, the nontrivial commutators of the Lie algebra take the final form

(3.34)

where k is a real parameter that can be both zero and nonzero, and s € {—1,0,+1}. We
expect that in analogy with the conformal algebra case, the parameter s should vanish for
the scattering amplitudes to feature Adler’s zero.

We start the analysis of the found Lie algebra by working out the transformations rules
for the fields. The coset element will be defined as

Ul(x,0,¢,¢) = @ PuelfQele" KugldX (3.35)

The spacetime translation acts trivially in that it merely shifts the coordinate z* and does
not affect the NG fields 0, £#, ¢. Likewise, the transformation generated by @ acts trivially
in that it only shifts the 6 field. The transformation generated by K*, e#*Ke  acts just
like the linear shift of the Galileon symmetry,

05 0+B-x, sty ph, (3.36)

To work out the transformation generated by X, we multiply U by X, A straightforward
calculation then leads to

ah — ™ [zt cosh(v/sw) 4 v/s€" sinh(v/5w)],

.7)2
-5 e 045 (2 + €5 ) siuh(vae) cosh(vw) + € - sint(v5w)

ey et [gﬂ cosh(v/sw) + \}gw“ Sinh(\/gw)] ;

(3.37)

¢ — O+ w.

~15 —



Of particular interest is the case s = 0, making the transformation rules extremely simple,

1
ot = ekt f s PV <9 + 2wx2> , =™t twat), d—op+w. (3.38)

This case corresponds to a trivial extension of the linear Galileon shift of the NG field 6
by a shift quadratic in the coordinate, possibly twisted by an overall dilatation.

The effective action can be constructed using the MC one-form, w = —iU~'dU, which
can in this case be decomposed as

w=whP, + Wi K, + woQ + wx X. (3.39)
A straightforward manipulation gives the result,
why = e [da* cosh(v/s¢) — /s d&* sinh(v/s¢)],

whe = e | d¢" cosh(v/5¢) — \}g dz* sinh(v/s¢)| ,

wg = e 2(df — ¢ - du),
wx = d¢

(3.40)

Let us see if this MC form can be used to construct theories where enhanced soft limits of
scattering amplitudes are realized nontrivially. The auxiliary field &* can be eliminated by
setting wg = 0, which leads to §,, = 0,,0. Likewise, the auxiliary field ¢ has to be eliminated
by choosing a suitable IHC. Since w’, serves as a vielbein, the only choice compatible with
Lorentz invariance is to project out the singlet component of the covariant derivative of &,
stemming from wh;, that is, V,&*. This will make ¢ a function of the gradient of {&#. In
short, upon imposing the IHCs, £ carries one derivative acting on 6, while ¢ carries two
derivatives acting on 6.

The effective action is now to be constructed out of the remaining components of the
MC form: the vielbein ej; stemming from w’]ﬁ, the traceless part of V,,£” and wx = 0,,¢ da*.
The ef; and V,£” only depend on the gradient of §# and on ¢, and hence carry two
derivatives per every factor of 6. wx is a derivative of ¢, which itself is a function of the
gradient of &#. To conclude, every invariant Lagrangian constructed out of the MC form
carries at least two derivatives per every factor of §. The symmetry constraints therefore
do not allow us to even construct a standard kinetic term #. This means that there are
no theories of an interacting massless scalar which would realize the assumed Poincaré
symmetry, extended by the redundant vector K* and Lorentz singlet X.

In the above argument, we have only taken into account the strictly invariant terms
in the effective Lagrangian, constructed directly out of local products of the MC form and
its covariant derivatives. Another possibility to get an invariant effective action is through
the WZ construction which, after all, is how the Galileon action is obtained in the singly
enhanced case [69]. This is done in appendix C. We find, however, no nontrivial terms that
can contribute to the action for a physical massless scalar.
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3.2.2 Spin-one multiplet of redundant generators

Next, we want to see if it is possible to extend the algebra of generators J**, P* () and K*
by an additional antisymmetric tensor A*”. Lorentz invariance implies that, in addition to
eq. (3.1), the following commutators are fixed,

[Jum KA] = i(gu)\Ku - g,u)\Ku)a

. (3.41)
[J;un An)\] = 1(9;1)\141/,‘@ + gI/HA[L)\ - g,lt:‘iAl/)\ - gu/\Aun)-

The remaining commutators of the symmetry Lie algebra can be parameterized by a priori

unknown coefficients a, ...,y as
[Py, K] =1i(agw@ + b + ceWHAJ'{)‘ + AL+ 7'6W,€,\A”)‘),
[P, Q] =i(dP, + eK,),
(K, K| =i(fJu + gem,mJ“/\ +sA,, + teum)\A“/\),
(K, Q] =i(hP, +iK,),
(A, Aen] = 1[k(gundvr + Gurdur — Gurdvr — Guadux)

+ U Gurevnas + Gus€uras — Ju€oras — Jur€unas) I (3.42)
+ u(gunAvk + GuwAuxr — JunAvx — GuaAux)

+ U(gur€vras + Gur€uraB — Gur€rrad — guAfunaﬁ)Aaﬁ },
[Auw, Pl = i[m(guaPy — guaPu) + n(gun Ky — gurnKy)],

(A, Kx] = i[0(90 Py — 9urPyu) + p(gun Ky — 9Ky,
i

[ ma Q} =1 qA;w + we,uun)\A + xt];u/ + yeuumAJ )

We assume right away that a # 0 in order that the vector K* is redundant. An explicit
solution of the constraints following from the Jacobi identities then shows that n =0 =0
and m = p. This implies that the new tensor A*” cannot be redundant, independently of
the choice of basis in the subspace of generators spanned on P* and K*. We conclude that
this scenario is not viable: there is no extension of the Poincaré algebra augmented with
the scalar () by an additional antisymmetric tensor A*”, in which it would be redundant.

3.2.3 Spin-two multiplet of redundant generators

Finally, we focus on the spin-two case. We will thus assume that apart from the Poincaré
group generators, the symmetry algebra of the system contains the physical broken gener-
ator (), a redundant vector K*, and a redundant traceless symmetric tensor S*”. Lorentz
invariance dictates, in addition to eq. (3.1), the following commutation relations,

[J,uzn K/\] = i(gVAK,LL - guAKu)a

. (343)
[J;uu S/@)\] = 1(_9;1)\51/5 + QVKS;LA - guHSZ/)\ + gl/)\Sun)'

The remaining commutation relations of the symmetry algebra can be parameterized by a
set of numerical coefficients, similarly to eq. (3.2). Lorentz invariance and the tracelessness
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of S* dictates the following structure in four spacetime dimensions,

[Pus Ku] =

i(agu@ + bJu, + Cem,,{,\J +7Sw),

[ Q] = i(dP, + cK,),
e 1/] = i(f T + g€mn ™),
(K, Q] =i(hP, +iK,),
(S Sier] = 1[k(gundve + Gusdun + Gusdor + Gurdus) (3.44)

+ U Gurévrap + Gun€uras + Guneoras + Gur€umas) I ],
[Suws Pl = i[m (90 Py + 9uaPu — 59w Pr) + 1 (g Ky + 9Ky — 390 K))],
[Suv, K] = i[O (93P + 9urPu = 39w Pr) + 0 (90 Ky + 90Ky — 39w K))],
[Spvs Ql = 1q Sy,

where we used the same notation for the a, ..., terms as in eq. (3.2) and labeled as j, ..., ¢
the new terms in the commutators. Again, the full set of constraints following from the
Jacobi identities would be too long to write down explicitly. We therefore restrict ourselves
from the outset to the special case of a # 0. With this assumption, the solution for the
parameters of the Lie algebra can be given as

5] 54
b:jm; c=0, d:_jm’ e =20, f:jo) g =0, h:_£7
. 2a 20 (3.45)
7;:;7’ k:m2+n0’ EZO’ p:_m7 qzo,
a

where a is arbitrary nonzero, m and o are arbitrary, and j and n must satisfy the constraint
jn = 0. The commutation relations (3.44) thereby reduce to

[Pm Kl/] = i(aguuQ + jmJuu + jS,uV)a

.oJm
P,Ql= —i2"P
[ o Q] 1 2& 123
(K, K| = ijoJ/W,
(K., Q= 1—( oP, +mK,), (3.46)
[S/u/y Sn/\ 1(m + TLO) (g,u)\Jlm + gch,u)\ + g,ufv]l/)\ + gV/\Jp,n)
S;wa P\ = 1[ (gM/\Pl/ + guaby — Qg;wp)\) +n (g,u)\Ku + g Ky — %guuKA)]7

=
]
(S K] = 1[0 (92 Py + gurPu — 29,0 P\) — m (g Ky + 9Ky — 39 K)0)],
[Sw. Q] = 0.

We will now argue that physically interesting solutions can only exist if j = 0. Let us
assume otherwise for the sake of contradiction, which implies n = 0. The very existence of
Adler’s zero, which translates to the condition [P,, Q] = 0, then in addition requires m = 0.
But then the generator S*” is not redundant since [S,,, P\] = 0, and the corresponding
massless tensor NG mode remains in the spectrum, which is not the situation we are

7

interested in.” Once we know that j = 0, the only nontrivial commutators that contain

"Note that this conclusion is independent of the choice of basis in the {P*, K*} subspace of generators.
Namely, a redefinition {P*, K*} — {P" K"} that would allow the commutator [S.., Px] to contain an
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the redundant generators are

[P, K] = iagu Q,

[S,w, Seal = i(m? +10)(gurdus + Gurun + Gusdur + Guordu), (3.47)
[Suvs Pa) = i[m (9,0 Py + guaPu — 59w Py) + 1 (90 Ky + 9Ky — 39Ky ],
[y K] = 1[0 (40 Py + gun P = 59w Pr) = m (900 + gun I — 590 ]

where a, m,n,o can take arbitrary values except that ¢ and n are nonzero. We conclude
that out of all the Lie-algebraic structures with a singly enhanced soft limit, discussed in
section 3.1.2, only the Galileon algebra admits extension by adding the tensor S*¥.

Now that [K,, K,| = 0, we can further simplify the coefficients of the Lie algebra by
changing basis in the space spanned on {P*, K*}. Using theorem 1 from appendix B, the
commutation relations can by a suitable choice of basis be simplified to

[P, K] = IQWQ,

[SW, Sial = 18(gundvr + Gurdurn + Gurdvr + gurJus);
[Sys Pl =i (gunFy + gin Ky — 20K |

(S, Kal = 15 (90 Py + 9Py — 29 Py)

(3.48)

where s € {—1,0,+1}. (The parameter A of theorem 1 can be eliminated by rescaling S*”.)
Next, we introduce a parameterization for the coset element,

U(z,0,, 8) = e P i0Qei€ Ko 48 S (3.49)

where S*¥ is a traceless symmetric tensor of auxiliary fields, corresponding to the gen-
erator S*¥. The transformation properties of all the fields are as usual defined by left
multiplication of U by an element of the symmetry group. Spacetime translations and the
transformations generated by () and K* act in the same way as in the spin-zero case, worked
out in section 3.2.1. The transformation generated by S*” is obtained by multiplying U

S wh YSuv

by e2
" — x, cosh(v/sw)" — /s, sinh(y/sw)",
00— % (xf/”i + Eubu/s ) [sinh(v/sw) cosh(y/sw)] " + &, [sinh?(v/sw)] ",
& — &, cosh(v/sw) — \}ga:,, sinh(y/sw)*

B = B+ 4+ O, B7).

A straightforward calculation then leads to

(3.50)

Invariant actions are constructed with the MC form, whose components are defined by

1 1
w= §wf]WJW +whP, + iwgySW + wh K, + wQ. (3.51)
With the shorthand notation
Bl = By — Bhoe, (3.52)

admixture of K requires nonzero o, yet such a redefinition would also lead to nonzero [Pu, P, ], which would
be in contradiction with the interpretation of P* as the generator of spacetime translations.
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these components take the form
wh” = dp*?{ B~ [cosh(v/sB) — 1] Z;,,
wp = da, cosh(v/sB)" + /s d&, sinh(y/sB)",
[B~!sinh(y/sB)] gg
/s ) (3.53)
inh v
whe = dxl,m + d&, cosh(v/sB)*,
NG
wg =df — ¢ - dx.

wh? = dp*P

The auxiliary field {# is eliminated by setting wg = 0, which corresponds to §, = 9,0.
Note that eq. (3.50) then implies the following transformation rule for the physical field 6,

1
0= 0 — W (zuzy + 50,00,0) + O(w?). (3.54)

This naturally recovers the “hidden symmetry” of the special Galileon, first reported in
ref. [39]. The corresponding Lie algebra found therein matches our eq. (3.48). The special
case of s = 0 then corresponds to a mere shift of the NG field €, quadratic in the spacetime
coordinates [42].

The construction of WZ terms in this spin-two case is again reviewed in appendix C.
It turns out that there is a single WZ term that can contribute to the action of a physical
massless scalar regardless of the value of s. For s = %1, this reproduces the special Galileon,
whereas for s = 0, it is just the kinetic term, (8u9)2? it is easy to see that this changes by
a surface term upon a traceless quadratic shift of the field, defined by eq. (3.54).

What other, strictly invariant operators can be constructed out of the MC form? In
order to eliminate the auxiliary field S*¥, we need a symmetric traceless rank-two tensor
of IHCs, which is naturally chosen as the symmetric traceless part of V,§,. What is left of
the MC form after all IHCs have been applied is the singlet covariant derivative V ,£#, the
antisymmetric part of V&, and the covariant derivative of 8, represented by wgy. By
the same argument as in the spin-zero case, these contain two or more derivatives per every
factor of #. This says that for s = £1, the special Galileon gives a leading contribution
to the action. However, invariant Lagrangians constructed from the above-listed building
blocks may still give interactions that realize nontrivially doubly enhanced soft limits of
scattering amplitudes.

The s = 0 case is somewhat different in that the WZ term is a pure noninteracting
kinetic term, and thus all interactions, if present, must come from the invariant part of the
Lagrangian. Setting s = 0, eq. (3.53) becomes

W' =0, wh=dzt, W=dp", wh =dz, " +d¢", wg=d0—¢-dx. (3.55)

Imposing the THCs leads to

1 1 1
gu == 8H9’ B,LLV - _5 (aufl’ + (9#5” - 2gm,6a§a) = —@L&,H + ZQWDH. (356)
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The remaining nonzero components of the MC form then correspond to
1
v, =10, VaBuw = —0,0,0\0 + Zgw,a,\DQ; (3.57)

the antisymmetric part of V&, = 0,,0,0 + B, vanishes identically. These ingredients do
not lead to any interesting theory though. The operator V3, contains three derivatives
and thus gives a trivial doubly enhanced soft limit when acting on an asymptotic state
of a scattering process. The operator V, £, on the other hand, cannot even act on any
asymptotic massless state, as it would give a strict zero on the mass shell. In fact, theories
with Lagrangian of the type

7= %(a,ie)2 + £(00), (3.58)

where f is an arbitrary analytic function of its variable, are easily seen to be equivalent to
the theory of a free massless scalar upon a suitable field redefinition.

4 Theories with multiple NG bosons

In the previous section, we analyzed in detail theories with a single NG boson type (flavor),
just to confirm the results of previous works that there are no nontrivial systems featuring
enhanced soft limits beyond the Galileon and DBI theories. However, we used these exam-
ples to work out a systematic method to classify candidate theories, which we would now
like to generalize to cases with more than one physical NG boson. It is of course trivially
possible to, for instance, simply add two copies of the Galileon to get a theory with two
NG bosons and enhanced soft limits. What we would like to see, however, is whether, and
to what extent, enhanced soft limits can be found in systems where a non-Abelian internal
symmetry is spontaneously broken.

We therefore introduce a set of internal symmetry generators );, and correspondingly
a set of redundant vector generators K). The most general set of commutation relations for
these generators and the Poincaré generators J*” and P*, allowed by Lorentz invariance,
reads in analogy with egs. (3.1) and (3.2),

(S Jea] = 1(gurdvs + Gurdur — Gundvr — guadux),
[Juvs Pl = 1(guaPy — 9unbPy),
(S, Kxal = i(guaKpua — 90 Kva),
[y Qi] = 0,
B B =0, (4.1)
[Py A] = 1(aAg,WQ7; +baduw + (:AeWMJ“)‘),
[ Qi) = i(d; Py + el K),
(KA, B] =i(fanduw + 9486w T + Z4 50w Qi),
[Kua, Qi = i(hai Py + ZAIK;U'B)a
[Qi, Qj] = iA];Qp.

In order to facilitate a comparison with the case of a single NG flavor, we again kept the
notation for the a, ..., 4 terms in the commutators, and denoted as Z, A the new, genuinely
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multi-flavor contributions.® The coefficients f4p and gap are symmetric in their indices,
while Ef4 p is antisymmetric under A <+ B and Afj is antisymmetric under ¢ <> j.

It is straightforward to work out the constraints on the Lie algebra imposed by the
Jacobi identities. However, we will not attempt to find a general solution. Instead, we will
focus on the case where the ;s generate a uniform symmetry and we can thus expect a
soft limit featuring Adler’s zero [16, 18]. In other words, we set

di—0, el=o. (4.2)
The set of Jacobi identities then reduces to
ba =0, ca=0, fap = —a'yhpi, gaB =0, (4.3)

accompanied by the independent constraints

alyiG; =0 (4.4)

apifl; + aly Al =0, (4.5)

afhpi — alshai +i5,5%0 — 15250 = AZ:AB, (4.6)
ihihpy — i%hi = Ahar, (4.7)

igiicj zgjoZ Ak Ak (4.8)

A AT + A + AfiAL; =0, (4.9)
haiZpc =0, (4.10)

facdp — faed® = Ehpily. (4.11)

Some of these have an obvious group-theoretic interpretation. For instance, eq. (4.9) is the
usual Jacobi identity for the set of internal generators Q;. Likewise, eq. (4.8) says that
the matrices (t;); = —iig 5, furnish a representation of the Lie algebra of @;. Moreover,
according to eq. (4.4), the linear combinations a Ati vanish in this representation. In fact,
there is a simple geometric interpretation of all the above constraints, which allows one to
construct symmetry algebras with redundant generators in terms of certain vector space
endowed with an invariant metric, and an affine representation of the internal symmetry
generators (); on this space. This geometric picture is elaborated in ref. [55]; here we focus
on working out explicitly a class of theories ready-made for applications in cosmology and
high-energy physics.

4.1 Single redundant generator

To warm up, we first consider the case where there is a single redundant vector K* but
multiple broken generators. Physically, we expect this to correspond to a theory with sev-
eral NG bosons, out of which only one has enhanced soft limits of its scattering amplitudes.
We can now abandon the index A and the Jacobi constraints simplify drastically,

ali; =0, aFi; + al A}, = 0, ishy — ijhi = Afhy, Afyir =0, (4.12)

8For the same reason, we are unfortunately unable to maintain the same notation as in ref. [55]. The
final results as reviewed in appendix A are, however, free from this ambiguity.
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along with the Jacobi identity for Afj (4.9) and the explicit solution f = —a'h;. Note
that the first condition is not independent as long as some a' is nonzero, which we anyway
assume since otherwise K* would not be a redundant generator: by contracting the second
condition with a’, we get a*a’i; = 0 for any k, from which the first follows.

Let us introduce the compact notation Q = a’Q; and v = a’h;. Then the nontrivial
commutators in eq. (4.1), including the redundant generators, can be split into two classes,

[P/u KI/] = ig,ul/Qa
[KH,KZ,] = -,
[KMQ] =ivP,,

[Qi, Qj] = iA};Qp.
The commutators in the first class are identical to the special case u = 0 of eq. (3.10),
whereas the commutators in the second class take into account the possibly non-Abelian
nature of the internal symmetry. We can therefore think of the present Lie algebra as a
generalization of either the DBI or the Galileon system to several internal symmetry gen-
erators, and it is natural to split our following discussion accordingly in the two scenarios.

4.1.1 DBI-like systems

Let us therefore first assume that v # 0. It then follows at once that 7; = 0 by multiplying
the second condition in eq. (4.12) by hj and using the other conditions therein.’ The set
of constraints (4.12) then boils down to

a/Af; =0,  hpAj; =0. (4.14)

Let us take Q as one of the generators and redefine the other generators as Q;=Q,— %Q
Then, the above constraints on a and h; together with all the commutation relations can
be encoded in the following set of conditions,

[P,uv Kl/] = iguVQv [K,u’ Ql] = 07
(K K] = =10, [Q.Qil =0, (4.15)
[K,ua Q] = iUP,Un [le Q]] = IAZQk

The resulting generalization of the DBI theory is to a large extent trivial: this symmetry
algebra is a direct sum of the DBI algebra, discussed in section 3.1.2, and the algebra of the
non-Abelian generators Q;. The construction of basic building blocks of invariant actions
for the DBI part can be copy-pasted from section 3.1.4. We will therefore only briefly review
the coset construction for the internal algebra of the Q;s, following the classic paper [56].
The coset element is parameterized as

U(0) = 9@, (4.16)

9The same conclusion can be reached even without assuming v # 0 for compact semisimple Lie algebras.
Namely, in such cases there is a positive-definite invariant metric that can be used to raise and lower adjoint
indices. Moreover, the rank-three tensor A;jx is fully antisymmetric [53]. Contracting the second condition
in eq. (4.12) with ar and using this antisymmetry then leads to ara®i; = 0, which by the positivity of the
metric implies that i; = 0 as long as some a’ is nonzero.
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We use the index notation of ref. [53] in which Q~” stands for a generic generator of the
internal symmetry group, Qa,ﬁ,... for an unbroken one, and Qa7b7,.. for a broken one. The
MC form for such broken internal symmetry will be denoted as

= —ie 000 Q. (4.17)

The transformation rules for the NG fields % are defined by left multiplication of the coset
element U() by a group element g,

gU(9) = U(6')h(g,0), (4.18)
where h belongs to the unbroken subgroup and in general depends on both g and the NG
fields 6%. We can parameterize it exponentially as h = ¢*"@« | While there is no closed
expression for k%(g, 67), it can be calculated order by order in the NG fields 6%, at least for
g infinitesimally close to unity. Under the transformation (4.18), the MC form (4.17) then
changes as

Q — hQh~t —ihdh ™t (4.19)

Since h belongs to the unbroken subgroup, the unbroken component of 2, Q%Q,, transforms
as a gauge field of the unbroken subgroup and can be used to construct covariant deriva-
tives of operators transforming in any linear representation of this subgroup. The broken
component 9%Q,, on the other hand, transforms covariantly under the adjoint action of
the unbroken subgroup. It defines the covariant derivatives Vuéa of the NG fields 6, and
constitutes the basic building block of invariant actions.

4.1.2 Galileon-like systems

The generalization of the Galileon theory, based on the Lie algebra (4.13), is characterized
by v = 0. In this case, we cannot provide an explicit general solution to the conditions (4.12)
as in the generalized DBI case. Yet, the commutation relations (4.13) simplify dramati-
cally. We can then evaluate the MC form explicitly with the single additional technical
assumption that the generators ); can, just like in the DBI-like case, be split into Q = a'Q;
and Q; such that the latter form a closed Lie algebra, [Q;, QJ] = iAZQk. Denoting the NG
fields associated with Q and Q, as 6 and éa, respectively, it is then convenient to use the
following parameterization of the coset space,
Ulxz,0,0,¢) = 17" P i€ Ky g10Q £10° Qa. (4.20)
A straightforward calculation then leads to an expression for the MC form
H M na eiibéb —1
Wp = dz + hae L~ dé‘ﬂ’
7.0¢
: Ga 4.21
(/Jl;{ — efzaa df'u, ( )
—igfa
wg =€ 7 (df - & - dx).
The MC form for the internal generators Q; is given by €, defined in eq. (4.17). The
exponential factors in the other components of the MC form arise from the commutator
[Qi, Q] = —ii;Q, which follows from the properties of the Lie algebra coefficients (4.12).

— 24 —



As explained below eq. (4.19), the broken components of the MC form transform
covariantly under the adjoint action of the unbroken subgroup. The presence of P, in
the commutator [KM,Qi] then implies that only if hy, = 0, w/ is invariant under the
internal symmetry, and hence can serve as a covariant vielbein.' We expect to eliminate
the redundant mode £* by imposing the THC wy = 0. Just like in the simplest Galileon
theory, discussed in section 3, all the remaining components of the MC form then depend
on the second derivative of #. In order to generate a kinetic term for 6, and thus have a
well-defined perturbative dynamics, we have to resort to the WZ construction. However,
it seems that there are no nontrivial Lie-algebraic structures that would admit WZ terms
constructed from the MC form (4.21), see appendix C for more details.

We therefore have to broaden our search for interesting theories with nontrivially
realized enhanced soft limits of scattering amplitudes. We do so by extending our scope to
systems with multiple redundant generators.

4.2 Multiple redundant generators

A general solution to all the Jacobi constraints on the symmetry Lie algebra, subject only
to the assumption that [P,, Q;] = 0, is given in ref. [55]. Here we will work out in detail
two particular, infinite classes of solutions, generalizing the Galileon and DBI systems,
discussed in section 3.1.2.

4.2.1 Generalized Galileon solutions

We start with the class of Lie algebras for which
hai =0,  Eyp=0. (4.22)

The former assumption necessarily implies that fap = 0, and hence ensures that the gen-
erators (); and K, 4 form a closed Lie algebra and thus generate a truly internal symmetry.
The latter, technical assumption ensures that @; and K, 4 separately form closed Lie alge-
bras. Introducing the set of generators Q4 = a%4Q;, all the remaining nontrivial constraints
among eqs. (4.4)—(4.11) are then encoded in the commutation relations

[ ] lg,LLI/QA7

[Qu ual = ()% 4K, (4.23)
[QzaQA] (tl) AQB’

[Qa,QB] =

together with [K, 4, K, g] = 0 and the condition that the matrices (t;)P 4 define a repre-
sentation of the internal symmetry subgroup generated by Q);.

The generators Q4 appearing in [P, K, 4] obviously define an Abelian ideal of the
full internal symmetry algebra generated by all the @;s. For compact internal symmetry
groups, the @ s then necessarily belong to the center of the symmetry algebra, and the
corresponding NG bosons featuring enhanced soft limits are thus associated to one or more

0There was no such restriction in the previously discussed case of DBI-like systems where [Ku,Qi] =0.
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U(1) factors of the symmetry group. Once the compactness requirement is relaxed, other
possibilities exist. An example is provided by one of the multi-flavor generalizations of the
Galileon theory, where the @;s span the Lie algebra ISO(n) [69]. The physical NG modes
correspond to the n mutually commuting translations, transforming as a vector under the
SO(n) rotations, which remain unbroken. In this case, the internal symmetry group ISO(n)
is non-semisimple, being isomorphic to the semidirect product SO(n) x R™.

Note that the general class of Lie algebras, describing multiple NG bosons with en-
hanced soft limits, defined by eq. (4.23), is pretty robust. All one has to do to specify such
a theory uniquely is to choose the Lie algebra for the generators @Q; and its Abelian ideal,
generated by Q4. There are no more arbitrary parameters involved in the construction;
all other commutation relations are then fixed by eq. (4.23).

Further simplification arises in the special case that, similarly to the ISO(n)-symmetric
multi-Galileon theory, the generators ); can be split into subsets, QZ and @ 4, such that the
Q;s themselves generate a closed Lie algebra. The Lie algebra of Q; is then a semidirect sum
of the two subalgebras, generated by Q; and Q4.*! It can be constructed algorithmically
as follows. Take any Lie algebra g with the generators Q; and its real, finite-dimensional
representation R; let n be the dimension of this representation. Treating R™ as an Abelian
Lie algebra and ) 4 as its generators, construct the full Lie algebra of (); as the semidirect
sum g X R™, where the action of g on R" is defined by the representation R.

All the multi-Galileon theories, constructed so far in the literature, are of this latter
type, where the generators Q; define the group SO(n) or SU(n) and the generators @ 4 its
fundamental or adjoint representation [35, 36, 78]. In these examples, all the generators
Q; remain unbroken so that the only NG modes in the system are the Galileon ones,
associated with the spontaneously broken shift symmetries, generated by Q4. However,
that in general does not have to be the case. As we will now see, the construction of systems
based on a semidirect sum algebra g x R™ can be carried out in full detail for an arbitrary
Lie algebra g and its arbitrary real finite-dimensional representation R, regardless of which
generators of g are spontaneously broken and which are not.

To work out the basic building blocks for the effective Lagrangians, we first introduce
the following parameterization of the coset space in analogy with eq. (4.16),

U(z,0,¢) = 10" P o104 Qa i€ A K 10 Qa (4.24)

Here Qa are those of the generators Qz that are spontaneously broken. We naturally assume
that all the @ 4s are themselves spontaneously broken and that they are mutually linearly
independent. This ensures that all the redundant fields £/ can be eliminated by imposing a
set of IHCs. With these assumptions, it is then straightforward to show that the nontrivial

"Examples of Lie-algebraic structures of the type (4.23) that do not satisfy this assumption can easily be
constructed though, the simplest one being the Heisenberg algebra. More generally, one can consider central
extensions of the algebra of Q;, where the central charges naturally belong among the Abelian generators
Q4. We are indebted to Torsten Schoeneberg and Qiaochu Yuan for clarifying this point to us.

— 96 —



components of the MC form are

w;gu — (e—i"“ta)ABdgf , (4.25)

wh = (7 ) A p(do" — €8 - da),

together with the MC form for the generators of g, which we denote as Q as in eq. (4.17).

Next, we determine the transformation rules for all combinations of symmetries and
fields. The symmetry transformations generated by Q4 (with parameter a?) and K ;j‘ (with
parameter B;?) take a very simple form

04 — 04 +at + 81w, el 4B (4.26)

Thanks to the chosen parameterization (4.24) of the coset space, the NG fields 0 are left
intact by these transformations. On the other hand, a symmetry transformation generated
by Qi, ¢i€'Qi acts on these non-Galileon NG fields as in eq. (4.18). On the Galileon fields
64 and 5;‘, it acts linearly according to the representation R,

04 — () 08, el o () el (4.27)
The spacetime coordinate z* is left intact by all these internal symmetry transformations.

Based on these symmetry transformation rules, we expect a very simple structure of
the invariant action. Namely, the g-part of the MC form, 2, is completely independent of
the Galileon fields #4 and 5;?, and it only transforms nontrivially under the Q; generators
themselves. Eq. (4.27) tells us that 64 and §;f transform linearly under the whole subalgebra
g, both its unbroken and broken part. Under the transformations generated by Q4 and
K, 4, these fields transform as a set of n independent Galileon copies, see eq. (4.26). The

Galileon and non-Galileon NG fields therefore to a large extent decouple.

Invariant contributions to the Lagrangian. At the end of the day, the redundant
modes 5;? have to be eliminated by imposing a set of IHCs,

wh=0 = &'=0,0" (4.28)

Since the vielbein stemming from w, is trivial, the only building blocks that we have at hand
to construct invariant Lagrangians are then wﬁu = (e710")1,9,0,08dz" = wit ,wdz”, and
the MC form for the g-fields, 2. The latter can be used to build invariant operators using
standard tensor methods; see ref. [53] where all such invariant operators in spacetime
dimension from one to four up to the fourth order of the derivative expansion have been
classified. The form wf}u can be used to build invariants in pretty much the same way, by
taking a product of several factors of w}%ﬂ, or their covariant derivatives, and contracting
the indices with invariant tensors of the unbroken symmetry group. The simplest example
of such an invariant is d4 Bwf}ww?‘ Y. In this particular case, the factor e ="« drops out
and thus such Lagrangians give no interactions between the Galileon and non-Galileon

sectors. However, in case the representation t; is reducible with respect to the unbroken
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part of g, one can easily construct more general operators of the type c4 Bwf} Ww[]?“

Y where
cAp is a symmetric invariant tensor of the unbroken subalgebra of g. In the extreme case
that g is completely broken, c4p can take arbitrary values. Another natural option how
to generate interactions between the Galileon and the non-Galileon sector is to simply

multiply invariant operators constructed separately from 2 and from wf}u.

WZ terms. Since upon imposing the ITHCs (4.28), wéu contains two derivatives of 64,
canonical kinetic terms for the Galileon fields #4 can only be constructed as WZ terms,
and it is therefore imperative to check whether such WZ terms exist. Following closely
Witten’s construction of WZ terms, used in ref. [69] to obtain the Galileon Lagrangians
in the single-flavor case, we search for these as invariant 5-forms that belong to the Lie
algebra cohomology of the symmetry. To see how this works on a simple example, consider
the 5-form

ws = GHA;LVCAWS A da® A da A dz? A da”. (4.29)

Invariance of ws under the internal symmetry requires invariance of ¢4 under the unbroken
part of g, or more precisely under the representation R thereof. Now recall the MC structure
equation (C.3), which in the present case implies that

dw(g =dz* A w?}u —i(t) Q¢ A wg, dw}%y = —i(t;) A 5 A wIB(#. (4.30)

The precise form of ¢ depends on the pattern of symmetry breaking, but it must in any
case contain a term linear in gradients of the NG fields 6%, proportional to Q,d#®. Hence
for ws to be closed, c4 must be invariant under the broken part of g in the representation
R, defined by the matrices t;. Altogether, invariance and closedness require that cg4 is
invariant under the whole algebra g in the representation R. It is then easy to see that
ws = dwy, where

Wy = e,i,\w,cAéAdx” A dz? A dat A da?, (4.31)
where
04 = (e710"ta)A 05, 5;:1 = (e ta)ABgf. (4.32)

Using once more the required invariance of ¢4 under the representation R of g, this is easily
seen to correspond to the tadpole Lagrangian density, .Z = c464.
Following this example and the analogy with the case of the single-flavor Galileon [69],
we can now construct a whole class of WZ terms using as building blocks the 1-forms w’,
w?} u and wg,
1 _ A K A o v
W5 = € CAWG A dz" A dx? A da? A da”,
wg = EK)\},LVCABWS A wﬁ“ Adz? A da A da,
wg = EHAWCABCLUS A wIB(“ A w%\ AdzH A dz”, (4.33)
wé = EHAWCABCDwS A wE’“ A w%\ A w[D(“ A dz”,
D
w? = GHAWCABCDEUJS A wBR AW A wih A wk.

Closedness and invariance under the internal symmetry require that the coefficients cap...
are invariant tensors of the representation R of g, fully symmetric in all their coefficients.
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Explicit integration then shows that all these 5-forms belong to the Lie algebra cohomology,
that is, are given by an exterior derivative of a noninvariant 4-form w4, where, in turn,

wi = eMWCAéAda:” A da? A dzt A da,

w? = €xruwCAB (éAwB” Adz? A dat A da¥ + %SNA CEBda A dat A dat A da:”),

wi’ = €A\ CABC (9‘4 A wC)‘ AdzH* Adx” + 35‘4 fB £ A da? A dzt A dx”) (4.34)
w4 = GRA#VCABCD(QAOJK /\wK /\wK”/\dx + 4§A waK /\wK Adzt A dx” )

wizﬁn,\WCABCDE(G wK /\wK /\w /\wEV—I—2§A §B C“/\wK /\w /\dx”).

The value of the coefficient in front of §~A . EB in wff agrees with the general value, valid in
D spacetime dimensions, (k — 1)/[2(D — k + 2)], see e.g. ref. [41].

Remarkably, all dependence on the non-Galileon NG fields 8% drops thanks to the
required invariance of the coefficients cap... What we get upon imposing the set of
THCs (4.28) is the set of standard multi-Galileon Lagrangians. By introducing a short-
hand notation for the antisymmetrized products of second derivatives of 6%,

1

A Ax —
Gy, =4k T4 _ o ot okt pa

PP (g gAY L (D 9OFOM), (4.35)
where we set Go = 1, and some manipulation using integration by parts, our multi-Galileon
Lagrangians can be expressed as

L = cay a0 GET (4.36)

This is a direct generalization of the multi-Galileon Lagrangians discussed, for instance, in
ref. [69] to an arbitrary Lie algebra g and its arbitrary real finite-dimensional representation
R. The existence of such Lagrangians is only constrained by the existence of the fully
symmetric invariant tensors cap... for the given representation R.

Summary of invariant actions. Altogether, we have found the following possible con-
tributions to the action for the Galileon fields 4 and the non-Galileon NG fields #*. The
former possess a set of WZ terms (4.36), which provide their canonical kinetic terms and
dominant interactions. While the existence of the WZ terms in general depends on the
symmetry algebra, the kinetic term is generally present, since cap = dap is an invariant
tensor of any real representation of an arbitrary (compact) Lie algebra g.

The NG fields 6* likewise possess an infinite class of terms, independent of 84, which
can be constructed using their MC form Qf = dex“. The leading contribution to their
Lagrangian is given by cabQZQb“, where ¢, is a rank-two invariant tensor of the unbroken
part of g [53]. In higher orders of the derivative expansion, WZ terms may be present in
this non-Galileon sector as well, and are known to be classified by the de Rham cohomology
of the coset space of the broken symmetry [67, 68].

Interaction terms bringing together the Galileon and non-Galileon fields may be easily
constructed in higher orders of the derivative expansion. They are obtained either as
invariant operators built out of the MC form wf}#, or as products thereof with invariants
constructed out of 2.

~ 99 —



Since the construction of strictly invariant contributions to the effective Lagrangian is
a routine task once the MC form is known, let us conclude with some remarks regarding
the WZ terms. While we have constructed the WZ terms (4.36) in analogy with the known
multi-Galileon Lagrangians, we cannot exclude the existence of other WZ terms for the
Galileon fields #4. Namely, all our WZ terms were obtained using the Levi-Civita tensor
€xue to build a Lorentz-invariant 5-form. However, the Lorentz group has two additional
invariant tensors of rank up to four, g,, and gxrg,.,, which admit additional invariant
5-forms in case of several Galileon flavors such as

A
cABCDwQAngngwﬁuAdm“, CABCDW( /\wKu/\oJKV/\wK“/\daz (4.37)

cABch A w}?u AwS, Ada? A da?, CABCDEwQ A wKu AW, A wID(“ AwE
We have not performed an exhaustive search here, but we have checked that the two 5-forms
on the first line above, upon integration and imposing the IHCs (4.28), lead to Lagrangian
densities that are total derivatives, and hence do not affect the perturbative physics of the
NG modes.

Likewise, we cannot on general grounds exclude the existence of WZ terms that mix
the Galileon and non-Galileon fields in that they are constructed out of both wé and 2. We
however expect that, if possible at all, such terms will be strongly constrained by symmetry,
as opposed to the general WZ terms (4.36) that exist for an infinite class of Lie algebras
and their representations.

4.2.2 Generalized DBI solutions

The generalized Galileon solutions are characterized by vanishing fap. We will now show
that a similar construction can be carried out in the opposite limit, that is when fap is
assumed to be nonsingular.

With this assumption, we can use fsp and its inverse as a metric to raise and lower
indices. Using the experience gained in the analysis of the single-flavor case in section 4.1.1,
we can now redefine the generators (); as

Qi = Qi+ haif*PQp. (4.38)

It is then a matter of straightforward algebra using the Jacobi constraints (4.4)-(4.11) to
show that the commutation relations including the generators (); and K, 4 reduce to

[Pus Kval =19 Qa,
(K, B] =i(faBJw + 9w QAB);
Qi Kpal = (t:)” 4K,
[Kua,QB] = —1fAB (4.39)
[Qa,QB] =
[Qi, Qa] = (i) AQB,
[Qza Q]] Az]Qka
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where we additionally defined Qap = EfA Qi ~Since Qa = afAQi = 0, the set of generators
Q; splits up into the @ 4s and those of the ;s that are nonzero. Accordingly, the Lie
algebra of these internal symmetry generators acquires the structure of a semidirect sum
of the subalgebra generated by the Q;s and the Abelian subalgebra generated by the Q 4s.
The former acts on the latter through the representation t;.

At this point, we can forget about all the constraints (4.4)—(4.11), for the commutation
relations are fully determined by the Lie algebra of the generators Qi, its representation
t; and the metric fap. Moreover, eqs. (4.4), (4.5) and (4.7) together with fap = —a’yhp;
imply that fap is an invariant metric of the representation t;, that is,

(t:) afoB + (t:) pfac = 0. (4.40)

The structure defined by eq. (4.39) generalizes the set of commutators in eq. (3.10) with
u = 0 to multiple flavors of the shift generators @ 4, and we will therefore refer to it as
the generalized DBI theory. It has an elegant geometric interpretation [55]. Note that the
linear combinations () 4p satisfy the commutation relations

Qan,Qcp) =1(fapQpc + fBcQap — fac®@BD — fBDQAC),
[Qag,Qcl =i(fBcQa — facQB), (4.41)
Qa, Kuc] =1(fBcKua — facKuB).

These together with the other commutation relations, listed above, imply that J,,, K4,
QapB, P, and Q4 generate a group of isometries of an extended spacetime with the metric
9w ® fap. The generators Q 4p play the role of rotations in the extra dimensions, labeled
by A, B, ..., Q4 that of translations therein, and finally K, 4 that of rotations between the
physical (Minkowski) and the extra dimensions. The remaining internal generators Q; act
on the extra-dimensional coordinates through the representation t;. The generators Qap
then naturally form a rank-two antisymmetric tensor under this representation,

[Qi, Qan] = (t:) 4QcB + (t:)°sQac- (4.42)

Coset construction. In order to proceed, we use the same coset parameterization as in
the generalized Galileon case, eq. (4.24). It is then straightforward to evaluate some of the
components of the MC form without making further simplifying assumptions. Using the
shorthand notation

~ ~ sinh v/
ch(z) = cosh/x, sh(z) \/E\F’ I, = fABﬁ;?{”B, 1,5 = fA(;{“Cgf, (4.43)
we obtain
wllé = d.’Ey(C/I\l H)y# - dgAfABgl/B(S/}\l H)l/“’ (4 44)
w = (e ") A [d9° (ch 1) P — da’eC (shIT) 7).

The coset construction also gives us the symmetry transformation rules. The extended
spacetime translations act as expected and amount to trivial shifts of the coordinate x*
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(by the generator P,) and of 64 (by the generator @Q4), respectively. The transformations
generated by Q; act linearly as in eq. (4.27). The transformations generated by K ;?, with
parameter Bﬁ‘, take a more complicated form this time,

" — xV(CTlH/B)VM + eAfABﬁVB(STl H,B)Vu7
04 — 6P (chT1g) y + 2# BB (shT1) 57, (4.45)
& — G+ B+ 0(82, €Y,

where (I13),” = fapB!8"P and (Lg) \% = facB"“BE.

Invariant actions. In analogy with the single-flavor case, we do not expect any interest-
ing WZ terms for the generalized DBI theory. We can therefore focus on the construction
of strictly invariant Lagrangians.

At the end of the day, the redundant modes fl’:‘ are disposed of by imposing a set of
THCs, WS = 0. This gives fﬁ‘ implicitly in terms of @ﬂA as a solution of the condition

~ A
00" = ¢l (2?{) : (4.46)
B

The leading-order action is then given solely by integrating the invariant volume measure,
d*zv/—G. The metric Guw = ga/ge/‘jef is in turn constructed from the vielbein, extracted
from w’,. Using the THC (4.46) leads to

G,uzx = 9uv — fABauHAau‘gBa (4'47)

as a direct multi-flavor generalization of eq. (3.21).

Similarly to the generalized Galileon case, the leading-order action built up from this
metric is independent of the non-DBI NG fields 8% altogether. Yet, just as in the generalized
Galileon case, the form of the action is a nontrivial result. The metric f4p appearing here
(just like the coefficients c4p... in the Galileon case) is namely constrained to be invariant
under the whole algebra of Q;, regardless of which of its generators are spontaneously
broken and which remain unbroken.

The leading-order action for the non-DBI fields 8%, and at the same time the leading
interaction between these and the DBI fields 64, is obtained using the MC form ¢, and
takes the form

/ d*av/ =G cap Q0 (4.48)

where ¢, is a rank-two invariant tensor of the unbroken part of the algebra of ;. Higher-
order actions can be likewise constructed by putting together more factors of (2}, by employ-
ing w’I‘(A, or by taking their covariant derivatives. These, however, require the knowledge
of the spin connection, not evaluated here.
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5 Summary and conclusions

In this paper and its companion [55], we have initiated a classification of effective theories
featuring enhanced soft limits from the symmetry point of view. The motivation for this
work was the fact that physical massless scalars are always NG bosons of a spontaneously
broken global symmetry. Our main tool was the Lie-algebraic classification of extensions of
the physical symmetry by adding a set of additional, spontaneously broken but redundant,
generators.

To warm up, we analyzed Lorentz-invariant theories for a single physical NG boson.
As expected, we only “rediscovered” theories that are already well known. Our approach,
however, helped to clarify the relation between the Galileon and DBI theories, and to
shed new light on the extended symmetry of the special Galileon. Next, we focused on
Lorentz-invariant theories featuring several physical NG bosons. With some simplifying
assumptions on the symmetry Lie algebra, we then found two infinite classes of algebraic
structures, leading to effective theories combining NG bosons with and without enhanced
soft limits. These classes contain as their special cases all the known theories of the multi-
Galileon and multi-flavor DBI type. Concrete theories in these classes are determined
by choosing a set of geometric data such as a Lie algebra and its real finite-dimensional
representation, or (in the DBI case) an invariant metric on the target space of the rep-
resentation. A fully general solution to all the Lie-algebraic constraints on symmetries
possessing redundant generators is given in ref. [55].

In our future work, we plan to analyze in detail some concrete examples of the multi-
flavor theories constructed here. More importantly, however, we will extend the framework
developed here to systems lacking Lorentz invariance, commonly found in condensed-matter
physics. In the context of high-energy physics, one may think of redundant symmetries
as a useful tool to generate actions for NG bosons with enhanced scattering amplitudes.
In condensed-matter physics, on the contrary, there are numerous examples of naturally
occurring physical symmetries that are redundant, for instance Galilei boosts in superfluids
or spatial rotations in crystals [47, 54, 79, 80]. While the problem of mere counting of NG
bosons in such systems is by now well understood, we plan to initiate their study from the
point of view of scaling of scattering amplitudes.

It would also be interesting to clarify to what extent the framework developed here can
be used to study the scattering amplitudes of higher-spin massless particles. Recent studies
showed that some of the scalar theories discussed here can be recovered through dimensional
reduction of higher-dimensional theories of spin-one and spin-two particles [81, 82]. On the
other hand, the investigation of vector effective field theories with enhanced soft limits of
scattering amplitudes was initiated in ref. [83]. Nevertheless, it remains to be seen whether
such exceptional theories can be addressed from the symmetry point of view, which is the
starting assumption of our approach.
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A Summary of the results

In this appendix, we give an overview of systems featuring enhanced soft limits of scat-
tering amplitudes that were discussed throughout this paper, without the clutter of the
intermediate steps of all their derivations. In each case, we list merely the corresponding
Lie algebra and the basic building blocks for the construction of invariant actions. This is
meant to allow others to use our results without having to go through the technical details.

A.1 Single NG boson and singly enhanced soft limit

Lie algebra. The symmetry generators include those of spacetime rotations (J,,), space-
time translations (P,) and the spontaneously broken internal symmetry (@), and a vector
of redundant generators (K,). The nontrivial commutation relations of the Lie algebra read

[J,uzu Jerl = i(g,u)\Jyn + gum]u/\ - g,um]z//\ - gu)\Jp,n)a
[J,uzza Py| = i(guz\Pu - gu)\Py),

]
]
(S, Kx] = (g a Ky — 90 Ko), (A1)
[Py, Ko = ig,0.Q,
Ky, K] = —ivd,,,
(K., Q) =ivP,,

where v is a real parameter. This general structure includes the Galileon algebra (v = 0)
and the five-dimensional Poincaré algebra (v # 0), leading to the DBI theory. Note that
there is a further extension of this algebra, discussed in section 3.1. It is isomorphic to the
five-dimensional conformal algebra, but does not lead to enhanced soft limits, and thus is
omitted from the overview given here.

Building blocks for invariant actions. The basic building blocks for invariant actions
stem from the MC form, and are given by:

e The vielbein,

o __ fo fagﬂ 1 .
G=0i+ g (COS = 1), (A.2)

where the auxiliary field &* is defined implicitly by

tan \/v&2

§MW7

0,0 = (A.3)

and 6 is the physical NG boson field.
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e The metric, induced by the vielbein,

G = gapeiel = gu +09,00,0. (A.4)

e Covariant derivative of the auxiliary field,

smF &€, sin y/v€? a
V£ = [ o2 52 <c s\ vE2 — N )] 0,6%. (A.5)

If needed, higher-order covariant derivatives, or in general covariant derivatives of tensor

fields, are accomplished using the spin connection,

o = 51— cos i)D" ~ S OE"). (A6)
The invariant volume measure in the action then reads d‘zv/—G = d%W,
and invariant Lagrangian densities are constructed from products of tensor fields with
their indices contracted by the metric G, or its inverse.!?

In addition to strictly invariant Lagrangian densities, the symmetry algebra admits a
set of WZ terms in the v = 0 (Galileon) case. These coincide with the standard Galileon
terms, see ref. [69] for more details. It is also shown therein that the more general v # 0
(DBI) case admits a single WZ term, corresponding to . = 6, the tadpole Lagrangian.
This should, however, be omitted from any consistent theory of an interacting massless
scalar. All physically relevant Lagrangians can in the DBI case therefore be obtained using
the procedure outlined above.

A.2 Single NG boson and doubly enhanced soft limit

Lie algebra. In addition to the generators J,,, P,, @) and K, the Lie algebra now
contains an additional traceless symmetric tensor S#”. The nontrivial commutators of the
Lie algebra read

[Juws Jea] = 1(gundvs + Gurdur — Gundvr — gadux),

[Juvs PA) = 1(guaPu — g0 Py),

(S, Kx] = (g K — guinKy),

[Juvs Skal = 1(=9uxSuk + GurSur — GurSux + GuaSur)s (A7)
[P, Ku] = 19,Q,

[SW, Sial = 15(gundvr + Gudun + Gurdvr + Gurdus),

(S Pl =1 (90 Ky + 9Ky — 39,0 K))

(S K] =18 (90 Py + guaPu — 39w Py

2Note that the metric G v and its inverse G* can likewise be used to lower and raise indices of all the
covariant objects listed here. However, the Lorentz indices appearing inside their definitions, for instance
those on £%¢,, in e, are naturally raised and lowered using the flat-space Minkowski metric g,,.. The same
remark applies to all the other theories listed in this appendix.
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where s = £1. (The case s = 0, also discussed in section 3.2, does not lead to any nontrivial
models with a doubly enhanced soft limit.) Both signs correspond to the symmetry of the
special Galileon. Note that it is also possible to extend the Lie algebra of J,,, P,, @,
K, by adding a Lorentz-singlet redundant generator. This, however, does not lead to any
theories of an interacting NG boson with a nontrivially realized doubly enhanced soft limit.

Building blocks for invariant actions. The basic building blocks for invariant actions,
as given by the MC form, are:

e The vielbein,

e = cosh(\/gﬂ)au + /s 0,&, sinh(v/s8)*", (A.8)
where &* is an auxiliary vector and S#¥ is an auxiliary traceless symmetric tensor.
e The metric, induced by the vielbein, G, = gaﬂez‘ef.

e Covariant derivative of the auxiliary vector field, V,£", defined implicitly by

sinh(\/35)°,
S

egvugy = \[

+ 0,y cosh(v/sB)*". (A.9)

e Covariant derivative of the auxiliary tensor field, V,8*¥, defined implicitly by

[B~Lsinh(\/5B)] ")
NG :

erel VAR = 0\ (A.10)

where

B = Bosl — Bhoc. (A.11)
The auxiliary vector field is eliminated by setting &, = 0,0, where 0 is the physical NG
boson field. The auxiliary tensor field is eliminated by setting the traceless symmetric part
of V&, to zero. The remaining building blocks for the construction of invariant actions are
then the singlet covariant derivative V,£#, the antisymmetric part of V,§,, and V3.
Covariant derivatives of these building blocks can be constructed using the spin connection,
wh” = 0\B*{ B~ [cosh(v/sB) — 1] Z; (A.12)
In four spacetime dimensions, there is a single WZ term admitted by the symmetry algebra,

corresponding to the special Galileon; see appendix C for details.

A.3 Multiple NG bosons: DBI-like theory with a single redundant generator

Lie algebra. In this case, the Poincaré algebra is extended by an arbitrary set of internal
symmetry generators (Q);) and a single redundant vector (K). In the particular solution
of all the Lie-algebraic constraints, generalizing the DBI theory, the generators (); can be
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split up into Q and Q; such that

s Jex] = 1(gurnJvw + Gundur — Guwdur — Guadux)s
[T, PA] = (g2 Py — gunPo),
(S, Kx] = 1(guna Ky — g0 Ky),
[Pus K] = 19,,Q,
[Klﬂ K, = —1vduw, (A.13)
[K#,Q] =ivP,,
[K/u Qz] =0,
Q. Qi =0,
[Qi, Qj] = A} Q-

In this basis, the Lie algebra is manifestly given by a direct sum of that of the DBI theory,
reviewed in appendix A.1, and that of the internal symmetry generators Q);.

Building blocks for invariant actions. The construction of invariant actions for the
DBI part of the theory is explained in appendix A.1. The non-Abelian sector of the
generators @); contributes through its own MC form (2, defined by

Q, = —ie_iéaQaaﬂeiéaQ“, (A.14)

where 6% are the NG fields, associated with the broken generators Q.. The broken part
of €1, represents the covariant derivative of the physical NG fields 6. The unbroken part,
on the other hand, is needed to construct covariant derivatives of fields that transform
nontrivially under the internal symmetry.

A.4 Multiple NG bosons: general multi-Galileon theory

Lie algebra. This is a different extension of the Poincaré algebra, allowing for multiple
redundant vector generators, labeled as K f. The nontrivial commutation relations of the
algebra read

[T Jer] = 1(gurJvr + Gurdun — Gundor — Guadus);
(S, PA] = (g Py — gurPy),
(S, Kxal = i(guaKpa — gunKua),
[Py, Kya]l = IQWQA,
[Kua, Kup] = (A.15)
Qi Kpal = (i) AKuB,
[Qi, Q)] = iA},Qy,
[Qi, Qa] = (t:)7 4Q,
[Qa,QB] =0,

where Q4 = afAQi is a set of particular linear combinations of the generators @);, corre-
sponding to those NG modes whose scattering amplitudes feature enhanced soft limits.

— 37 —



Furthermore, (t;)Z , is a set of matrices that define a representation of the internal sym-
metry group generated by ;. Below, we construct a class of theories of this type, where
all the generators Q; can be split into two sets, Q; and @4, both of which form a closed
Lie algebra. Any theory in this class is determined by specifying the Lie algebra g of the
generators Q; and its representation R, defined by the matrices (¢;)% 4- The full internal
symmetry algebra is isomorphic to the semidirect sum g x R™, n being the dimension of R.

Building blocks for invariant actions. Invariant actions are constructed as functionals
of a set of Galileon fields 84, one for each generator Q 4, and the NG fields 62, one for each
spontaneously broken generator (),. The basic building blocks are:

e The vielbein, which is trivial for this class of theories, e}, = (52‘.
e Covariant derivative of the auxiliary field &'y,
V;KVA _ (efieata)ABa,ufBu’ (A.16)
which is related to 64 by flf = 0#9’4.
e The MC form for the generators of g,
0, = —ie 10"Qa g, 0" Qa, (A.17)
The broken part thereof, €2}, represents the covariant derivative of the physical NG
fields, V,,0%. The unbroken part, on the other hand, is needed to construct covariant

derivatives of fields transforming nontrivially under the internal symmetry algebra g.

In addition to strictly invariant Lagrangians, built out of V£ AV and Y, and their covariant
derivatives, there is a series of WZ terms, expressed compactly as

L= cayn, 0GR (A.18)

where
G A = (4_1]{7)!eal...WHI...#46/31“'%%““'M(aﬁlaalef‘l) - (D5, 0°F0M%)  (A.19)
for k = 1,...,4, and Go = 1. Here cyp... are required to be fully symmetric invariant

tensors of g in the representation R.

A.5 Multiple NG bosons: general multi-flavor DBI theory

Lie algebra. This extension of the Poincaré algebra again contains multiple redundant
vector generators, K ;?. The internal generators (J; can be divided into subsets 4 and @)
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such that

[J,uzza Jex] = l(gu/\!]ux + gunJuA g,u/-cJV)\ - gl//\!];m)a

(S, PA] = (g Py — gurPy),
[Juws Kaal = i(guaKpua — gunKua),
[Py, Kua] = ig,uQa,
(Kua, KuB) =1(faBduw + 9uQaB), (4.20)
[Kua, @Bl = —ifapPy,
Qi Kpual = (t:)7 4K s,
[QzaQ]] = Angk»
[Qi, Qa] = (t:)7 4Q,
[Qa,QB] =

where the generators () 4 correspond to the NG modes featuring scattering amplitudes with
enhanced soft limits. The matrices (t;)? 4 define a representation of the internal symmetry
subalgebra with generators Q;. The matrix of coefficients f4p is a rank-two symmetric
invariant tensor of this representation. The generators Q) 4p, appearing on the right-hand
side of [K, 4, K, ], satisfy the relations

[QaB,Qcp] =i(fap@Bc + fBcQap — fac®@BD — fBDQAC),

[QaB,Qc] =i(fBcQa — fac@B), (A21)
[QaB, K,c] =i(fBcKua — facKuB),

[Qi, Qas) = (t:)° 4Qcn + (t:) 5Q ac-

Altogether, the generators J,,,, K, 4, Qap, P, and Q4 span the Lie algebra of infinitesimal
isometries of the extended spacetime with the metric g,, ® fap. Any theory in this class
is determined by specifying the Lie algebra of the generators Q;, its representation ¢; and
the invariant metric fap.

Building blocks for invariant actions. The physical degrees of freedom are the DBI
fields #4, one for each generator @4, and the non-DBI NG fields ¢%, one for each sponta-
neously broken generator Q,. Invariant actions are then constructed using the following
building blocks:

e The vielbein,
= (chII),* — 90" fapg”P(sh1I),*, (A.22)

=
—

where

ch(z) = cosh/z, sh(z) sin\l;iﬁ’ I, = fa fﬁf”B 1,7 = fAcg“Cgf,

(A.23)
and the auxiliary vector field fffl is defined implicitly through
hr)
s
00" = ¢ <A> : (A.24)
chll/ .

-39 —



e The metric, induced by the vielbein,
G = gapeiieh = gu — fap0,070,0". (A.25)
e Covariant derivative of the auxiliary field, V,£” 4 not evaluated here.
e The MC form for the generators Qi,
0, = —ie 10", 0" Qa, (A.26)

Its broken part, €2y, represents the covariant derivative of the physical NG fields,
V0%, The unbroken part, on the other hand, is needed to construct covariant deriva-

tives of fields transforming nontrivially under the algebra of Q;.

Covariant derivatives of tensor fields are obtained using the spin connection, not evaluated
here. The invariant volume measure for the action reads d*zv/—G. Invariant Lagrangian
densities are constructed from products of tensor fields with their indices contracted by the
metric G, or its inverse.

B Choosing the basis of the Lie algebra

When classifying possible Lie-algebraic structures associated with redundant symmetries,
it is important to take into account the freedom to choose a basis of the Lie algebra;
we saw in section 3.1.2 that even apparently quite different commutation relations can in
fact correspond to the same Lie algebra. Apart from a trivial rescaling of some of the
generators which allows us to eliminate some of the free parameters in the commutation
relations, we often encounter the situation that a generator X acts on a two-dimensional
subspace spanned on two other generators, A and B, as a linear mapping,

[X,A] =i(aA+bB),  [X,B]=i(cA+dB). (B.1)

The matrix of coefficients a, b, ¢, d can be reduced by changing the basis using the following
elementary statement from linear algebra, which we formulate as a simple theorem:

Theorem 1 FEvery real 2 X 2 matriz M can by a real similarity transformation be brought

to the form
K A
B.2
(50 (B.2)

where k = %trM and s = sgn[(trM)2 —4det M}, and X is real and non-negative.

The proof of this theorem is a simple exercise and we thus skip details. Let us just note that:
e The case s = +1 corresponds to M having two real eigenvalues equal to k 4= .
e The case s = —1 corresponds to M having two complex-conjugate eigenvalues, k+i\.

e The case s = 0 corresponds to a single eigenvalue . In this case, the parameter A (if
nonzero) can be removed by a change of basis and eq. (B.2) is then exactly the usual
Jordan form of the matrix M.
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C Searching for Wess-Zumino terms

While the invariant part of the effective Lagrangian can be constructed straightforwardly
using the MC form and tensor methods, the search for physically interesting theories fea-
turing enhanced soft limits cannot be concluded before we classify possible quasi-invariant
contributions to the effective Lagrangian, that is, terms invariant up to a gradient, com-
monly denoted as the WZ terms. We use Witten’s construction, where the WZ terms are
obtained as invariant Lagrangians in a spacetime of dimension one higher than the actual
physical spacetime. In four spacetime dimensions, this amounts to classifying all invariant
5-forms that belong to the Lie algebra cohomology of the symmetry. We follow ref. [69],
where Witten’s approach was used to obtain the Galileon Lagrangians as WZ terms.

C.1 Doubly-enhanced soft limit: spin-zero case

We want to construct invariant closed 5-forms out of the components of the MC form (3.40).
To that end, we first introduce the set of linearly independent, Lorentz-invariant 4-forms
e!, defined by

(el €% €3, e, €%) = e (W A wp Awh Awh, Wit Awp Awlh Awh,wh Awy Awh Awh,

w%/\wf‘(/\wf{/\w;,w%/\wf‘(/\w%/\w}}) (C.1)

_ 4 3,2 2 3 4
=e¢- (Wp, Wk ANWp, Wi A wp, Wi Awp, Wk ).

Note that in case of the Galileon algebra, where wh, = da#, wh = d¢* and wg = df — ¢ -du,
all the 5-forms wi = wg A e’ are trivially closed, and give rise to the five different Galileon
terms in four spacetime dimensions [69]. We will denote these compactly as

(917927 g3, 84, 95) = (da - g : d.’L‘) A (dx47 df A dx37 d€2 A d$27 d§3 A diU, d§4) - €. (02)

With the presence of the additional generator X, the candidate 5-forms are forced by the
assumed Lorentz invariance to be linear combinations of wg A et and wy A e'.

To move on, we need to know the exterior derivatives of all the components of the MC
form. Let us write the MC form generally as w = w'T}, where T} is the set of generators of
the symmetry group. These components satisfy the MC structure equation

o1
dw' = if}kwj AWk, (C.3)

where f;k are the structure constants of the symmetry group, defined by [T;,T};] =i fi’;Tk.

We then infer that
d (wéﬁ) B (/@ s) (wfﬁ/\wx>
T\ k) W Awx )]
. K (C.4)

dwg = wh Awiy + 26w A wx,

dwx = 0.
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As a consequence, we find that

4k 4s 0 0 O
1 4k 3s 0 O
=10 2 4k 2s 0
0 0 3 4k s
0 0 0 4 4k

de’ = —wx A Mijej, where M (C.5)

Z’.
J

Note that all the 5-forms wx A e’ are trivially closed. On the other hand, once written in
terms of the physical field 60, these lead to Lagrangian densities containing two derivatives
per field, just like the leading invariant part of the Lagrangian. We therefore focus on the
5-forms wg A e’, which should by construction contain 2n — 2 derivatives for n factors of 6,
and should therefore, if present, dominate the low-energy physics.

As a consequence of the linear independence of the 4-forms e’ and of the fact that

d(wg A cie') = 2kwg Awx A (cie') + (ciMij)wQ Awx Ae, (C.6)

closed invariant 5-forms of the type ws = wg A c;e! are in a one-to-one correspondence
with the left eigenvectors of the matrix M + 2x1 with zero eigenvalue. This matrix has
exactly one such eigenvector for any of the three allowed values of s and x = 0. For s # 0,
it also has such an eigenvector for K = +4/s/3 and kK = £24/s/3. Since the parameter
determines the commutation relations of the real Lie algebra of the symmetry generators,
it must itself be real; these extra solutions therefore only exists for s = 1.

Let us first focus on the solutions for s # 0. In this case, the unique closed 5-form
ws(s, k) can be written in the neat form

wp 2—-3k wp 243k
ws(s, k) = wg A (wK + \/§> A <wK - \/§> " €. (C.7)

It turns out that the dependence on the auxiliary field ¢ drops from all the forms. Put

together with the single solution for s = 0, the full list of closed invariant 5-forms ws(s, K)
for various combinations of s and k reads, in terms of the Galileon 5-forms (C.2),

ws(1,+3) = g1 T 492 + 6g3 T 494 + 05,
ws(1,£3) = —g1 + 292 F 2g4 + 05, (C5)
ws(+1,0) = g1 F 293 + 05,

ws5(0,0) = g1.

We can see that regardless of the values of s and x, the WZ term always contains g;, which
upon integration over the extra dimension translates into the tadpole term, .Z = 0. We
conclude that extending the Galileon algebra by an additional scalar generator X does not
lead to any nontrivial physical theories describing an interacting massless scalar.

C.2 Doubly enhanced soft limit: spin-two case

We proceed in the same manner as in the spin-zero case, this time omitting some of the
straightforward technical details. Our task is again to construct invariant closed 5-forms,
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and the building blocks we now have at hand are w”, W, w§”, wh and wg, see eq, (3.53).

The components w/” and wg” are uninteresting for the same reason as wx in the spin-
zero case: once expressed in terms of 6, they lead to Lagrangian densities containing two
derivatives per field, just like the leading strictly invariant part of the Lagrangian.

Lorentz invariance then leaves us with wé =wg N e’ as the only option, where e’ take
the same form (but different values due to different w/, and w);) as in eq. (C.1). The
equivalent of eq. (C.5) now reads

8 0 O
0 6s 0 wp Awh Awh
de’ = €\ uwi* A Wka A —% 0 4s wi Awh Awh |, (C.9)
0 -6 0 wx A whe A wh,
0 0 —24
and we have d(c;e’) = —wg A (c;de?). The 5 x 3 matrix of coefficients in the above equa-

tion has rank three, and thus has two left eigenvectors with eigenvalue zero. Upon some
manipulation, the two corresponding closed 5-forms can be written as

wi = wg A (dz + /sdE)t - e = g1 4 4v/s92 + 6sg3 + 45%/ 294 + s%gs,

2 4 3/2 2 (C.10)
wi =wo A (de —/sd€)* - e = g1 — 4/sga + 6593 — 457/ “ga + 57 g5.
These two have a unique combination that does not include the tadpole term g,
w% —w§ X g2 + 594. (C.11)

We conclude that for any s € {—1,0,+1}, there is a unique WZ term that arises from
extending the Galileon algebra by an additional traceless symmetric tensor of redundant
generators. For s = +1, this exactly reproduces the special Galileon [39]. For s = 0, it is
a mere kinetic term for the physical NG field 6.

C.3 Multiple NG bosons and a single redundant generator

We want to see if it is possible to construct WZ terms out of the MC form (4.21). To that
end, we first write down the corresponding set of MC structure equations,

dwh = —h; Q" A wh,
dwh = —; Q0" Nwh,

de :wjéAwK# —iiQi/\cw, (C.12)

A
T T AL J k
dQ' = 2Aij A Q.
Lorentz invariance requires the candidate 5-forms to be built out of the 4-forms e (C.1),
wedged into W or a particular component of Q2. However, the presence of the term ;K

in the commutator [K,, Qi], and likewise of 4;Q in [Q, Q;], implies that upon an unbroken
symmetry transformation e€*@e both whe and W receive a factor e ‘. Invariance of
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the WZ 5-forms under the internal symmetry then requires that i, = 0. Taking now, for
instance, the set of 5-forms wg A ek, we find upon a short calculation that

d(wg A €*) = =kiiQ Awg A e — (5= k)h¥ Awg A et (C.13)

This does not lead to any closed 5-forms unless 7,9 = h;2* = 0. Given the already known
constraints i, = ho = 0, this in turn implies that whether or not some of the generators
Qi are spontaneously broken, the coefficients h; and i; must be zero. The only possibility
how to construct WZ terms for the Lie-algebraic structure (4.13) is therefore to take a
direct sum of the simplest Galileon algebra with an additional internal symmetry. Any
interactions between the Galileon and the non-Galileon NG sectors must then occur via
strictly invariant terms in the Lagrangian, where the enhanced soft limit of scattering
amplitudes for the Galileon mode is realized trivially.'?
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