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1 Introduction

One of the most useful aspects of symmetry is that it tells us when things are impossible.
Concretely, at the level of observable quantities, the most common manifestation of sym-
metries is through selection rules, which state that the probability for certain processes
to happen is precisely zero. There are, of course, many examples where symmetries are
spontaneously broken by dynamics. In these situations, rather than becoming useless,
the utility of symmetry merely manifests differently. Instead of enforcing selection rules,
the on-shell avatars of spontaneously broken symmetries are soft theorems that relate
observables to each other in particular kinematic limits. The most famous such statement
is the Adler zero — which states that pion scattering amplitudes vanish when one of the
external pion momenta is scaled to zero [1, 2].

Soft theorems provide powerful kinematic constraints on the dynamics of systems. For
example, Weinberg’s soft photon and graviton theorems [3-9] tell us that particles can
only interact with electromagnetism in ways that conserve total charge, and that gravity
must couple democratically to all particles, respectively. Soft theorems also provide a
useful organizing principle by which to classify effective field theories from the on-shell
perspective. Field theories with enhanced symmetries lead to enhanced Adler zeroes of
scattering amplitudes [10-13], and their corresponding wavefunction coefficients satisfy
particular Ward identities [16, 17].

In the cosmological context, Maldacena’s soft theorem [18, 19] serves as a constraint
that all (attractor) models of single-clock inflation must satisfy (subject to some technical
requirements).! As such, cosmological soft theorems serve as powerful probes of new physics,
with violations generically indicating the presence of new degrees of freedom. The promise of
cosmological soft theorems as tests of new physics has motivated numerous generalizations in
the inflationary context [20-37], and applications to observables in large-scale structure [38—
43]. Interestingly, there are known symmetry consequences at the level of the action of
inflationary perturbations that have thus far resisted a translation into observable quantities.
For example certain cubic interactions in the effective description of inflation are fixed in
terms of the sound speed of the inflaton [44]. One of our main conceptual results is to
understand how to see this relation at the level of correlation functions.

In this paper, we study the soft theorems associated with a particular kind of nonlinearly
realized symmetry: those that involve the transformation of time. These symmetries, by
their very nature, distinguish between space and time and are often associated with
symmetries of special relativity (or its cosmological analogue, de Sitter symmetry). As such,
they are ubiquitous in both cosmology and condensed matter physics. Indeed, a prime
example is prov1ded by Lorentz boosts, which serve to mix time and space coordinates
as T T—b- ;% — & — br. In systems where boosts are nonlinearly realized, the
transformation of the Goldstone mode therefore involves time. Symmetries of this type,
involving shifts of time by spatial coordinates (or vice versa) are quite subtle. The conceptual
reason is that these transformations disturb the time slices on which we define Hilbert spaces

IThe fact that there are technical requirements is in itself interesting — it implies that the soft theorems
can be violated, indicating that they are not vacuous.



in canonical quantization. Deriving their consequences for observable quantities, therefore,
takes some care. We derive these soft theorems satisfied by theories with nonlinearly realized
time symmetries abstractly and apply this formalism to several examples of interest.

One motivation for the study of soft theorems for boost-like symmetries comes from
condensed matter physics. There is a sense in which gapless phases of matter can be
classified according to how they nonlinearly realize spacetime symmetries [45-56]. At
low energies, one expects much of the dynamics of these systems to be controlled by
the Goldstone modes that nonlinearly realize these symmetries. It is therefore useful to
understand how observables involving these Goldstone modes manifest symmetries in the
form of soft theorems. As a particular example, we consider the effective field theory of a
relativistic superfluid and explore how the nonlinearly realized boost symmetry constraints
(unequal time) correlation functions of the superfluid phonon. Using these relations, we are
able to reproduce relations between various operators in the effective field theory, purely
by considering the properties of correlation functions. The philosophy is more general and
can be applied to more complex condensed matter systems to derive the consequences of
symmetry. It would be interesting to understand what general properties of these systems
can be deduced from this universal soft dynamics.?

Our other motivation comes from cosmology, another context where a background
condensate spontaneously breaks boost-like symmetries. In this case, the relevant Goldstone
mode is the fluctuation of the inflaton (or the curvature perturbation on constant density
hypersurfaces), which nonlinearly realizes the symmetries of de Sitter space in the limit
where we decouple gravity. Since we only have observational access to these fluctuations
at late times via their imprint in the cosmic microwave background, it is natural to try to
reconstruct these correlation functions directly on the future boundary of de Sitter from
physical consistency [58-79]. There has recently been substantial progress in this bootstrap
approach in de Sitter space, including correlators of the inflaton itself [80-86]. One aspect
of these constructions that remains somewhat mysterious is the precise consequences of the
nonlinearly realized symmetries of the inflaton itself. Such an understanding would allow
a definition of the effective theory of inflation at the level of observables and would help
illuminate the possible parametric limits of the EFT, where certain operators dominate
the dynamics, at the level of observables. In this paper, we make progress toward such
a description. Interestingly, however, we find that the full consequences of the inflaton’s
symmetries are only visible in unequal-time correlation functions. Concretely, we find that
the relations between cubic couplings and the normalization of the inflaton’s kinetic term
can only be recovered from a soft theorem by considering correlators involving either fields
evaluated at different times, or involving conjugate momenta. In contrast, at higher points,
we can recover relations known from the EFT lagrangian from equal-time correlators. On
the cosmology side, our results will also clarify the assumptions underlying the formulation
and validity of soft theorems in non-attractor models of inflation, such as ultra-slow-roll,
derived in [32, 33].

*For example, one might imagine that the famous fluid Stokes drift effect [57] could be derived from
soft theorems in the same way that the gravitational memory effect follows from soft theorems for gravi-
ton scattering.



Aside from the examples that we consider, there are numerous systems where either
relativistic symmetries are nonlinearly realized, or other time symmetries are present. We
expect that the general techniques developed here will be more widely applicable to these
systems and will help enable the study of these systems directly in terms of observables.

Outline. The paper is organized as follows. In section 2, we derive a general Ward identity
valid for all types of symmetries (including time symmetries). The main novel feature is
a careful accounting of boundary term contributions to the charges that generate these
symmetries. The general Ward identity is a statement involving unequal-time correlation
functions, we further discuss the requirements to recast it as a statement about equal-time
correlators. In section 3, we apply the general theorem to specific examples and verify that
it is satisfied by explicit calculation. We begin by considering two toy-model systems that
are time-dependent field theories engineered to mimic slow-roll and ultra-slow-roll models
of inflation. We then consider the EFT of an ideal superfluid, and finally the effective field
theory of inflation in the decoupling limit. We draw some lessons from these examples in
section 4. We include a number of technical appendices that are somewhat peripheral to the
main line of development. In appendix A we discuss the path-integral derivation of the soft
theorem of section 2. In appendix B, we derive an identity obeyed by two-point functions
in these theories. In appendices C and D, we provide additional information about the
superfluid and EFT of inflation examples, along with additional checks of the soft theorems
in these models, and in generalizations — in particular in C.2 we consider the symmetries
of the EFT of a superfluid driven by an external source. In appendix E we consider the
symmetries and soft theorems of ultra-slow-roll inflation with a time-dependent speed of
sound. Finally, in appendix F we briefly comment on the manifestation of spontaneously
broken boots at the level of scattering amplitudes of superfluid phonons.

Notation and conventions. We work in mostly plus metric signature and use the
curvature conventions that Rf;,, = 0,10, +--- and R, = R",,,. We denote the reduced
Planck mass by Mp; = (87G)~'/2. We adopt the Fourier convention

= dsk —ik-&
o) = | oy ¢ o). (1.1)
In the following, we will occasionally omit explicit time dependence of field operators,
e.g. ¢(k,7) = ¢(k), when we write equal-time correlation functions (see, e.g., eq. (3.9)
below). In unequal-time correlators, the time dependence will often be replaced by a
label, e.g., gbf(E) = gb(E, 7¢) for the final time, or gbl(l;) = gb(E, 7;) for initial time (see,
e.g., eq. (2.15)). We use two different phi symbols: ¢(Z,7) to denote an operator-valued
quantum field and ¢ () for classical field profiles. We also use two different symbols for
time in different contexts: ¢ and 7. Their difference is only relevant for cosmology: ¢ stands
for the proper time and 7 for conformal time. Correspondingly, * (overdot) denotes d; and ’
(prime) denotes 0;. For the superfluid example — which takes place in flat space—t and 7
are interchangeable though we mostly use ¢. Lastly, we occasionally refer to soft theorems
as consistency relations, which is a terminology inherited from the cosmology literature.



2 Soft theorems for spacetime symmetries

Spontaneously broken symmetries leave a nontrivial imprint in correlation functions of local
operators in the guise of soft theorems obeyed by correlators involving the Nambu-Goldstone
mode associated with the broken symmetry. Here we derive a general expression for this soft
theorem as a Ward identity following [26]. The main novel ingredient is a careful accounting
of the effects of (temporal) boundary terms on the Noether charges responsible for the
Ward identities. As we will see, such boundary terms lead to important contributions to
the soft theorems.

2.1 Soft theorem derivation

We are interested in correlation functions of local operators evaluated in the interacting
vacuum of the theory, |0i,). It is convenient to consider the correlations of operators that
are built out of some set of fundamental fields that we denote as ¢(Z, 7), where ¥ is a spatial
position and 7 is the time coordinate. We then consider correlation functions of operators
built out of the field ¢, of the schematic form (in Fourier space)

<Oin’O(E17"' 7]_€'N)‘0in>a (21)

where O abstractly denotes any composite built out of ¢. We will be mostly interested
in the case where it is a product of the field operators at some fixed time, for example,
O(El, e ,EN) = ¢(E1, Tf) - -qﬁ(EN, 7¢), where 7 is the time of interest.> In principle the
operator O can involve products of ¢’s at different times: we will consider such an example
in section 3.3.

Our goal is to understand the consequence of a nonlinearly realized symmetry for the
correlation function (2.1). A convenient starting point is to consider the action of the
charge, O, that generates such a symmetry:*

iQ, 0] = 60. (2.2)
Evaluating this in the in-vacuum, we have
i(0in|[@, Ol|0in) = (0in[6O|Osn) - (2.3)

In the cases of interest, the symmetry generated by () is nonlinearly realized, so that its
action on O can be split as

50 = 6500 + 610, (2.4)

where dn1,O denotes the part of the transformation that is nonlinear (independent of the
fields in the theory) and 61, O denotes the part of the transformation that is linear in the fields.
Importantly, the contribution to the right-hand side of (2.3) coming from Jyy, is localized
at zero momentum and so does not contribute to connected correlation functions [26]. We
can therefore drop this part of the transformation.

3Here the label “f” denotes the “final” time, where we evaluate the correlations. We will sometimes use
the shorthand notation ¢ (k) to denote ¢(k,7y).

4Strictly speaking, for a nonlinearly realized symmetry the charge Q is ill-defined because it is IR
divergent. Nevertheless, commutators of this charge with local operators make sense [87, 88].



Superfluid example: 7o make the discussion less abstract, it is useful to have a
motivating example in mind. A particularly simple and interesting example is provided by
the effective field theory of a relativistic superfluid [89]. The effective description is rather
simple, at the lowest order in derivatives, it is given by a lagrangian of the form

5 — A4 / d*zP(X) (2.5)

where X = —(0¢)?/A*. The superfluid phonons, 7, describe the fluctuations around the
finite-density state ¢ = ut + m. This state spontaneously breaks both time translations and
the shift symmetry of ¢ but preserves their diagonal combination. Importantly, this state
also spontaneously breaks Lorentz boosts, which therefore act on the phonons nonlinearly.
Concretely we can write the action of infinitesimal boosts on 7 as

5NL7T:,LLE'f, 5L7r:l_)'-(7'§+f07)7r, (2.6)

where we have made the same split as in (2.4) and where b is the parameter of the
boost transformation. As advertised, the transformation (2.6) contains both a part that
is independent of m, which generates a field profile with a constant gradient and a piece
linear in 7. On the right-hand side of (2.3), only the piece linear in 7 will appear.

Let us now focus on the left-hand side of (2.3). We can evaluate this matrix element
by inserting a complete set of field eigenstates at some early time:

i(0ul[Q. Ollow) =i [ Dy (10l QL) (2 Ol0) — (OulOle) iAW) . (27)

Here the |¢;) are eigenstates of the Heisenberg-picture field operator: ¢(k, 7;)|:) = @i(k)|@i),
where ¢;(k) is a (spatial) field profile.” The label “i” denotes the “initial” time, meaning
the far past. An implicit — and critical — assumption is that @ is time independent, so
that it can equally well be used to effect the transformation of O (which is evaluated at time
7¢), or to transform the initial wave function (¢;|0i,). (This is a reasonable assumption
because the charge is conserved in time.) Said another way, the point is that (¢;|Q|0in) is
relatively straightforward to compute because in the far past the in-vacuum approaches the
free vacuum.

In order to evaluate the matrix elements in (2.7), we need to parameterize the form of
the charge (). We envision that it arises from integrating a Noether current and that we
can write it schematically as

Q= [ @2 = [ d[a(@m)o(@m) + B m(,m) + -] (2.8)

where o and 3 are arbitrary functions of space and time, and Il is the canonical momentum
conjugate to ¢ (which is just proportional to é in perturbation theory). The ellipsis represents
terms that are either ¢ independent or which are quadratic or higher order in ¢, which can

5Note that the state |pi) implicitly depends on time by virtue of its definition as an eigenstate of a
Heisenberg operator at time 7.



be ignored in the asymptotic past.® The term involving the canonical momentum IIy is
expected, it is this term that effects the transformation of ¢ when we commute Q) with ¢,
as a consequence of the canonical commutation relation between the field and its conjugate
momentum. Since we are focusing on the parts of the charge linear in ¢, it is easy to
see that the relevant  is field-independent. That is, it is just the nonlinear part of the
field transformation:

B(Z,7) = onLo(Z, T) - (2.9)

The term linear in ¢ involving « is perhaps less familiar, but we can trace its origin to
boundary terms in the Noether procedure. Suppose that under the symmetry transformation
of interest, the lagrangian transforms as 0L = 0, K", then the Noether current is

w50 9L pw

j _5¢8(5)M¢) K*. (2.10)
Comparing this with (2.8), we see that the a¢ contribution to j¥ arises from —K?, which
comes from a boundary term in the variation of the action, associated with the time
boundary. The possible presence of these temporal boundary-term contributions was
ignored in previous discussions of cosmological soft theorems, and can be important in
certain cases.” It can further be shown that the linear (in fields) contribution to —K°
depends on ¢ but not on its time derivatives. We will provide examples where o # 0, and
the contribution to the soft theorem must be tracked.

Given the form of the charge (2.8), we now turn to evaluate the matrix element (2.7). It
will be convenient to work in Fourier space. Anticipating that the spatial Fourier transforms
of a and f3 are localized at zero momentum, we define a(q, ;) = (27)36(q)cvo(—¢, 7;) and
B(q,7:) = (2m)38(7) D_z(7;).® Thus, we can write the charge as

Q:(?Eé (a0¢((7a7-i)+szH¢(‘jv7—i)+"')' (2.11)
From this, we can evaluate the matrix element in the field basis

: o , d
(p1QI0w) = lim (0(@d0(d.7)10w) = iDyz"r= (o1l0u)

(2.12)
= él_% (ao<<ﬁil¢(<ﬁ 7i)|Om) + 1Dz Ei(q)(pild(, Tz’)\oin>> ;

In the interaction picture, terms with several ¢’s would oscillate rapidly in the far past, leading to
cancellations. See [37] for more details.

"In view of the fact that we are primarily interested in correlation functions of the fields ¢ themselves,
one might reasonably ask why a linear ¢ contribution to j° would matter in the relevant commutator. The
point is that we will take advantage of the conservation of @ to evaluate its effect in the far past, so the
relevant commutator is then between a ¢ in the far past and a string of ¢’s in the far future, which need
not vanish.

8In some examples, Dg can involve derivatives with respect to ¢. As a concrete example, one can
consider the superfluid (2.6), where the nonlinear part of the symmetry is 8 = pé- Z. In this case, we have
B(q) = (27)36(q) iue- Vg, and thus D_z = iué- V. Here, we are interpreting the derivatives distributionally
such that the derivative does not act on the delta function. The same understanding applies to o and «o,
though we will not encounter examples where ag depends on ¢. Note that both ag and Dy are in general
functions of time 7;, which we mostly keep implicit.



where we have used that IIy = —id/dp and have assumed the initial wave function
is Gaussian:

3 —, -
(©i]Oin) o< exp (-;/(;Tl;g&(k)%(k)%(—ko ; (2.13)

where &; is a kernel that can be parameterized as &;(k) = ¢ Im &;(k) +1/(2P;(k)), with P;(k)

the initial power spectrum of ¢ fluctuations.”

Substituting (2.12) into (2.7) and combining the result with (2.3), we find

lim (i(ao — iDgE () {0 |(Z, 7:)O10in);. — i(a0 + iDzEi(q)) (0| OH(q, Tz)\OinX:)

q—0

= (0in|01,O|0in )",

(2.14)

where we have reduced the correlation functions to their connected parts, (that this is
possible as can be proved by induction — see [26]) and we have introduced the symbol
(--+)! to denote a connected correlation function with the overall momentum conserving
delta function removed.'?

The formula (2.14) is general — the operator O could even involve a product of ¢s at
different times. For the case of primary interest, we have O = ¢ f(El) ) f(EN), where we
use %c(l%) as shorthand for ¢(ky, 7¢) (and likewise we use ¢;(¢) as shorthand for ¢(q,7)).
We can then write!!

i [ Dy (&) Ouloy (1) -+ 65 (Ex)os(@I0n). + ..

q—0

+ 0@ (=06 (F) -+ 6 (Fw)@I0w), + c.c.) | (2.15)

m\¢>f (K1) -~ 0065 (Ka) - -~ & (kn)|Osn)L

||M2

where the differential operator Dg acts on everything to its right. In the following, we will
evaluate this general formula in specific examples. We first consider in what circumstances
this identity can be phrased as a relation between equal-time correlation functions.

9Both £(k) and the power spectrum P(k) depend on the momentum only via its magnitude k = |k|. This
is a consequence of translation and rotation invariance, which we always assume to be symmetries.

'Removing the momentum-conserving delta function is not trivial, but that it can be done follows
from the hierarchical nature of the relevant symmetries. For instance, for the superfluid, the hierarchy of
symmetries includes both time translations and boosts. The former involves no momentum derivative while
the latter involves one such derivative. One finds that the delta function in the boost soft theorem can be
removed by using the time translation soft theorem. See the explicit examples in the next section and [26]
for details.

'Note that we have assumed (i) ¢(%) is Hermitian such that ¢f(k) = ¢(—Fk), (ii) parity invariance so
that (¢(—Q)d(—kn) - - d(—k1)) = (d(Q)d(kn) - - p(k1)), and (iii) ¢’s at equal time commute. In particular,
if O involves ¢ at different times, one must revert to the more general statement (2.14). It is also worth
noting — though we do not need it — that for real o(%) and B(Z), their Fourier space counterparts obey
ao(q) = ag(—¢) and Dg = D~ ..



2.2 Physical mode condition

The soft theorem (2.15) involves the insertion of a soft mode at early times. At least
observationally, we are typically concerned with correlations between operators all evaluated
at the same time. We, therefore, want to understand when and how the expression (2.15)
can be phrased as an identity involving equal-time correlators. (This same question was
considered in a similar context in [37]. Here we follow that discussion, with some emphasis
on slightly different points.)

We begin from the assumption that the soft mode has a certain time dependence g(7)
in the long-wavelength limit:

. . (7:)
lim 4(d) Om) = lim 67(@)|0m) 5 (14 0(0)) (2.16)

where O(q) indicates that this formula is corrected by terms suppressed by (positive) powers
of g. This is merely a statement about the behavior of the soft mode at leading order
in perturbation theory. That is to say, the linearized ¢ can be decomposed into creation
and annihilation operators, and g(7) reflects the time-dependence of the corresponding
mode function at the vanishing ¢ — this limit picks out a dominant mode (often called the
growing mode).'? Since we are interested in the ratio of the mode function at two different
times, the mode function normalization (possibly g-dependent) does not matter.

Given (2.16), we can write a correlation function involving a single early-time mode in
terms of an equal-time correlation function with all modes at the late time as

9(7)
1+0(q)) .
9(7y) ( )
(2.17)
Note that in general, the unequal-time correlator on the left-hand side is complex, while

(Oinl @y (F1) -+ 7 (kn)0i(@)]0in ) = (Om|bf (k1) - -+ b (k)5 (@)]0in)

the equal-time correlator on the right-hand side is real. The difference is made up by the
correction terms, which are also in general complex. Another implication of (2.16) is that
the power spectrum at different times can be expressed as

Pi(q) = Py(q) ( jff)) (1+0@). (2.18)

where P; and Py are the ¢ power spectrum at initial and final time respectively.

The above statements apply regardless of the form of the symmetry transformation.
However, only for certain symmetries can these facts be used to phrase the soft theorems as
equal time statements. We now introduce the assumption that makes the promotion to a
final-time Ward identity possible — the physical mode condition that

g(7:)
g(ty)

120ne can make stronger, nonlinear, statements about the long-wavelength time dependence in certain cases.

Dy(7i) = Dg(7¢) (2.19)

For example, the curvature perturbation in cosmology freezes outside the horizon nonlinearly [18, 90, 91].
However, it is unclear if analogous results hold in the other examples we study in this paper, though they
are not strictly needed for the statements that we make. This is an interesting subject to explore. Since our
soft mode is a Goldstone mode, there is a sense in which the constant mode is always a solution of the fully
nonlinear equation of motion.



In other words, the physical mode condition states that the nonlinear part of the field
transformation has the same time dependence as the dominant (growing) mode solution to
the equation of motion.'3

Applying these statements to (2.15), we have

Dg(7y) (Pl( )( inl @y (K1) - ¢f(EN)¢f(€7)Oin>/c>
(2.20)

N
Z (Oimldy(Br) - 0n6 7 (Ra) - -~ b7 (F)] | Oin)e

which is the equal-time Ward identity we were looking for.

Aside from (2.19), we had to make some additional assumptions to obtain this expression:
(1) The ap term in (2.15) multiplies <Oin|¢f(l;:1) . czﬁf(l;:]\/)qbi(q_')|Oin>fj — c.c., and the latter
vanishes by virtue of (2.17) assuming ¢ (or the ratio thereof) is real. Note that «q is in
principle a function of ¢, and it is important that the product of ag and the corrections
in (2.17) remain subleading in powers of g. (2) The kernel &; has an imaginary part; it is
important its product with (the imaginary part of) corrections in (2.17) is subleading in
powers of ¢ compared to what is kept in the equal-time consistency relation (2.20). (3)
In cases where Dg(7;) or Dg(7¢) does not contain derivatives in g, there is no need to be
careful about how fast the corrections in (2.17) vanish in the ¢ — 0 limit. However, caution
is needed in cases where Dy has derivatives. In the superfluid example, Dy for the boost
symmetry carries a 6(7. It is important the corrections start at order ¢" with n > 1 so
that they do not contaminate the boost consistency relation once it is promoted to equal
(final) time. A possible source of corrections in (2.17) comes from the mode function. It
could happen that the mode function at small ¢ behaves in such a way that (2.16) has
O(q) corrections, which would imply the same in (2.17). The presence of these corrections
(once acted on by ﬁ(;) would spoil the promotion of the boost consistency relation to equal
time. We will see that this is exactly what happens in the superfluid case.'? Henceforth, we
implicitly assume these additional assumptions are satisfied when we use the term physical
mode condition.

3 Applications

To demonstrate the scope of the soft theorem (2.15), in this section we discuss a variety of
models with space/time-dependent nonlinearly realized symmetries and write the explicit
form of the soft theorems satisfied by these theories. We will also compute explicit correlators
for these models, which serve as (perturbative) checks of the soft theorem.

We start by considering (in section 3.1) two simple toy examples with time-dependent
interactions that mimic features of the dynamics of perturbations in slow-roll and ultra-
slow-roll inflation in cosmology (see also ref. [37]). These models are time-dependent field

BFor a discussion of how this differs from the adiabatic mode condition, relevant for soft theorems
originating from gauge symmetries, see [37].

1411 cases where the consistency relations come in a hierarchy such as with time-translations and boosts
(see footnote 10), it is the same g(7) that shows up in the physical mode condition for both.



theories of the form

S = / dadr f(7) (4 ¢ — £(8:0)?) . (3.1)

where f(7) is a function of (conformal) time, which can be chosen to capture different
features of cosmological models. The advantage of these toy examples, with respect to the
actual inflationary models, is that they are simple enough that they allow us to compute
explicitly all the correlation functions of interest while containing all the necessary conceptual
ingredients to illustrate and check the soft theorem (2.15).

We then discuss in section 3.2 the low-energy effective theory of a relativistic superfluid.
In particular, we derive the consequences of the spontaneously broken time translations and
Lorentz boosts. Finally, we consider cosmology and translate the general soft theorem into
the effective field theory of inflation in the decoupling limit in section 3.3. An interesting
feature of the superfluid and EFT of inflation examples is that the soft theorems are
somewhat trivial if the hard modes involved in the correlator are evaluated at the same
time, but become nontrivial statements if the hard modes are evaluated at different times.

While the initial-final soft theorem (2.15) is general and just follows from symmetry,
the existence of a soft theorem at late times is not guaranteed and requires — as discussed
in [37] and reviewed in section 2.2—the physical mode condition to hold. In the examples
presented below, we will check when this is the case, and also verify the equal-time soft
theorems whenever these can be written.

3.1 Time-dependent toy models

As a simple warm-up, we consider the action (3.1) with two different choices of f(7) meant
to mimic slow-roll and ultra-slow-roll inflation, respectively. These are time-dependent
field theories that have symmetries — and corresponding soft theorems obeyed by their
correlation functions — but which are simple enough that computing correlators explicitly
is straightforward.

3.1.1 Slow-roll toy model

We start by considering the following action, introduced by [37] to replicate certain features
of slow-roll inflation:

S = / dr d*z 712 (€% ¢? —e4(3:0)) (3.2)

where 7 denotes the time coordinate and ¢’ = 9,¢.'® The scalar field ¢ in (3.2) plays the
same role as ¢ in the previous sections. Besides spatial dilation and special conformal
symmetries, which were studied in [37], the action (3.2) is invariant under the time-dependent
symmetry transformation

8¢ =1—710,C, (3.3)

up to a boundary term 65 = [drd3z 9,(—7L). Applying the standard Noether procedure
by deforming the parameter of the symmetry transformation to a spacetime-depending

15This is a flat-space model designed to mimic the evolution of the curvature perturbation in slow-roll
inflation. We use 7, instead of ¢, to denote the time coordinate as it plays the same role as conformal time
in cosmology.
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function, we can extract the Noether current, whose temporal component is

o 2
gozﬁgw... (3.4)

up to corrections that are higher order in the field ¢.'® In the notation of equation (2.11),
we then have

ap =0, Dy=1, (3.5)

and the unequal-time soft theorem (2.15) reads

?E%)&<cf><c<l%‘1nf><(1%‘2,Tf>c<qrn~>>’+c-c-=—Tf (¢ (Rry 7 )¢ (Ray 7)) + (G (R, ) (R )|
6
where we have suppressed the appearance of the in-vacuum.

It is straightforward to check that the relation (3.6) is satisfied by plugging in the explicit
expressions for the correlators (at tree level). The two-point function and wavefunction

kernel are
CEFr) = 4B, &= g
TS T s 1) = iH?271;(1 —iqm;)’ '
while the unequal-time three-point function in the soft limit is given by
L 2
Lim 8Z(q)<C(k, Tf)((—ki -, Tf)C((f, Tz‘)>/ +cco=——. (38)
q—0 2k

In addition, one can check that the physical mode condition is satisfied for the toy model (3.2)
(see also [37]). This allows us to promote the initial-final soft theorem (3.6) to late times as
follows:

-0 (=)

where we have suppressed the time-dependence of (, assuming that all the fields are evaluated

at the same (late) time 7. A perturbative computation of the relevant correlators also
confirms this equal-time version of the soft theorem.

3.1.2 Ultra-slow-roll toy model

Let’s now consider a similar-looking scalar theory but with a different time-dependent
factor designed to mimic the time evolution of the curvature perturbation in ultra-slow-roll
inflation [92, 93]:

S = /dT d3z 4 (e?’c I ec(ﬁiC)Q) . (3.10)
The action (3.10) is invariant under the following nonlinearly realized symmetry:

11,
5= 5t gl (3.11)

1676 read off the terms in j° that are linear in the field, it is sufficient to focus on the nonlinear part of
the symmetry and work out 45 for the quadratic part of the action.
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We see that the nonlinear part of the transformation is given by dxp,¢ = 1/73 and the linear
part is 01, = (1/272)¢’. We can again extract the time component of the conserved Noether
current j# associated with (3.11) in the usual way

1
j°:2+6c+2rc’+---=2+6g+ﬁnc+---, (3.12)

where the ellipsis represents terms involving two or more ¢s.'” Translating into the notation
of section 2, we have

ap =6, Dy=—, (3.13)

and, using d,(y = (1/ 27'?){}, we arrive at the following unequal-time soft theorem relating
the three and two-point functions:

lim (13&-@ - 6z'> (QFr )0, @)Y + cie. = 5 (G )Gl )Y

-0 \ T; T§ dry
(3.14)
This relation can be explicitly checked using the expression for the two-point function
o o 1+ k%72 270>
k —k,7p)) = ——et Elg)=i|6mP — 1 3.15
along with the following limits of the three-point function
1 > 2 .
lim — &,(a) (C(F, 71)C(—F — @ 70)C(@, 7)) + e = 0, (3.16)
q—0T;
. - L Y 3+ 277
—62 élg(l)@(kﬁf)«—k — ¢, 7)C(q 7)) + cc. = _TgT}) (3.17)

It is furthermore straightforward to check that the physical mode condition holds for
the model (3.10), which allows us to promote the initial-final soft theorem (3.14) to late
times, where we obtain

CRC(=F = (@) _ v d

I S e = 5 CRR) (3.18)

This equal-time consistency relation can also be verified by explicit computation of the

relevant correlators.
An interesting fact about this model is that

lim —=Tm £;(q) = 6i. (3.19)
g0 T;
In other words, only the real part of the combination (£;(¢)/7? — 6i) survives in the soft
limit, which implies a relation between the boundary term « and the imaginary part of the
wave function. In some circumstances, this observation generalizes to other examples (see
appendix B for a discussion).

7The constant part of j° gives rise to a divergent contribution to the charge Q = f d3z j°, but it can be
ignored because it gets canceled in the commutator combination (2.3).
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A point worth stressing is that the crucial difference between the case discussed here
and the one in section 3.1.1 is the presence of a non-vanishing term linear in the field ¢
in the Noether current (3.12), i.e., @ # 0 (as defined in (3.13)). Such a nonzero « follows
from (temporal) boundary terms in the symmetry variation of the action (see (2.10)), and
is required in order for (2.2) with O = Il to hold. In fact, one can directly compute the
commutator of the Noether charge Q = [ d3z j(#) with the conjugate momentum II: as

Q. (@) =i [ A2 [66@) + -+, Te(@)] = 6+ -+ (320)

where the ellipsis denotes linear and higher order terms in the field {. It is easy to check
that (3.20) is consistent with the variation of II; under the symmetry (3.11):

Ollg = 6 (2046 ¢’) = 2740, (OneQ) 4+ = —6+ -+ (3.21)

In cases where 611 does not contain any field-independent piece (like in the example of
section 3.1.1 where 01 o dn.¢" = 0), then o = 0 and the generalized soft theorem (2.14)
(as well as its late-time version, if the physical mode condition is satisfied) reduces to the
previous results of, e.g., [26, 37].

3.2 Superfluid

The next example we consider is the effective field theory of a relativistic superfluid. We
can take as the starting point the action [89]

5= / d'z A'P(X), (3.22)
where P is a generic function of X, defined by
1 I
X = —Fauqba o (3.23)

The superfluid ground state ¢ = ut (where p is the chemical potential) spontaneously breaks
time translations and boosts. Expanding the action in perturbations around this state:

O(&,1) = ut + (7, 1), (3.24)

we have a theory of the low-energy dynamics of an ideal superfluid at zero temperature and
finite density (or finite chemical potential p), where the function P(u) is the equation of
state of the superfluid, giving the pressure as a function of chemical potential [47, 48, 89, 94]
(see also appendix C below for more details).

The field fluctuations 7 are the (derivatively coupled) Goldstone bosons that parametrize
the phonon excitations in the superfluid. In addition to constant shifts (7 — 7+ c¢), the field
7 also nonlinearly realizes time translations and Lorentz boosts, which are spontaneously
broken by the time-dependent background . (There is, however, a diagonal combination of
a shift of 7 and a time translation that remains linearly realized.) Our goal in this section is
to derive the soft theorems that result from the spontaneous breaking of these symmetries
at the level of in-in correlation functions of w. (We will comment briefly on soft theorems
for scattering amplitudes in appendix F, but see [95] for an extensive discussion.)
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By expanding the action (3.22) around the background (3.24), one can find the la-
grangian for 7 at all orders, which depends on the functional form of P(X). For instance,
the quadratic action for 7 is

P'(p?)

2) _ 4 .2 200 N2

S = /d x 2 <7T cs(0;m) ), (3.25)
where P’ = dP/dX, 7 = dym, and the sound speed (squared) is defined by

2 P'(p?)
TP(p?) 4202 P ()

c (3.26)

The expressions for the cubic and quartic lagrangians, which we will need later on for
the explicit checks of the soft theorems, are reported in (C.2) in appendix C. As it is
clear from (3.25) and (C.2), the effective couplings are (constant) functions of P and its
derivatives, computed on the background ¢.!® Note that, at any fixed order in perturbation
theory, there are some operators whose couplings are fixed in terms of lower-order couplings.
This is the case, for instance, for the operators 7(9;7)? and (9;7)* (see egs. (C.2)), whose
coefficients, apart from a common overall normalization factor, are functions of the sound
speed c; only. This is a result of the specific symmetry breaking pattern realized in the
system: the Poincaré group is broken down to spatial translations and rotation. As we will
show, this pattern gets reflected at the level of soft theorems.

3.2.1 Spontaneously broken time translations

Let us start by considering time translations. Time translations act nonlinearly on 7 as
om=p+1. (3.27)
The corresponding Noether current is

2 P/ 2
jo:lchz(Mﬁ+,..:MHﬂ+...- (3.28)

S

Thus, we have, in the language of section 2
ap = 0, Dzj': M. (329)

Recalling that oy (tf) = 7(ts), we conclude that the consistency condition (2.15) takes
the form

lim pE(a)(m(kr, tp)m(ka, t))m(@ 1)) + coc. = (i (Er, tp)m(ka, tp)) + (w(kr b)) (Ko, tp))
(3.30)
From the action for the field 7 (see (C.2)) one can compute explicitly the correlators
in (3.30) and check in fact that (3.30) is satisfied, but in a trivial way, namely, both sides
of the equation are zero. Essentially this is a consequence of the shift symmetry of m, which

18The fact that the couplings in the low-energy effective theory for the Goldstone 7 are time-independent
is a consequence of the existence of the diagonal combination of time translations and constant shifts that is
linearly realized on ¢ [94].
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implies that the left-hand side of (3.30) must vanish.!” Instead of time translations, we
could have instead considered this soft theorem associated with the shift symmetry. The
difference between this soft theorem and (3.30) is the Ward identity for the linearly realized
time translations.

Note that the physical mode condition is satisfied for the symmetry (3.27). In fact,
the mode function for 7, which is just a plane wave, is constant at leading order in the
soft limit,

lim e %% ~ 1 — jegqt + - - -, (3.31)
q—0
like the nonlinear part of the transformation (3.27). As a result, the soft theorem (3.30)
can be promoted to late times, as can be explicitly checked.

3.2.2 Soft theorems from spontaneously broken boosts

In addition to time translations, Lorentz boosts are also spontaneously broken by the
superfluid ground state. The action of such a boost on 7 is

om =1 {;w:j + (to; + xjat)w} , (3.32)

where b is an infinitesimal constant vector. It is straightforward to derive the corresponding
Noether current and extract

0 bj“@m)xﬂﬂmzbjmﬂﬂﬁm- (3.33)

S

Translating this into the notation of section 2, we find

oy = 0, Dq‘ = —iejuaqj y

(3.34)

with the understanding that the action of the operator Dy also involves sending ¢ — 0.20
With these ingredients, we can adapt the formula (2.15) to this model. We first consider
the soft theorem that relates the three and two-point functions:

bim 10y (si(q)@r(/a,tf)w(k’z,tf)w(@ ) + c.c.) = 04,0, (mp (K1, tp)mp(—ki, b)) (3.35)

If one starts from the version of (2.15) before the momentum-conserving delta function
removal, to arrive at the above expression requires being careful about how to treat
momentum derivatives under the delta function constraint. This will be discussed below.
The identity (3.35) is indeed satisfied by correlation functions of a superfluid, but in a
somewhat trivial way — both sides vanish identically, similar to the soft theorem (3.30)
for time translations considered above. However, we can consider a slightly more general
situation where the identity is nontrivial. That is, we consider the case where the operators

19The fact that 7 has a shift symmetry can be thought of as a consequence of the fact that the background
for ¢ is linear in time [32, 96, 97]. In appendix C.2 we comment on a slight deformation of (3.22) that is
still shift symmetric but that admits a background solution for ¢ that is not linear in time. We will see in
that case, the left-hand side of the soft theorem (C.23) does not vanish.

20The fact that the soft mode generated by a symmetry transformation is localized around ¢ = 0 follows
from the Fourier transform [ d*z a2’ e T = i(2m)%0,;0(q).
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carrying the hard momenta are inserted at different times. Effectively this will lead to a
soft theorem involving operators at three different times.

Let us go back to the original formulation (2.14) and choose O = w(ky,t))m(ka, t2),
where t; and ¢y are two different times. Moreover, let us start from the formulation before
delta function removal. We thus have:

lim 5 (@) (g, (1), (t2)ma(t)) + (mti) g, (01), (02) )

| | (3.36)
= (94401 + 000, + tik] + 2k (g, (01)m, (t2) -

Notice that the t0;m part of the boost symmetry now acts nontrivially on the two-point
function on the right-hand side of this relation, since we have separated the final times.
Removing the momentum-conserving delta function from this expression is rather subtle,
commuting the Jy, derivatives past the delta function eventually leads to the identity

o P ((W;;‘l (t1)my, (t2)mg(t:)) + <7rz7(ti)77gl(t1)7T52(t2)>/>
g—0 2 q’ <7T7(j’(tz)7l'q‘(tz)>/
= (9 0y + Kl (01— 12)) (g (b7 _g (82))

(3.37)

which we derive explicitly in the following inset.

Commuting through the delta function: Here we describe how to get from (3.36)
to (3.37). Let us consider the first two terms on the right-hand side of the relation (3.36).
First, we separate the contributions where the momentum derivative acts on the delta
function. Introducing the primed correlator with a delta function removed, i.e.,

(mp, (t)m, (t2) = 6(ky + ko) (my (t1) 7 (£2)) (3.38)
we can write

(8]6{(5(/;1 + /;2)) <7'TE1 (t1)7TE2 (t2)) + (8%5(];1 + E2)) (WEI (t1)7%]€2 (t2))
_ [(%5(’31 +K2) ) (7, ()7 _g, (12)) + (akia(z%} + ko)) {mp ()7 (82))'] (3.39)
— o(ky + Ez)((ak{ff,gl (t)m_g, (t2)) — 8(ky + E2)<(3k{7fgl (t)_j (t2))

where we have used the distributional identities

J(kr, F2)3(ky + o) = f(ky, —F)3(ky + k). (3.40)
J R, B)9y 3Ry + ko) = J (R, =R 98 (k1 + Fa) = (9 f (R R2)) | 8(k + F).

2=—FK1

Of the terms on the right hand side of (3.39), the ones where the delta function comes
with a derivative will cancel analgous terms on the left hand side of (3.36), making use
of the (lower order) time translation soft theorem (essentially (3.30) but with unequal
times on the hard modes). The remaining terms on the right hand side of (3.39) can be
combined with analogous terms on the right hand side of (3.36) — those without delta
function derivative — to obtain (3.37). Note that the two-point function is overall time
translation invariant and is thus a function of t1 — ta.
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We now would like to verify that the identity (3.37) is satisfied in a nontrivial way. We
can compute the relevant correlators explicitly using the lagrangian (C.2). The two-point

function is given by

c .
. - (t /: S —chkl(tl—tz) 41
<7Tk1 (tl)ﬂ-flﬂ( 2)> 4P’(M2)k‘1 € ) (3 )

while the soft limit of the three-point function is

o P ((W;gl (t)my, (t2)mg(ts) + (mq(ti)mg, (tl)WEQ(h)V)
702 " (m_g(ti)ma(t:))’ (3.42)
cs(1 = k! - '

Using these expressions, it is straightforward to check that the relation (3.37) is
indeed satisfied.

Constraints on the action. We can think of the identity (3.37) as the manifestation
of the spontaneously broken boost symmetry of a relativistic superfluid at the level of
observables. In order to make this more explicit, it is useful to take a slightly different
perspective. Consider the cubic action for a superfluid (C.2), but allow the couplings to
be arbitrary:

/(,,2
S = / d4xP£/;) (7’12 — (0im)? + caa + C317‘r(8,-7r)2> . (3.43)

In the actual superfluid EFT ¢33 and c3; are known and are given by

—c? 2 _ 2
(1 —c5)(3c; + 2¢3) , ey = — (1—¢) . (3.44)
3cip [t

C33 =

However, we can think of them as free parameters and ask how they are constrained by the
soft theorem (3.37). If one computes the correlators following from the action (3.43) and
then enforces (3.37) as a constraint, this uniquely fixes c3; to take the value (3.44), while
c33 is unconstrained. This is not in itself surprising, because we know that the form of the
coupling c31 is fixed by the spontaneously broken Lorentz symmetries, as can be checked
directly — the action (3.43) is only invariant under (3.32) when ¢3; is given by (3.44).

If one considers the boost soft theorem that relates the three and two-point functions,
and where the two hard modes are evaluated at the same time, the identity is satisfied in a
trivial way — both sides are zero. This is perhaps slightly puzzling because we know that the
boost symmetry of the action relates some of the cubic interactions to the quadratic action:
where has this information gone? The nontrivial feature is that to recover this information

at the level of observables we need to consider the hard modes at unequal times.?!

21 A philosophically similar situation arises in the subleading consistency condition for the large scale
structure bispectrum [38—41], and for the EFT of inflation, as we will describe.
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Four points. The previous discussion can be straightforwardly extended to higher-point
correlation functions. We can, for instance, consider the four-point function. The quartic
Hamiltonian in the interaction picture can be written generically as

7—[(4) = C447:('4 + 6427:('2(31'71')2 + C4D(8i77)4 s (345)

for some (known) constants cyq, cq2 and cq9. The unequal-time soft theorem relating the
four and three-point functions is given by

lim iy (E:(a) (g, (1), (61)mg, ()ma(:))) + .
_ (atlak{ + atQakg) (., (b)) (o) (t3))

where all the fields on the right-hand side should be evaluated at t; after taking the
derivatives.
Using (3.45), the left-hand side of (3.46) can be evaluated as??

(3.46)

b i, (:(a) (m, (1), () (1) mg(ti))) + cc.

_ Cguk{(k‘l — /63)(03642]@ — 2040(k1 + kg))
8P’3(u)]€1k‘2k3(l€1 + kz + kg)
c?,uk%(kg — k’3)(03642k1 — 2640(%2 + kg))
8P’3(M)k‘1k2k‘3(k1 + ko + k‘g) ’

while the right-hand side of (3.46) is

(&flaklj + 5t23k2j) (mp, (), (t2)m_p i (£3))

(3.47)

ty
_ Cgk{(kl — ]ﬁg)(Cgl (kl — 2]€2 + ]Cg) — 362033]{2)
16 P (1) ky koks (k1 + ka2 + k3)
Cék%(kg — k3)(031(k2 — 2k + kg) — 303033k1)
16P’3(,u)k1k:2k3(k1 + kg + kg) ’

(3.48)

where k3 = \/ k2 + k2 + Q(El . Eg) We can then equate the coefficients of the different
independent combinations of momenta to obtain the following constraints on the coeflicients
appearing in (3.45):

cﬁc;ﬂ + 4c§,u040 =0, 2c31 + 305033 + 2ucy2 = 0. (3.49)

It is straightforward to check that the relations (3.49) are indeed satisfied by the explicit
expressions for the couplings c44, c42 and ¢y given in (C.8) and summarized here:

(1= A)[c2(c? + des + 2c4) — (1 = 2)(3¢2 + 2¢3)*| P’ (14?)
4cfp? ’
(1= c2)(=2+ 3¢ + 2¢3) P'(1?) P c2)P'(p?)
zcgug ’ 40 — 4M2 .

C44 = —
(3.50)

Cq2 =

22Note that exchange diagrams do not contribute in the soft limit.
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It is worth stressing the result (3.49) follows simply from knowing that boosts are nonlinearly
realized in the theory. Note also that the soft theorem relating the four and three-point
functions is satisfied nontrivially even when all of the hard modes are evaluated at the same
time, in contrast to the three-point case.

The relation (3.46) cannot be promoted to equal time for all (soft and hard) modes. As
we stressed in section 2.2, it is important for subleading identities like the boost one that
the mode functions do not contain a linear in ¢ piece with a different time dependence from
the symmetry. However, in the limit of small ¢, the mode function for the superfluid phonon
becomes e~ ~ 1 — jcyqt + - --. Note that the nonlinear part of the boost symmetry is
constant in time, while the O(q) part of the mode function is linear in time, so the physical
mode condition is not satisfied. Consequently, the equal-time consistency relation is not
satisfied, as can be verified by an explicit check.

3.2.3 Identities involving correlators of 7

We have seen that the identities lead to a nontrivial statement when all 7s are evaluated
at different times in a correlator. One may still wonder if there exist nontrivial state-
ments associated with correlators with all late-time operators evaluated at the same time.
Heuristically, 7 (t2) can be expressed in terms of expansions around 7 (¢1) by

mh(ta) = me(tr) + (t2 — 1) (tr) + O (B2 — 11)?) (3.51)

therefore, one expects that a non-trivial soft theorem involving the squeezed limit of the
correlator (m(t1)7(t1)m(t;)).?® Explicitly, the corresponding identity is

lim 4, (a(q) [, (O, (Om(t)) + (gt (D, (0))])
= th] (g, (D), (1)) + Oy (g, (8)7ig, (8))
+ k(g (t ) ,(0)) + thy(my, (8)i, (1)) + Oy (g, (D, (1),
where the second line on the right hand side comes from
57 = b1 (9;m + t0;7 + ;7). (3.52)
After carefully removing the momentum conserving delta functions, it reads
lim iy (€4(a) [, ()5, (Omglt))' + (malt)mg, (1), (1))
1 . . j
= 504 (g, (07 _g, (£) = K (m, (D7 _g, (1))
o i, (0 g, (0) = (g (07, (1)),

where in the last line we have used the fact that correlators are time-translation invariant.
Another way to obtain this identity is to take derivative of t3 on (3.37) and then setting

Z3We thank Enrico Pajer for raising this point.
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to = t1. From an explicit computation, both sides of the identity are evaluated to be?*
cs(1 —c?) k{

AP/ () ki

Notice that this is the same as what one would get by taking 0, of either the right or left-

(3.54)

hand side of the unequal-time identity involving only 7 and then setting to = t;. Therefore,
this is a non-trivial identity where all the late time operators are at equal time. In other
words, like the all un-equal time 7 correlators, correlators involving 7 (or more formally,
the canonical momentum conjugate to ) also have information about the relation between
the coefficient of 0317'r(8i7r)2 and the quadratic action. However, it should be stressed that
the soft mode still has to be at the initial time, different from the time of the hard modes,
because the physical mode condition is not satisfied for boost in superfluid.

3.3 Effective field theory of inflation

As a final example, we consider symmetries in the effective field theory of inflation [44, 98].
This effective field theory describes adiabatic perturbations around a homogeneous and
isotropic background driven by a single degree of freedom acting like a clock.?®
To leading order in the derivative expansion, in unitary gauge, the EFT takes the form
M2 ) ] MA
S = /dtd3x V=g | SR — My (3H? 4 201) + MBHSG™ + 30 L (3g%)" + |
n>2 '

- (3.55)
where 69, = g — Guv, With g, = diag(—1, a®(t),a%(t), a(t)), denotes the perturbation of
the metric, H = a/a is the Hubble function, and M,, are generic time-dependent couplings.
Under the assumption that these do not vary significantly in one Hubble time, the action
inherits an approximate time-translational invariance. After reintroducing the Goldstone
via the Stiickelberg trick i.e., t — t + 7, we can take the decoupling limit where H =0
and Mp) — oo, with their product held fixed. In this limit, we isolate the dynamics of the
Goldstone mode 7 in an exact de Sitter background. The action for 7 up to the fourth
order in the field is [44]

S, = / dt &3z o® (£(2> +£8) 4 L<4>) , (3.56)
where
2 T 2
e = M2 (12 & any).
cs a
. 1 . (0;m)? 4 )
£ = M3 H (1 — cg) <7r3 - 7r( a2) ) —3 a3, (3.57)

M3 2 (0;m)? M3 ((0im)?)?
) — 22 _ Iy /s [ 4 _ 4) -2\ 2N\ )
L _<2 2M3+3M4>7r (M5 —20a) 723500 4 Z2 S5

24In the computation of correlators associated with 7, say <7r,;1 )7z, (1&)7rq~(1ti)>7 one has to carefully use
the interaction picture field 77 since © = ut (e —i[7r, HI)U.

25 As such, its domain of applicability is somewhat broader than just inflation, applying to any single-clock
FLRW cosmology [44, 96, 98, 99].
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with the sound speed defined by

2M3
;t=1- 2. (3.58)
M H

The action (3.56) is invariant under the following set of global symmetries (in addition to
the obvious spatial translation and rotation symmetries):

« Shifts of the Goldstone field, 7 = 1. We can think of this as an accidental symmetry
that is a consequence of the near time-translation invariance of the background, which
becomes exact in the decoupling limit.

o Dilations, acting on 7 as

5D7T=—%(1+7:F)+f'67r; (3.59)

o Special conformal transformations (SCTs), which act as

2 . 2 . L o= 1
OgCoTT = _Eb ST+ Y (—Hl'j?T + 22,2 -V — m28j7r + a2H28j7r> , (3.60)

parametrized by the infinitesimal vector b.

Note that much like in the superfluid case, a linear combination of the shift and dilation
symmetries is realized linearly, causing the correlators in this theory to be scale invariant.?2®

The soft theorems resulting from the nonlinearly realized symmetries (3.59) and (3.60)
for the late-time cosmological correlators are well known, and have been studied in many
contexts [18-22, 24, 25, 100]. Here we wish to focus on two (related) facets. The first is
more conceptual: given recent progress in the abstract bootstrap construction of inflationary
correlators, it is natural to ask how the nonlinearly realized symmetries further constrain
these objects. Related to this, the second thing we wish to elucidate is a small puzzle
involving the three-point function in the EFT of inflation. Much like in the superfluid case,
the known equal-time soft theorems are satisfied by 7 correlators in a trivial way: both
sides of the relation happen to vanish. This is somewhat strange because the coefficient
of the 7(d7)? interaction is completely fixed by symmetry. It is then natural to ask: how
does one recover this fact at the level of observables? We will see that — like the superfluid
— one must consider unequal-time soft theorems in order to see this relation at the level
of correlators.

In this section, we derive and check the unequal-time soft theorem that relates the
three and two-point functions in the EFT of inflation. (We additionally discuss equal-time
soft theorems for 7 in appendix D.)

Unequal-time soft theorem for SCTs. We want to understand the consequences of the
nonlinearly realized SCT (boost) symmetry of the EFT of inflation Goldstone mode (3.60).
As a first step, we consider the relation between the three and two-point functions implied
by this symmetry. It turns out that the soft theorems where the hard modes are evaluated

26T here is, therefore, a precise sense in which the EFT of inflation in the decoupling limit is like a
superfluid in de Sitter space.
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at the same time are all trivially satisfied (in the sense that both sides are zero). This
includes the case where all of the operators (including the soft mode) are at the same
time. To obtain a nontrivial identity, we, therefore, concentrate on correlators involving
two Goldstone fields 7y taken at different final times 71 and 7. As in the superfluid case,
removing the momentum-conserving delta function is somewhat subtle, but after doing this,
the resulting Ward identity takes the form:

. 190
I 2 50 (i) ({mg, (), (r2)ma(m)) + (ma(m)mg, (), (72)))] (3.61)
LA (46 +k10}, = ki(7f = 73)) ) (m ()7 _g (72)
k]_ 1Vk Uy k1 1V, — 1 2 k1 1 —ky 2 .
Note that the three-point function involves a soft mode evaluated in the initial state, along
with two hard modes evaluated at (late) times 71 and 7o.

We can verify that the soft theorem (3.61) is satisfied in the EFT of inflation using (3.57).
We find that the unequal-time two-point function is given by
H2

—_—(—1+ S k , + s k 7iCSk1(T1772)7 3.62
4M1§1|H|cs/<:i1)’( i+ csTik1) (i + csTaki)e (3.62)

(mp ()m_j; (1)) =

while the soft limit of the three-point function is given by

(}1_% 8aq] [gi(Q) (<7TE1 (7_1)77'];2 (TQ)F(T(Ti»I + <7Tq’(7’i)7'r]~€»1 (7-1)71-’;2 (7_2)>/)} (3.63)
= B0 - )3 = o) g, (), ()

Putting these together, it is straightforward to check that (3.61) is satisfied. Note also that
both sides are nonzero, so there is a nontrivial relationship between the soft limit of the
three-point function and the unequal-time two-point function. Much as in the superfluid
case, this relation can also be seen in correlators involving 7. And different from the
superfluid case, the initial time of the soft mode can be promoted to late times, because
for 7 in the EFT of inflation, the physical mode condition is satisfied for SCT (as well
as dilation).

It is somewhat interesting that we have to consider correlators beyond just equal time
correlators of 7 in order to recover the relation between cubic and quadratic terms in the
action that is a consequence of the nonlinearly realized SCT symmetry.2” Much as in the
superfluid case, it is only the coefficient of the 7(07)? term that is constrained by the soft
theorem; the correlator coming from the 73 interaction vanishes in the soft limit so its
coefficient is unconstrained. In particular, the action up to cubic order in conformal time is
schematically

S=- MPIH/d d’z (

2"One way to think about why this is necessary is that the normalization of the three-point function

1
2. (77’2 cg(amf) + E(c;ggﬂl?’ + 0317r’(8i7r)2)> . (3.64)

is degenerate with rescaling the sound speed of fluctuations. The unequal time correlator is sensitive to
the speed of propagation of fluctuations, so it provides a way of breaking this degeneracy and relating the
normalization of the three and two-point functions.
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It is only the coefficient c3; in the cubic action that is fixed entirely in terms of the speed
of sound
ez =1-¢c2, (3.65)

and this is precisely the physical content captured by the relation (3.61). It is also worth
pointing out that the physical mode condition is satisfied for the EFT of inflation. Thus, in
eq. (3.61), the initial time 7; for the soft mode can be promoted to match 7 or 1o for the
hard modes, unlike its counterpart in the superfluid example.

From the perspective of bootstrapping inflationary correlators, it is somewhat interesting
that the relation between cubic couplings and the sound speed seems to be invisible at
the level of equal-time 7 correlation functions. At higher points, it does seem possible to
reconstruct the full set of relations following from the nonlinearly realized symmetries by
looking at equal-time correlators, as we discuss in appendix D. Typically in cosmology
we are only able to measure equal-time correlation functions, so it would be somewhat
more desirable to find a way of extracting this information on-shell from these correlators.
Perhaps the most natural approach is to consider bootstrapping correlators of the momentum
conjugate to m, which are sensitive to phases of the cosmological wavefunction. Alternatively,
perhaps these symmetry considerations should be taken as an indication that we should
consider bootstrapping unequal time correlators. In any case, it would be very interesting
to further systematize the application of symmetry constraints to the EFT of inflation at
the level of observables.

4 Conclusions

A wide variety of systems — all the way from condensed matter to cosmology — sponta-
neously break spacetime symmetries in their ground state. These spacetime symmetries
often involve transforming the time coordinate. The corresponding nonlinear realization of
these “time symmetries” is somewhat subtle because of the way that they transform the
foliation of spacetime used to quantize the system. Nevertheless, many important examples
of symmetries, for instance, Lorentz boosts, fall into this class, and so it is necessary to
understand the consequences of these symmetries for observables.

In this paper, we have derived a soft theorem satisfied by unequal-time correlation
functions (2.15) in theories with time symmetries. The primary technical difference with
previous studies is carefully tracking the effects of (temporal) boundary terms on the
charges that generate the spacetime symmetries of interest. In many cases, the unequal-time
relation (2.15) can be promoted to an equal-time soft theorem, provided that the system
satisfies the so-called physical mode condition — that the nonlinear part of the symmetry
transformation has the same time dependence as the soft limit of the growing-mode solution
to the equations of motion.

We have applied this technology to several examples in this paper. In addition to two
instructive examples provided by time-dependent field theories designed to mimic features
of inflation, we have considered the EFT of a relativistic superfluid and the EFT of inflation
in the decoupling limit. An interesting feature of the superfluid and EFT of inflation
cases is that the previously known soft theorems were unable to reproduce the relation
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between cubic couplings and the speed of sound of perturbations that is clear from the
action perspective. What we find is that these relations can be reproduced by considering a
particular unequal-time three-point function in the soft limit. Or, alternatively a three-point
function involving momentum.

One lesson that we can abstract from these studies is that it seems that for time
symmetries, unequal-time correlation functions (or ones involving canonical momenta) are
somewhat more natural observables than equal-time ones. Given recent progress in the
bootstrap construction of equal-time correlators, it is natural to consider bootstrapping these
objects. An additional intriguing feature of unequal-time objects is that they may encode
more directly consequences of causality, the imprints of which are somewhat mysterious at
the level of equal-time correlators.

We expect that the tools developed in this paper will serve useful to study the conse-
quences of symmetries for observable quantities of phases of matter and in the cosmologi-
cal setting.
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A Path integral derivation of the soft theorem

It is interesting to compare the derivation of the soft theorem of section 2—which is based
on the operator formalism in canonical quantization [26, 32, 100]—with the derivation
from the path integral [25, 27, 37, 101, 102]. In this appendix, we derive the same identity
using the path integral. There are two related ways to think about the path integral
derivation, depending on whether one treats the symmetry transformation in the active or
passive picture.

We first review the basic elements of the wavefunctional/path integral definition of
correlation functions. Following [37], let ¢(Z, 7,) be the field operator at position & and time
T4, and let |p,) be field eigenstates satisfying ¢(Z, 74)|va) = ¢a(T)|pa). The expectation
value of a general operator O, built out of the fields ¢ ;(Z) = ¢(Z, 7¢) at some final time
7 = 7y and generic spatial positions #,, can be computed according to the definition

(O, ..., 7x)) = /DgpfO(fl,...,fN) Wlos, ]2, (A1)

where |U[pf, 74]|? is the normalized probability distribution for spatial field profiles at time

7¢. This wavefunctional W[p¢, 7¢] can be constructed via a path integral from some initial
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vacuum state, |0i,), by inserting a complete set of field eigenstates

i [Fdr [dPac
‘I’[‘vaTf]:/D% (wfﬁf!%n><<pi,n!0m>=/Ds0¢ /Dso o Jn TS e g o

w(rp)=¢g
e(m3)=¢;
(A.2)
where we have written the transition amplitude (¢¢, 7¢|p;, 7i) as®®
i [7fdr [[d3a L]e(r)]
(o, 7rlpi, 7i) = / Dy el ) : (A.3)
wlrp)=¢f
p(13)=¢p;

The path integral in (A.2) sums over all possible field configurations for ¢ that start from
the vacuum and which satisfy the late-time boundary condition that ¢(Z,7) = ¢f(Z). We
have introduced the vacuum wavefunctional Wq|p;, 7;] = (@i, 7|0in), which captures the
initial conditions for the path integral. In the limit 7; — —oo0, we assume that it takes the
Gaussian form

3k - -
deun]ueXp<—;/k;£;54@¢A@¢A—M>- (A4)

With these preliminaries out of the way, we would like to understand the consequences of
symmetries for the correlation function (A.1) in both the active and passive formalisms.

A.1 Active picture

We first consider the active picture. In the path integral derivation of Ward identities, it is
important that the action of a symmetry transformation on the Heisenberg eigenstate can
be expressed as

e ) = |p+ ). (A.5)

Time symmetries (in the active sense) generally cannot be expressed this way (i.e., typically
the symmetries do not take an eigenstate of the field operator into another eigenstate
of the field operator), thus necessitating the operator approach taken in the main text.
Nonetheless, in cases where the above condition holds, we can meaningfully compare the
two derivations.

We start by considering (A.1) with O(Z1,--- ,Zn) = ¢(E1,Tf) e ¢(EN,Tf). We can
change variables on the right-hand side to relabel ¢ to ¢ + dp;. Assuming the integral
measure is invariant under this change, we conclude that to the first order in the variation,

—/DW ey (k) o(fn) (U [p 7,771 6% [, 7] + ¥ ooy, 74 697 5, 74] ) "
A6

— [ Doy dlios(Fr) - pr B g 7).
Recalling that

OV (@, 7] = (@ + d¢#|0in) — (¢#]0in) = (¢ f|Q|0in) , (A7)

281t is worth emphasizing that in the expression (A.3), as well as in other analogous equations, ¢ does not

denote a field operator but is merely an integration variable.
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we recognize that (A.6) is equivalent to (2.3). This makes it clear neither statement is a
statement of symmetry per se. In the path integral derivation, the statement follows from a
change of the dummy variable of integration; in the operator derivation, it follows from the
existence of an operator that can effect a certain transformation on the field.?

We next rewrite the left-hand side of (A.6) using

Ulps Trl = /D% (prlei)Vo i, il (A.8)

where Wq [p;, 5] = (©i|Oin) is the initial wavefunctional, and

VU pp +dpp, 7s] = /Dw (o + 00rlei) Vo [, 73] - (A.9)

The trick is to again relabel the variable of integration ; by ¢; + d¢p;, assume the measure
is invariant, and crucially, that the transition amplitude satisfies

(pr +00slpi +0pi) = (plei) - (A.10)

It then follows that
5% [pr 71l = [ Deitorleddto lpim (A1)

and the soft theorem can be derived by rewriting the left-hand side of (A.6), noting how
the initial wavefunctional transforms because it is a Gaussian.

Equation (A.10) is where the assumption of symmetry is used. The analog of this in
the operator approach is when we go from considering how the charge operator acts on the
final fields, to how it acts on the in-vacuum, assuming the charge is time-independent.

A.2 Passive picture

We now want to consider the path integral derivation in the passive picture. It is a bit
more general than the active picture derivation since it can deal with some time symmetries
— those where time is transformed by a space-independent amount (for example time
translations). The operator approach is still more general since it even applies to cases
where the time variable shifts by a space-dependent function, such as it does for boosts.
Nonetheless, the passive picture path integral derivation provides a useful check of the
results. To be precise, it is useful to work in something of a mixed picture, where time
symmetries are treated passively, while other symmetries (including spatial symmetries) are
treated in the active picture.

Let us assume that the theory has some time-dependent symmetry, acting nonlinearly
on ¢, that can be written as

o(1) = d(F) = (1) + a(o, 7), T T =71+b(1). (A.12)

In the following, we will consider infinitesimal transformations of the type (A.12), with
a(1, ) and b(7) arbitrary functions of their arguments. In addition, a can also be a function

That such an operator is topological (conserved) is, however, a non-trivial physical assumption.
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of space, but b is assumed to be space-independent — this last assumption is crucial for the
next step of the derivation to make sense.?? Note that in this formulation of the symmetry,
the time coordinate is allowed to transform (and in this sense the formulation is passive),
but the spatial coordinate, which is kept implicit, is not transformed (and in this sense the
formulation is active). In other words, let us express the above in its completely active form:

dp=p+a—bop (A.13)

We can say a = dn1,¢ + or,¢ and dr,¢ = o — bO-¢. That is to say, the full nonlinear part
of the field transformation is contained in a, while the full linear part of the transformation
is partly in —b0, ¢ associated with the time transformation, and partly in a (the part we
call SLgo, which is the linear transformation that could come from a spatial coordinate
transformation). We are interested in computing

. - _ i [T dr [z Llp(r
(o +ap,7p+bploi + ai, 7 + bi) = (@r, Tl @i, Ti) = /Dso ol Jr dr LRl (A.14)
P(Fp)=@f
B(Fi)=¢i

First, we assume that D = Dp. Then, by the assumption that (A.12) is a symmetry of

the action,
Ty Tf
[ d%/d%ﬁ[@(%)] :/ dT/d3xE[tp(T)] TP (A.15)
where 00[py, pi; T¢, 7] = 0[wy; 7] — 0]ws; T3] captures possible boundary terms. Thus,

(Brs F11@is Ta) = (o, Tslepi, i) €7 (A.16)

where one should keep in mind that 66 is of the same order as the functions a and b that
define the infinitesimal transformation (A.12). From (A.2), we can write

Ulpr +ayp, 75 + byl :/D(tﬂi+az‘) (of +ap, 7r + bl + ai, 7 + bi) Uolp; + a;, 7 + by

= /D‘Pz’ (pr, 7flpi i) €90 Wo ;s + ai, 7 + bi] -
(A.17)

Subtracting (A.2) from (A.17), and keeping only terms up to linear order in the symme-
try transformation,

bpor, Wlos, el + Uler +ayp, 7s] — Y[y, 7y]

= /D% (pr, Trlpis Ti) [bian‘l’o[%, 7i] + Wolpi + ai, 7i] — Wolpi, 7i] + 60 Wo[ep, Tz]] :
(A.18)
It is then straightforward to use (A.18) along with the quantum mechanics formula (A.1)
expanded to linear order in the field variation to deduce the soft theorem. It can also be
shown that 6 = [ @37 (K" + bL) at both the initial and final times, where K* is defined by
0L = 0, K" in the active picture. It can further be shown that ¢ can depend on ¢ but not
07 (and likewise for the linear contribution to K9).

39This is also why we utilized the operator formalism in the main text, to cover cases like boosts where
time is transformed by a space-dependent amount.
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B Transformation of the one-point function

We now wish to discuss the special case where the operator O in the soft theorem is just a
single field ¢. In this case, the corresponding momentum must be soft rather than hard
in order to arrive at a non-trivial symmetry statement. The right-hand side of the soft
theorem will involve the nonlinear transformation of the fields involved. In other words,
we have

lim Dg(7i) (€i(@) (Ol 6 (=) 9i(@)|0in)" + c.c.)
B.1
—iao(q,7i) ((Oinld s (—=@)¢i()|0m)" — c.c.) = lim Dg(ry) - .

We confine ourselves to cases where Dz does not involve derivatives with respect to ¢. The
above can then be rewritten as

1
lim D7 (
70 (") P;i(q)

+2(a0(q, i) — Dg(m) Im Ei(q)) Tm 0|y (@) ¢i()|0im)" = Ly Dg(y) -

Re <Oin|¢f(_q_>¢i(®’0m>/> (B.2)
B.2

If the physical mode condition is satisfied, such that the first term on the left equals the
term on the right, up to corrections suppressed by powers of ¢, then we have:
lim (a0(q. i) — Dg(r:) Im &i(q)) Tm (Oin|d s (—@)¢i()|0m)" = 0. (B.3)

It is interesting that in the cases we have performed perturbative checks (and where the
physical mode condition holds and Dy does not contain derivatives with respect to ¢), the
way that this identity is satisfied is that ao(q,7;) = Dg(7;) Im &;(q) as ¢ — 0.3

The observation that this relation between the imaginary part of the wavefunction kernel
and the boundary-term contribution to the Noether charge is valid non-perturbatively in ¢
is perhaps not that surprising. The quantity ay(q, 7;) is related to the temporal boundary
term that the action shifts by, K°. On the other hand, the initial wavefunctional kernel
&i(q) is equal, up to a coefficient, to the classical on-shell action at the initial time boundary
T = 7;, and so, is also essentially a time boundary term.

C More on superfluids

Here we elaborate on the details of the EFT of superfluids that we considered as an
example in the main text. A superfluid is a system with an internal U(1) symmetry
that is spontaneously broken in a state of finite density for the associated conserved U(1)
charge [47, 89, 94]. The symmetry breaking pattern is conveniently parametrized in terms
of a scalar field ¢(Z,t) with a nonzero time-dependent expectation value, ¢ = ut, where
i is the chemical potential. The fluctuations around this background describe phonon
excitations in the superfluid, ¢(Z,t) = ut + 7(Z,t). The field fluctuation 7(Z,¢) nonlinearly
realizes not only the internal U(1) symmetry, which acts on 7 as a constant shift (7 — 7+¢),

31This holds, for example, in the slow-roll and ultra-slow-roll inflation toy models (sections 3.1.1 and 3.1.2),
and for the shift symmetry identity for a driven superfluid (appendix C.2).
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but also time translations and Lorentz boosts, which are spontaneously broken by ¢. There
is a diagonal contribution of shifts and time translations that remains linearly realized [94].
At leading order in derivatives, the low-energy effective action is [89]

S = /dt Pz P(X), (C.1)
where X = —0,00"¢. Expanding this action around the superfluid ground state, we find
the following interactions for the phonon 7, as an expansion in powers of the field:

P 2
£® = ié‘) 72 = 2am)?] (C.2a)
5 _ (1 — ) P'(1?) 2c3\ .3 . 2
£8) = e 1+ 32) ™" w(8;m)?| (C.2b)
2\ pr(, 2
(4):(1—05)]3(#)[(1 4es 204)-4_2<1 2C3>-2 )2 4 9
L 12 + 2 + 2 r + 2 72 (0m)* 4+ (0;m)*| , (C.2¢)

where the speed of sound (squared) is

_ P'(p?)
= P'(2) + 202 P" (?)” €3

and where we defined the constants

2¢4 1A P (12 4t 6 p(4) (2
c3 = —5M2 EM 2) , cy = sH 5 (/M )2 , (C.4)
(1 —c3) P'(p?) 3(1—cf) P'(w?)

in terms of the function P(X) that defines the equation-of-state of the superfluid. The fact
that the sound speed (C.3) is in general # 1 is a consequence of the spontaneous breaking
of Lorentz symmetries. The effective couplings in the lagrangian (C.2) are all constant as a
result of the presence of an unbroken combination of time translations and constant shifts
on 7 [94, 96].

C.1 Symmetries

The time-dependent expectation value for ¢ is responsible for the spontaneous breaking of
time translations and Lorentz boosts that are symmetries of the superfluid action (C.1).
Here we briefly review how these symmetries are nonlinearly realized on 7. The field
transformations (C.6) below are the main ingredients for the derivation of the soft theorems
presented in section 3.2.

Spacetime translations and Lorentz transformations are generated by the Killing vectors

P, =—i0,, J =i (2,0, — x,0,) . (C.5)
The action of these Poincaré transformations on a scalar is by the Lie derivative

op,d(x) = —0uo(z), (C.6a)
6qu¢(x) = (l‘ﬂ&, - xua,u) ¢(-"L') . (C6b)
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By expanding ¢ = ut + 7, we can obtain the action of Poincaré transformations on the
superfluid phonon. Time translations and boosts are realized nonlinearly

op,m(z) = —p—7(x), (C.7a)
00, 0(x) = —pa; — (t0; + 2:00) (), (C.Th)

which is of course a consequence of the fact that we are expanding around a nontrivial
background for ¢.

Interactions. The field’s correlators can be computed for instance using the in-in formal-
ism [103]. In order to do this, we require the interaction-picture Hamiltonian. Using (C.2),

we obtain
PI 2 )
Hiree = ig ) [ﬂ? +C§(8m)ﬂ , (C.8a)
@ _ (1=)P' () 23\ .5, . >
Hp _CE—M — 1-1-3763 77 + 7 (0imr)7| (C.8b)
@ _ (1=)P' ()| (43 (3 -1) 8 5 2e4 .
HI = 403/},2 c§ +C3 12—2 +908+g—8 Tr

4 4
+ <6 -5+ ;) D) — () (C-80)

S S

Recall that, as a consequence of the derivative interactions, the relation between the
interaction Hamiltonian and the interaction lagrangian is nontrivial.

Equal-time correlation functions can be computed from these interaction Hamiltonian
expressions using the in-in master formula [103]:

_ .t IN 1Lt .t N
(Ot)) = (0T ¢ ooemic TN 0 () ¢ e 1N gy (C.9)

where everything is in the interaction picture and where we introduced the ie-prescription
to turn off the interactions at ¢ = —oo. The generalization to unequal-time correlators is
straightforward and just involves time-evolving each operator separately.

C.2 Driven superfluid

It is instructive to consider a deformation of the theory (3.22), which has a slightly different
action of the symmetries. We imagine adding a term linear in ¢ to the action:

S = / dt d®z (P(X) + A9). (C.10)

which can be thought of as describing a superfluid coupled to an external constant source
that provides a sort of “driving” [96, 104]. The linear potential preserves the shift symmetry,
but allows for more general, nonlinear time-dependent solutions for the background ¢. The
interesting features can be seen already in the case where P(X) = %X , so we will specialize
to this case for simplicity. The background equation of motion now admits the quadratic
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solution ¢ = A\t?/2. If we parametrize the field fluctuations as ¢ = ¢ + d¢, the theory for
d¢ clearly has no nontrivial interactions. Let’s instead decompose 7 as

b= %(t+7r)2, (C.11)

where 7 plays the role of the Stueckelberg field for the spontaneously broken time translations.
The Goldstone action for 7 is

S— —%AZ/dt B (¢ +1)2(0,m)°. (C.12)

Though (C.12) now appears to have interactions, the theory is of course still a (field-redefined)
free theory. It is nevertheless instructive to check the soft theorems that result from the
nonlinearly realized symmetries on 7. The action (C.12) has the following time-dependent
symmetries, which are realized nonlinearly on 7:

o Shift symmetry: o7 = 1/(¢t + 7),
e Time translations: dm =1+ 7,
« Boosts: 6;7 = x; + (t0; + z;0,).

Note that this model is slightly different from a conventional superfluid in that there is no
linearly realized combination of shifts and constant time translations.?? Consequently, the
EFT couplings are time-dependent. In the following, we will analyze each of the symmetries
separately and discuss when they lead to equal-time soft theorems for the Goldstone’s
correlation functions.

Shift symmetry. We first consider the shift symmetry, ¢ — ¢ + const, which acts on

T as 1 1
57r:m:¥—t—2+---. (C.13)
Under this transformation, the action (C.12) changes by a total derivative:
55 = —%AZ/dt &z 2. (C.14)
The Noether charge associated with the symmetry (C.13) is thus
Q:)\2/d3x (tr+m+-). (C.15)
Translating this into the notation of section 2, we have
ap = A2, D;= % . (C.16)

The soft theorem (2.15) reads

im (£6:0) — 3 ey By (—F = Om(@) + . = 5 By (R . (Ca7)
q— 7 f

32There is however a linearly realized combination of shifts and time-dependent temporal diffeomor-
phisms [96].
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This expression can be checked upon using the explicit form for the two-point function

=, - ./ 1
k —k)) = —%—5 1
along with the soft limit of the unequal time three-point function
. 1 2 - - / 1

It is also straightforward to check that the symmetry (C.13) satisfies the physical mode
condition — the nonlinear part of the transformation Dy (C.16) and the soft mode function
in this model uq ~ 1/t —ig+ --- exhibit the same time dependence in the leading order in
soft momentum ¢g. We can therefore extend (C.17) to late times by simply replacing the
initial soft mode m;(¢) with m¢(¢). Suppressing the dependence on the final time, one finds
the following equal-time soft theorem:
/

lim =

q7—0

(rByr(-F—@r@) _ 2, o -
t (e (D (—q)) iz (m(R)m(=k)) - (C.20)

It is straightforward to compute the correlators

r 1

1 r_ k+lk+d+g
COON2kt2” o

(n(k)r(—k — O ()) YT

(m(Fk)m(~k)) (C.21)

and verify that the relation (C.20) is satisfied.

Time translations. Time translations are nonlinearly realized on 7 in the standard way:
om=1+4m. (C.22)

After computing the corresponding conserved current, one finds ap = 0 and Dy = 1, leading
to the following unequal-time soft theorem for :
. - - ! - - ./
tim &(q) (my (B (—F = (@) +cie. = 0y (g (Byms(—R) . (C29)
In contrast to (C.13), the physical mode condition associated with the nonlinearly realized
time translations is not satisfied, since the nonlinear part of the symmetry Dg is now constant
in time. One is therefore not guaranteed to be able to find equal-time soft theorems for
Goldstone’s correlation functions. Incidentally, it just so happens that the soft theorem
relating three and two-point functions at equal times, obtained by simply replacing m; with
7y in (C.23),
- - /
k *k - - —,
jn TR = DM@) _ 5, 7y, (C.21)
0 (m(@)m (=)

is satisfied, as it can be explicitly checked upon using (C.21). One can verify that this is

however an accident of the 3-to-2 soft theorem. The analogous 4-to-3 equal-time consistency
condition from time translations is, in fact, violated.
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Boosts. Under an infinitesimal boost, the field 7 transforms as
5j7T =ux;+ (taj + Jijat)ﬂ. (C.25)

Following the standard procedure, one finds the Noether current j° = bj:rj IT,; and, therefore,
ap = 0 and D(j = —ibjﬁqj,
What is different are the explicit expressions for the correlation functions, which can be
read off from (C.19). For boosts, the conditions required for promoting the identity (3.35)

to final times are also not met: similarly to the superfluid in section 3.2, the mode function

leading to the same soft theorem as in eq. (3.35) with u = 1.

in the soft limit u, ~ 1/t —ig + --- contains a linear piece in ¢, which violates the physical
mode condition (see section 2.2).

D More on the EFT of inflation

Here we elaborate on some of the details of the effective field theory of inflation [44, 98].
We first show how to derive symmetries (3.59) and (3.60) from the de Sitter isometries, and
briefly review how they can be re-expressed in terms of the curvature perturbation (. We
then discuss some aspects of the soft theorems satisfied by .

D.1 Symmetries

Let’s consider the symmetries of the EFT (3.55). For simplicity, we will work in the limit
where the couplings do not depend explicitly on time. This ensures that after a Stiickelberg
transformation, the action for the scalar fluctuation 7 is manifestly invariant under constant
shifts [44].33 Everything we discuss here can be easily generalized, following [32, 96], to
shift-symmetric theories where the scalar clock is not a linear function of time.?* We will
discuss an example of this in appendix E.

Besides translations and rotations, de Sitter space possesses 4 additional isometries
that can be written, in their infinitesimal form, as

A . .
tl—>t+ﬁ, = (1= A)z', (D.1)
and 9 1
et —b- 7, fﬁinieri(jQ_amz)_2xi(5'f), (D.2)

where a = eff*. The transformations (D.1) correspond to infinitesimal dilations, while (D.2)
at late times acts like a special conformal transformation on the future boundary.

In single-field inflation, in the limit in which the background metric can be approximated
by de Sitter space, the transformation laws (3.59) and (3.60) can be derived as follows.
Using an appropriate field redefinition, we can always choose to parametrize perturbations as

o(Z,t) =t +7m(x). (D.3)

33This is equivalent to assuming that, in the coordinate where the ‘clock’ is linear in time, there is a shift
symmetry acting on the scalar field.

34Tt is of course always possible to redefine time in such a way to make the background of ¢ linear in the
new temporal coordinate. However, in these coordinates, the field transformation is no longer a constant
shift [96].
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Using the fact that ¢(#,t) transforms as a scalar, i.e., that ¢(Z) = ¢(z), it is straightforward
to derive that 7 transforms under dilations as

5Dw:—%(1+7‘r)+m-%, (D.4)

while for the isometries (D.2) one finds

- . 2 - 1
osorm = ——b- T+ V (—xjfr +2x;% -V — :c2(9j7r + 8j7r> . (D.5)

2
H H a2H?2

In terms of the curvature perturbation ¢, defined by g;; = a%(t)e*;; [105, 106] the
transformation laws (D.4) and (D.5) take the form

5pC = A1+ Z- V) (D.6)
and
L b L

respectively. These are usually derived by searching for residual large gauge transformations
that are the zero momentum limit of physical solutions of the Einstein equations [107, 108].
Alternatively, (D.6) and (D.7) can be obtained also from (D.4) and (D.5) by taking the
variation of the nonlinear relation between ¢ and 7 [18, 109]:

1. 1
(=—Hn+ Hrr + §H7T2 + @ (—(%ﬂ'aiﬂ + V_28¢8j<8i7rajﬂ)) + O(7T3) . (D.S)

It is straightforward to check that (D.6) and (D.7) are symmetries of the action for
¢ after the non-dynamical components of the metric are integrated out (see ref. [18] for

details and [20] for an explicit check in the context of slow-roll single-field inflation).3

D.2 Soft theorems

We now want to discuss the soft theorems following from the symmetries of the 7 action (3.57).
These soft theorems are well-studied (e.g., [20-27, 30, 37]), but for completeness we review
these results in order to put them in context with our discussion in the main text.

3%Note that the piece proportional to 1/(a?H?) in (D.7) originates from a (large) time-dependent spatial
diffeomorphism &¢ whose form is fixed by the requirement that the Hamiltonian constraints are solved
nontrivially in the zero momentum limit [20]. Concretely the diffeomorphism parameter that is an adiabatic
mode is ‘
62
Ca?H?

The form of 6z*(t) in (D.9) is in agreement with the result of the integral in the general expression for & [28],

£i(t) = <1+ / agf)g / a(t”)dt”V2> g

where one should substitute £* = ¢'#* — 22%(¢€- &) and work at the leading order in the exact de Sitter limit.

= 2" (€ T) + 0z’ (t), oz (t) = (D.9)
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Shift symmetry. We first consider the shift symmetry of m, which acts as 0w = 1. The
corresponding unequal-time consistency condition takes the form

éig% &i(q) <7TE(Tf)7T_E_(T(Tf)7Tq'(Ti)>, +cc.=0. (D.10)

This can be explicitly checked using the expression for the soft limit of the three-point
function:

_ 5H3(1=c2) (k-q)?

im0 1663 H|MB K
JrH3(4C§M§+(3c§+5c§—8)|H|MI§1) '
16¢3|H |2 M) kS

(D.11)

lim £i(g) (mp(rp)m_p_ () mg(mi)) +e.c.

which indeed vanishes in the soft limit, as expected.

One can check that the physical mode condition associated with constant shifts of 7 in
the theory (3.55) is satisfied. This ensures that in the soft theorem (D.10) one can promote
7; to 77. The consistency condition at equal times thus reads

(M)

lim 2 —0. (D.12)

=0 (mgm_g)
As is well-known, the soft limit of the equal-time three-point function following from an
explicit calculation vanishes as ¢? in the soft limit.

Dilation soft theorem at three points. Dilations are nonlinearly realized on 7 as
in (D.4). This can be used to derive the following unequal time soft theorem relating the
three and two-point functions

— éii% %&-(q) <7TE(Tf)7T7];7d.(Tf)7Tq'(T7;)>, +c.c.= (Tfan —-3- k@k) (ﬂE(Tf)W#;(Tf)y.
(D.13)
The physical mode condition for the dilation symmetry (D.4) is satisfied, which implies
that (D.13) can be promoted to final times as [20]

- - /
1 (m(k)m(—k — - -
_LimJ”( MR = DmD) _o s ko) (=R
0 H  (m(Q)m(=q))

It is straightforward to check explicitly that both sides of (D.13), as well as of (D.14),
vanish identically.

(D.14)

SCT soft theorem at three points. Special conformal transformations act nonlinearly
on 7 as in (D.5). The corresponding soft theorem that relates a three-point function with
one field evaluated at the initial time to a late-time two-point function is:

lim ——— (5i(C.7) <7T,;(Tf)777L(T(Tf)wtf(n)}’) +ecc.
0? (D.15)
=5 <_Tf8k:87f + 40 + k@%) <7TE(Tf)7r_E(Tf)>’,
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Note that, in contrast to (3.61), we are taking the final times in (D.15) to be equal,
71 = T2 = 74. In this limit, each side of (D.15) vanishes identically, as it can be checked

explicitly:
H2
N o I e — 2k2 2 ,
.1 0 N '
lim 7 5, (8:0) (melrp)m_g_glrp)ma())') = 0.

As was mentioned in section 3.3, this means that we cannot reproduce the relation between
the cubic couplings and the normalization of the two-point function. This instead requires
the unequal-time soft theorem discussed in section 3.3.

Slow-roll inflation satisfies the physical mode condition. Using this, along with the
identity (D.14) for dilations, we can promote the soft theorem (D.15) to equal times as

1o (i K 02
lim —— | ———4 | = L ( 71— + 40, + kO} o ) D.17

40 H dg; < (g7 2k \ T aRgr A0k TR ) () (B-17)
One can also verify by an explicit calculation that this relation is satisfied in the sense that
both sides vanish [20].

SCT soft theorem at four points: We now want to consider the consequences of
the equal-time soft theorem following from SCTs at four points. We saw above that at
three points, the corresponding SCT soft theorem is satisfied in a somewhat trivial way —
both sides vanish. As such, the three-point relation does not place any constraints on the
parameters of the EFT. At four points, the situation is more interesting.

The soft theorem was checked explicitly in [20] for the correlators derived from the
EFT of inflation. Here, we want to emphasize a slightly different viewpoint, spiritually
related to the bootstrap construction of inflationary correlators. To that end, we imagine
taking the interactions of the EFT of inflation (3.57) and allowing all the couplings to be
arbitrary, even the ones that are in reality fixed in terms of the sound speed:

2 )2
S = /dt B3z a® B <7'r2 _ Cs(aﬂr)2> + a7+ aoi (Os)

a? a?
o (D.18)

o)
+ P17t + Boic? > +ﬁ3( )

1 “+ ..

a

Conceptually, we can think of (D.18) as a way of generating four-point correlators that
are consistent with locality, unitarity, etc. in de Sitter space, but one could alternatively
imagine directly bootstrapping these shapes following the approach of [84]. (We will see
that only contact four-point functions actually enter the soft theorem.) We now want to see
how the nonlinearly realized symmetries of m additionally constrain the shapes generated
by (D.18).

All of the shapes generated by the quartic operators vanish in the soft limit and
satisfy the dilation identity trivially, so the only nontrivial constraint comes from the SCT
symmetry of w. The equal-time soft theorem following from this symmetry reads

.0 1 H ~.
;1_% o <p(q)<7r1217T1227rE37Tt7>) = 5ICZ<7T121775271'E3>, (D.19)
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where we have defined

> KL, with K- =6 0 + 2k° O 9 (D.20)
a=1

Ki = 6—— :
Fo DOkl Okioke " OkSOkS

Using the action (D.18), we can explicitly compute the late-time three-point function

) 12(1+a) K24+ K =3 K{ Ko+ 11 K K3 —4as K2 K3 —4as K1 Ko K3
(78,75, ™5, = eIl ’

(D.21)
where Ko = kiko + k1ks + koks, K3 = k1koks and K1 = ZZ k;. The four-point function
receives contributions from both exchange and contact diagrams, but the exchange diagrams
contribute to O(¢?) in the soft limit and so can be ignored.’® The relevant late-time
four-point function computed from contact diagrams is

/ 90&% 1
<7TE1WE27TE37TE4>contact = 3</Bl - 2) W (D.22)

1 2\ (k1 - ko) (s - k) 9 | g4
+ 5 <2ﬁ3 — C¥2> 4Cé3K§I’K% (12K4 =+ 3K3K1 + KQKl + Kl)

k3k3 (ks - ka) ks + ks | ksks
+ (,82 — 30410(2)W <1 + 3 Kl + 12 K12 ) + 23 perms.

where we have defined the following combinations of momentum magnitudes

Ki=ki+ke+hks+ke, Kp=) kikj, Ks= ) kikjki,  Ki=kiksksks.

i<j i<j<l
(D.23)
For arbitrary o; and f3;, the soft theorem (D.19) imposes the following relations®”
B2 = 31 (ag — ci) — 204202’, (D.24)
1
B3 = 502 (042 - Ci) ; (D.25)

36This can be verified by counting the number of derivatives in the external legs, see also explicit check
in [20].

3"Note that the correlators in (D.19) still involve a momentum-conserving delta function. Acting with
the differential operator K' on the right-hand side of (D.19) is therefore slightly subtle. One can think
of two different — but in the end equivalent — ways of proceeding. One can first act with the SCT
operator K on Bs(ki, ko, k3) = <7T,;1 7, 7r,;3>/, and only then afterward use the momentum conservation to
set ];3 = —El — Ez:

i i (4 4 i (4 4 !
R )Ba]' = [k} (-0 = 100 + 0%, — 3Ry ) Ba = ki (00 — 10k, + 0 — 0%, ) B -

Alternatively, one can use momentum conservation first to make Bj a function of El, ko only, and then write
the SCT operator K' acting on it as

(ICEI + K’EZ)Bé =k [Ealeg + 6131 Bs + ?381%83 + 613333 =+ Qéaklakng =+ 2é8k28k383j| + (1 — 2) .

These two very different-looking expressions are not equal for arbitrary Bs. However, when evaluated
explicitly on the actual three-point function computed in the EFT of inflation, they turn out to be identical.
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which fixes two of the parameters of the quartic interactions in terms of the cubic couplings
(where the coupling a itself is fixed in terms of the sound speed by the soft theorem (3.61).

So, we see that the nonlinearly realized symmetries of m reduce the number of free
parameters in the EFT of inflation. It would be interesting to more systematically implement
these constraints from the bootstrap point of view at higher derivative order and at
higher points.

E Ultra-slow-roll with time-dependent sound speed

In this appendix, we investigate another example of ultra-slow-roll evolution where the
time dependence of the sound speed is not negligible. Our motivation is to investigate the
physical mode condition in this context. As opposed to cases where s = ¢5/(Hes) < 1, we
will show that the physical mode condition is now not satisfied. This implies that, in such a
class of models, it is not possible to extend, in a straightforward way, the soft theorem (2.15)
to late times.

(Equal-time) soft theorems in shift-symmetric ultra-slow-roll inflation were first derived
in [32, 33]. These consistency conditions have been shown to arise from a combination
of a large diffeomorphism and the internal shift symmetry [32], and have been checked
explicitly in the case of constant sound speed ¢, for the perturbations. (The existence
of such equal-time identities is guaranteed by the physical mode condition [37], which is
satisfied when ¢y = constant.)

To consider the case with a time-dependent sound speed, we start with a shift-symmetric
theory of the form £ = P(X), where X = —(9,64)?. In the unitary gauge language, this is
equivalent to

M3 . . M2 — 1
L= =PR — M}y (3H? + 2H ) + M Hog™ + —2= 5 (5¢")
CS
. _ (E.1)
I MlngH lcz 1 H;XQS‘F (1—c)(2e —n) (69%) +--- |
6cs X 2
where we have defined the background quantities
X -
i —6c2, X =¢°, (E.2)

where ¢ denotes the background profile of the scalar field ¢. In (E.1) we introduced the
slow-roll parameters e = —H /H? and n = £/(He).

The lagrangian (E.1) is a particular case of the general EFT (3.55), where the coefficients
are fixed by the underlying shift symmetry on ¢ [96]. In particular, the slow-roll parameters
satisfy the following background equations of motion:

Hn—2+3(1+c)] =0. (E.3)

In the ¢-gauge, defined by dg;; = a? e di;, the quadratic action for the scalar perturbation
Cis
@ _ L[ 2 (2 209 2
§® =2 [ dadre (¢% = @0)?) (E.4)
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where we defined
(E.5)

and where the prime ' denotes differentiation with respect to the conformal time 7. In the
following, we will assume ¢,7/H, $/H < 1, while we will allow 7, ¢; and s to be O(1). It
can be shown that the spectrum of perturbations is scale-invariant in the two cases [110]

n+s=0 or 6+n—5s=0. (E.6)

In the second case, i.e., s = (6 + n)/5, the background dynamics is non-attractor, as in
ultra-slow-roll.

Violation of the physical mode condition. The lagrangian (E.1) has a nonlinearly
realized symmetry on ¢ of the form [32, 96]

6¢ = =A(t) (1+2'0¢) — € (H +() (E.7)
where . ‘
Eft)y==—, At)=—-)H(1), (E.8)
(t)
or equivalently, in momentum space,
0 = =At) = E°H + \(t) (3+ k- ) G — £°;. (E.9)

In the case s < 1, one can use the symmetry (E.7) to derive a soft theorem for late-time
correlators [32]. The soft theorem is guaranteed to hold thanks to the physical mode
condition, which is satisfied if s < 1 [37]. Using the explicit form of the three-point
function [110] in the case where s is instead non-negligible, in particular s = (6 + 7n)/5
(see eq. (E.6)), one can check that the late-time soft theorem ceases to hold. This can be
attributed to the violation of the physical mode condition.

To see this, consider the background equation of motion for the scalar field,

& (a*oPx) =0, (E.10)
which can be solved for qz; as )
b oxaH. (E.11)

Assuming that 1 and s do not vary significantly during the non-attractor phase, we can

write [110] . .
£ =¢€e (T) , Cs = Cge (T> . (E.12)
Te Te

Then, from (E.9), the nonlinear piece of the transformation (E.9) takes the form

onLC = /dthH—goﬂoc /dﬁ A b (E.13)

a a3H a3He’

where we used the background solution (E.11). Assuming the scaling (E.12), this implies

Alnr, o 7371 (E.14)
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On the other hand, let us consider the linearized equations of motion for ( — see, e.g., (E.4)—
in the limit ¢ — 0,

ale
Or (CQC(/THO =0, (E.15)
S
which can be solved as
2 2 2
Cq—0 X /dT 625 =~ H2/d7i o Ttn—2s (E.16)
a’e €

where we assumed again the scaling (E.12). Comparing (E.14) and (E.16) it is clear that,
under the assumption (E.12), the physical mode condition is satisfied only for s < 1.

F Soft theorems and scattering amplitudes

In section 3.2 we derived soft theorems for the correlation functions of a superfluid phonon
that result from nonlinearly realized time translations and Lorentz boosts. These soft
theorems relate certain couplings in the EFT at the level of observables. A natural question
to ask is whether one can derive analogous soft theorems for scattering amplitudes. That
is, do the correlator soft theorems have an analogue in terms of Ward identities relating
(N 4+ 1)-point scattering amplitudes in the soft limit to N-point scattering amplitudes?
This question was recently asked in [95] and explored in detail, so we only make some brief
comments, and refer the reader there for a more complete discussion.

It is worth recalling that, for Poincaré-invariant scalar field theories, the presence of a
shift symmetry is responsible for an Adler zero [1, 2]. This is nothing but the statement that
the scalar’s scattering amplitudes vanish in the limit where one of the external momenta is
taken to be soft, i.e., they are schematically of the form

lim A~ ¢7, with o > 1, (F.1)

q—0
where we can think of theories having larger values of ¢ as having enhanced symmetries [10—
15]. This should be contrasted with the case of scattering amplitudes of fields with spins,
which do not vanish in the soft limit, leading to the well-known Weinberg’s theorems for
the emission of low-energy photons and gravitons [3-8]. The Adler zero for shift-symmetric,
Poincaré-invariant scalar theories can also be understood as a consequence of the fact that
there are no cubic vertices in the theory that can yield a nonzero 3-point amplitude [111].3%

The story changes if (some of) the Poincaré symmetries are spontaneously broken.
In this case, there can be cubic operators that are nontrivial on shell (and thus cannot
be redefined away), resulting in nonzero 3-point amplitudes and violating the Adler zero
condition [13, 95, 111, 112]. This is precisely what happens with the superfluid. The
lagrangian for the perturbations on the Lorentz-breaking background is (see also appendix C)

L= 5 (um)* + & — G (§um)* + Pt = Boi(Bum)® + Ba(Dum)' . (F2)

38 All cubic operators can be removed by suitable field redefinitions — the only exception is ¢, which is
forbidden by the shift symmetry.
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where we have defined

- 2 203 ~ ~ 1— Cg
o =(ci+—-—-1)as, Gy = —75 , (F.3)
3 22>\ 22 P (12)
. 4 1 . .
B = c? <c§—|—403—|—264—2—6623+02> , Ba = 2(c? 4+ 2c3 — 1)B3, (F.4)
S S

~ 1—c?

| ———— F.5

and where we introduced for convenience the rescaled coordinates
ot = (t7 f/cs)a pP« = (w, Csm 5 (FG)

which make the quadratic Lagrangian invariant under “fake” Lorentz transformations. To
cubic order, there are only two operators in (F.2): 7% and 7(9,7)2. After straightforward
integrations by parts, the latter can be recast in the form 720#, which vanishes on the
linearized equations of motion. As a result, only 73 yields a non-vanishing 3-point scattering
amplitude, which takes the form

As(mp, = mp,) = —6idiwiwows (F.7)

with wy = ¢spg. In particular, as a result of the non-vanishing amplitude (F.7), one can
check that the 2-to-2 scattering amplitude of 7 is nonzero in the soft limit, and factorizes
into the product of (F.7) and an overall momentum-dependent coefficient,

_hm 'A4(7Tﬁl Ty — T 7r54) =

pa—0 2

111 (P, Pa)
Pa—0 | 2CSpip4 1 — PiP4)

S~ im 6cdaapip
1 A3(7r51 Ty — Fﬁs) ) (F.8)

P4

where 1; = —1 for the incoming phonons 1 and 2, and 7; = +1 for the outgoing phonon 3,
consistently with standard ‘polology’ arguments for soft amplitudes [111].
The soft theorem (F.8) can be viewed as resulting from the conservation of the U(1)
current [95, 113]
Wy

jh = 5o — O + 3a1 6l — Aol (,)? — 2807 OM T + - - . (F.9)
7

To derive (F.8) from the conservation of (F.9), one can use the Ward identity

(O (@) (@1)m(w2)(23)) = = i6™ (@ — 21) (w(w)m(23))
— 6@ (z — x9) (m(z))w(23)) — i0W (& — 23) (mw(y)m(22)) .

(F.10)

After plugging the first term of (F.9) into (F.10), we can take the Fourier transform with

respect to x and use LSZ reduction on the fields 7(x1), 7w(z2), 7(x3) to get the 2-to-2

scattering amplitude. Insertion of the quadratic part of the operator (F.9) in (F.10) results

in a nearly on-shell propagator that diverges in ¢ — 0 limit, whereas cubic and higher

terms in j# give subdominant contributions [9]. Taking into account that all but 73 vertices

vanish on shell, this logic leads to the right-hand side of (F.8).
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Similar statements to (F.8) can be obtained for higher-point amplitudes. Notably — in
contrast to the analogous statements for correlators — they are somewhat model-dependent,
in the sense that one must specify the cubic vertices present in the theory in order to write
down a soft theorem. Alternatively, one can subtract off the contributions from the cubic
vertices at tree level in order to obtain an Adler zero for the remaining contributions, as
was done in [95].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP3 supports
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