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Abstract

Cosmological perturbations of massive higher-spin fields are generated during inflation, but they decay
on scales larger than the Hubble radius as a consequence of the Higuchi bound. By introducing suitable
couplings to the inflaton field, we show that one can obtain statistical correlators of massive higher-
spin fields which remain constant or decay very slowly outside the Hubble radius. This opens up the
possibility of new observational signatures from inflation.

1 Introduction

The problem of writing down consistent equations of motion and Lagrangians for higher-spin (HS) fields
goes back to the beginning of quantum field theory (for reviews, see Refs. [1,2]) and is particularly
difficult for massless fields. Massless degrees of freedom with spin s > 1 are gauge fields and they come
with the corresponding gauge invariance needed to decouple unphysical polarizations. The problem of
writing consistent self-interactions become therefore highly constrained and complicated.

In flat space one can write down consistent gauge-invariant equations of motion for the free fields,
but it seems impossible to have non trivial S-matrices for spins s > 2 since the gauge invariances
are accompanied with conserved charges and the conservation laws are too strong to allow non-trivial
S-matrices. This is consistent with Coleman-Mandula theorem stating that the S-matrix in flat
spacetime cannot have extra symmetries beyond the (super-)Poincaré symmetry. On the other hand,
there are some explicit constructions of self-interacting massless HS theories away from flat spacetime
when a non-vanishing cosmological constant is allowed and no S-matrix exists [3]. This is particularly
interesting when thinking of the possible role of HS fields during inflation. These theories always
contain the massless spin-2 graviton and are therefore theories of gravity. An important feature of
these HS theories is that their mathematical consistency implies that they involve an infinite tower of
fields of all spins.

Even though the existence of such theories may look surprising given the large number of con-
straints, they look natural from the AdS/CFT [4], or dS/CFT [5], point of view and the subject of an
intense research activity, see Refs. [6,7] and references therein. For instance, one can compute the cubic



couplings of the minimal bosonic HS theory in AdS, starting from the holographic dual theory [8]. Of
course, to assess the importance of massless HS fields during inflation one has to deal not only with
the infinite tower of degrees of freedom (which might turn out to be a bonus from the observational
point of view), but also to compute the couplings of the massless HS fields to the matter (inflaton)
sector. This calculation, better performed on the CFT side, will allow a reliable computation of the
statistical inflationary correlators and will be presented elsewhere [9].

In this paper we take a more modest approach and deal with massive HS spins during inflation.
Their signatures on the non-gaussian cosmological correlators of the comoving curvature perturbation
have been recently studied in Ref. [10] (see also Ref. [11]). They arise in the squeezed limit of the
correlation functions when intermediate HS fields are exchanged carrying informations about their
masses and spins. If measured, these imprints will provide an exciting information about the particle
spectrum during the inflationary universe [12]. However, despite the fact that gauge invariance does
not constrain the system so tightly, the de Sitter isometries impose the so-called Higuchi bound [13]
on the masses of the HS states,

m? > s(s — 1)H?, (1.1)

where H is the Hubble rate during inflation. This bound, which has a neat interpretation if derived
from the CFTj3 side of the dS/CFT correspondence [10,14,15], implies the absence of curly hair in de
Sitter [14]. On wavelengths larger than the Hubble radius the perturbations of the fields with spin s
are scaling as a function of the conformal time 7 as (—7)2, where

2

o5 = —AA =3 + (s = 2)(s + ). (1.2)

The Higuchi bound imposes A > 1 and HS fluctuations are doomed to promptly decay as soon as
they leave the Hubble radius. As such, the HS fields are short-lived mediators and the corresponding
signatures in the four-point correlator of the curvature perturbation are suppressed by powers of the
exchanged momentum in the squeezed configuration.

On the other hand, it is well-known that one can obtain vector spin-1 perturbations which remain
constant of super-Hubble scales by modifying the kinetic term to [ (¢)F3,,, that is by introducing
an appropriate function of time (or equivalently inflaton field ¢) [16,17]. In such a case, one can
characterize the correlators involving the inflaton and the vector fields by exploiting the fact that the
de Sitter isometry group acts as conformal group on the three-dimensional Euclidean space [18].

The goal of this paper is to extend to generic HS fields what is known for vectors and to investigate
what kind of time-dependent functions one needs to couple the HS fields to in order to generate
correlation functions which can decay slower than what dictated by the Higuchi bound outside the
Hubble radius.

We will follow a bottom-up approach and start from the equation of motion of the HS fields.
We will see that the requirement of having the correct number of propagating degrees of freedom
drastically reduces the possible choices of the functions as well as the way they couple to the HS fields.
For some choice within the allowed set of functions the HS perturbations remain constant on scales
larger than the Hubble radius and an enhanced symmetry shows up. For some cases, we will also be
able to derive the corresponding actions. Long-lived HS fluctuations may not only leave a seizable
imprint on the statistical correlators of the scalar perturbations as intermediate states, but also alter



the dynamics of scalar and tensor perturbations and possibly give rise to detectable observables with
HS fields on the external legs.

The paper is organized as follows. In section 2 we analyze the case of the spin-1, which is the
most known in the literature. In particular we show that one can recover the known result by simply
starting at the level of the most general equation of motion, instead from the action. Section 3 is
devoted to the study of the spin-2 fields. We will write the most generic equation and constraints,
derive the orthonormality condition, the corresponding Higuchi bound and discuss the cases in which
extra gauge symmetries appear in the system. We will also identify for which suitable coupling to the
inflaton there exist perturbations of the helicities +2 which remain constant on super-Hubble scales.
The case of the generic spin-s is discussed in Section 4. Section 5 is devoted to a short descriptions of
possible observational consequences. Finally, we briefly conclude in Section 6.

2 The spin-1 case

We start our analysis with the simplest case of the vector field dynamics during a de Sitter phase with
spacetime metric

ds® (—dr? + da?). (2.1)

T OH272

Here H is the Hubble rate and we imagine that the inflationary phase is driven by a scalar inflaton field
whose vacuum expectation value ¢o(7) is slowly varying with time in such a way that the background
metric can be approximated by the expression (2.1). We wish to understand if it possible to couple a

spin-1 field suitably to a function of the inflaton in such a way that its helicities +1 of the canonically

normalized super-Hubble perturbations can stay constant in time!.

A spin-1 field ¢” on the de Sitter background with mass m satisfies the following equation
(O-mi) o’ =0, (2.2)
where
m3 =m? + 3H>. (2.3)
We now couple the spin-1 field ¢” to functions of time, which we might think of as functions of ¢g.
The most general coupling up to two derivatives is of the form
Oo” + (VFI) V0 + aV, IVPet + BIfoH — M7 (¢)o” = 0. (2.4)
The constraint

V,0” =0, (2.5)

'From the helicity equations written later on, it is easy to show that, given a spin-s state, if the helicities +s
are constant on super-Hubble scales, all the other helicities decay on large-scales with increasing powers of the
conformal time.



ensures that Eq. (2.4) for o” propagates three-degrees of freedom, that is the degrees of freedom
expected for a massive spin-1 field. The parameter 3, the form factors I(¢), MZ(¢) and I7,(¢) are
restricted by the consistency of the equation with the constraint. Taking the divergence of equation
of motion and using Eq. (A.1), we find

(V,VFI)V,0° + 3H*V yo* + a(V,V, I)VPc" — aV , IV'IV 0"
—a®V IV, IVie” — aBfV I, 0" + aM{V I o
+B(V,IP o) + BI* )V o — (V, M) 0 = 0, (2.6)

which can be written as

0 = vuap{ BIM, + (1 + a)(V,V T — aV“IVpI)}
+aP{(3H2 + aM2)V, I+ B (V, I, — al" V1) — vaf}. (2.7)
This equation is satisfied without imposing any further constraint on o* for
Bl = —(a+1)(V, VI —aV,IV,I) (2.8)
and
(B3H? + aMP)V I + B(V,I°, — al? NV ,I) =V, M{ = 0. (2.9)

Therefore, the functions M? and I*, are determined by Eqgs. (2.8) and (2.9), once the function I(¢)
is specified. The equation obeyed by o, is explicitly written as

2 ME/H? -3 I
ol — V0, — ;82-07- +I'(o] + adior) + 1/7_201- +2(1+ a)?ai =0 (2.10)
2 M}/H? —1
ol — V20, — Z0i0; + 1/72(;7 —(1+a) (I” - aI'2> or+(1+a)o. = 0, (2.11)
T T
2
oL — =0, = 00 (2.12)
T
2.1 Long-lived spin-1 perturbations
In order to obtain scaling solutions, we may choose I to be of the form
v V()
I =nln(—Hrt) = n/ dd)lV’((ﬁ’)' (2.13)
Then the solution of Eq. (2.9) with a constant mass turns out to be
M2 = [3—n(1+a)(3+an)}ﬂ2. (2.14)
We may now expand o, in helicity modes as
1
o=y o, (2.15)

A=—1
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where

0 0 +1
07(— ) = 90,1 Ug ) = 0,
0 _ o0 0 (£1) _ (1) _+1
o, =011,  0; T =011°& (2.16)
and the polarization vectors z-:g\ are normalized as
7.0 _ = +1_7F1 _ F1 _ _+1x
kie; =1, kig;” =0, e e =2, e =" (2.17)

These conditions are solved for 5? = k; and for momentum along the z-direction, we may choose
5,?[1 = (1,£1,0). The equations for the helicity modes become

1 1
ol + gaﬁl + (k2 BRChs a)T(g * an)) o1 = 0, (2.18)
2—n(1 211 —n(1
0’871” . n( + CY) 0_(0)71/ + <k’2 4 [ n(2 + Oé)]) 0_871 — O (219)
T T
The longitudinal mode 0?71 is specified by Eq.(2.12) to be
1 ;2
0 0 0
_ 1 _2 ‘ 2.20
01,1 L (Uo,l 7_‘70,1> ( )

The equation for obeyed by the longitudinal mode 0?’1 can easily be found by appropriate differenti-
ation of the (2.20). For a field scaling as

ou(1, %) = TA_lgﬂ(f), (2.21)

we find

A_=24na and Ay=1-(14a)n. (2.22)

Let us now consider the canonically normalized field (from Eq. (2.4) one can see that this choice
combines the first two terms to give only (a; plus other interaction pieces)

7i = (exp(1(6)/2) )i = exp(I(d0) /). (2.23)

This field has scaling behaviour A — 1 and from Eq. (2.22) we infer

A—1:A—1+g, (2.24)

so that

A_:2+g(1+2a), Ay =1-2(1+2a). (2.25)

n
2

The particular values



d 2
— and n =
1+ 2a 1+ 2a

(2.26)

give AL =0, AL =3 and A, =0, A_ = 3, respectively. Due to a coupling to a time-dependent
function, the helicities +1 of the massive spin-1 perturbation are constant on scales larger than the
Hubble radius. It might be surprising that a constant super-Hubble mode is found for any value of a.
However, this is just a consequence of the fact that a parametrizes the arbitrary mass (2.14) of the
photon and the two possible values of n become

n=1%+/4M2/H? - 3. (2.27)

The solutions to Eqgs. (2.18) and (2.19) with Bunch-Davies initial conditions are easily found to be

09, = AONO(—iw)<3—n<1+a>>/2H(<1”+n+m)) (=), (2.28)
oty = AlNl(_kT)(1_n)/2H((11)+n+2na))/2(_kT)’ (2.29)

where Ay = exp(im/2(1 + n(1 + a(1 + [A])/2)). The coefficients Ny and N1 can be calculated after
normalization of the solution. For this, we need an inner product, which can be defined once a
conserved current is specified. It is straightforward to verify that the current

Jt =€ (WVhoy — osVER + ahto NPT — aot*h, VT, (2.30)
is conserved on shell, V,J# = 0. Then, we may define the inner product of f,,h, as
< f#]hy> = (—i) / dSV/Gnue! (WVFe? — airh + alto'NPT — aot*h,VPT), (2.31)

where Y is a spacelike hypersurface with normal n* and § is its induced metric. Normalizing the
solutions as

r O-I(IA/) (7_7 f/)> - 5)\>\/5(3) (:L_: - f/)v (232)

we find that

o) (r, K™ ) =0,

U}gﬂ)(ﬂ E/)eiﬁ’-f> _ ﬁNf(;(S)(;;’ _ /;’/)_ (2.33)

™

<0£0) (7, E)eiq'f

<Ulgil) (T, E)ezﬁf

The fact that the helicity-0 mode J,SO) (7, E) has zero norm signals a gauge symmetry of the field
equation (2.4). Indeed, it be straightforward to verify that Eq. (2.4) is invariant under the gauge
transformation

oy = o+ 0y + (1 + )0V, 1. (2.34)

Due to this symmetry, only the 1 helicities are propagating as we found above. Note that for a« = —1,
we recognize the standard U(1) gauge transformation of the gauge potential.
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2.2 Long-lived spin-1 perturbations and enhanced symmetry

The special case o« = —1 is particularly interesting. From Eq. (2.8) we immediately read off that
B =0 and Eq. (2.9) simplifies to

(3H* — M)V, I -V, M{ =0. (2.35)
Once I is given, we can solve it to find M?. However, there is also a solution independent of I, which
is simply
M? =3H. (2.36)
The equation of motion further reduces to
Oo? + (V) V,0f — V,IVPot — 3H?0? =0 (2.37)

and it is straightforward to check, making use of Eq. (A.1l), that Eq. (2.37) is invariant under the
gauge transformation

Sot = M, (2.38)

and therefore, it propagates two degrees of freedom, corresponding to a massless photon. For all other
values of o and/or M2, the gauge invariance is lost and we have the usual three degrees of freedom of
a massive photon.

Let us compare Eq. (2.37), which describes a massless photon, with the equation of that of an abelian
vector o, non-minimally coupled to the classical value of the inflaton field ¢o(7) [16,17]

S = —% / d*z/=g J(¢)Fu F*, F,, = 0,0, — 0,0, (2.39)
The equation of motion for o, is
IV F* + (V,J)F* =0, (2.40)
or
Oo, — V. VYt + (V,I)VFe” — (V,I)V'c" =0, (2.41)
where I =1InJ. In the V0" = 0 gauge Eq. (2.41) is written as
Oo” + (V,I)Vie” — (V,I)VYe" —3H*¢" =0, V,o" =0 (2.42)

which is identical to Eq. (2.37).

Eq. (2.37) together the constraint are explicitly written as

ol — Vio; — 2V,0,0, + I'(o} — 8i0;) = 0, (2.43)
2 2
ol — Vio, — 20,0, — —or = 0, (2.44)
T T
2
o — o, = 0. (2.45)
T



Expanding in helicity modes, we find
ol + k%o + 0t = o, (2.46)
0 " 2 0 / 2 2 0
- = 4+ — = 0. 2.47
90,1 — 2901 + < + 7_2> 70,1 (2.47)

Using the function I of Eq. (2.13), we find that

A_=2-n and Ay =1, (2.48)
in agreement with Eq. (2.22) once o = —1 is taken. Then, the canonically normalized field 7; (2.23)
has
A=2-" (2.49)
2
If we wish a constant magnetic field
0;A _
Bi = exp(I(0) /2) eijp 5t ~ 7224071, (2.50)
we find two possible solutions
/2+2 - _
2r24AL-1 _ ) T" =n=—4,
B; ~ n/ +-1 _ { Cnf2s g (2.51)

In the first case, however, a too large electromagnetic coupling constant is generated during inflation,
while the second case implies a too large energy density in the electric modes. If we wish the electric
field

A
E; = exp(I(0)/2) —5 ~ T/AHA (2.52)
to be constant on super-Hubble scales, this implies which implies
/2+1 - _
AL ) T =>n= -2,
E; ~ 7205 { ner g (2.53)

We recover the very well-know result that a massless photon coupled to the inflaton field in a proper
way has super-Hubble perturbations which remain frozen during inflation [16, 17].

3 The spin-2 case

Motivated by our findings for the spin-1 case, we now proceed to consider a spin-2 field ¢”? with mass
m on the de Sitter background, with again the goal of investigating if it possible to couple it suitably to
a function of the inflaton field in such a way that its canonically normalized helicities +£2 super-Hubble
perturbations can stay constant in time. The equation and the constraints read



(D—m%) o =0, Vol =0, 0=0",=0, (3.1)
where
m3 = m? + 2H>. (3.2)

Let us now write, as we did in Section 1 for the spin-1 case, the most general coupling of the spin-2
field 0”7 to functions of the inflaton field ¢g(7)

Oo?7 + (V) V0 + o (V1) VP +a (V1) Voo — M3 =0, (3.3)

where « is a numerical constant. Taking the divergence of Eq. (3.3), we find that

0 = Vo[ (1+a)(V,Vul = aVuIV,0)| +aVieh (V,V,1 — av,IV,1)

+ ok [(4H2(1 +a)+aM2)V, I — V,LMQQ} . (3.4)
In order not to introduce any extra constraint on o we should demand that
VI —aV IV, = Igu,, (3.5)
(4H*(1 + @) + aM3)V I — VM3 = 0. (3.6)
The function Iy can be directly obtained by choosing p = p = i and the condition (3.5) is satisfied if
2
I"+ 27 —al” =0, (3.7)
T
which gives
1 o
T=A——] (B 7) 3.8
o n + Hr (3.8)

where A and B are numerical constants. Eq. (3.6) specifies M2 to be

4(1+a) o m?T —4(1+ a)H?
———H M = 3.9
« o 2 o+ AHT (3.9)

M =—

and the equations of motion (3.3) are

2 M2/H? — 8
o+ 704_7_ _ <8z2 _ 2/> Orr
T

r -
+(1 4 2a)I’ <J,/r7_ + 72_0'7—T> = éam()i + %(m, (3.10)
o+ %U’,ri - <812 - M22/g2_8> Iri
+1I {(1 +a)ol; + Moﬂ- + aal-a”> = %aio—ﬂ + %ajo—ij, (3.11)
oty 2o, - (o7 - ML),

2(1 4+ « 2
L2t

4 2
+1I <U£j + a(aiarj + 8jaﬂ-) o5 + 7_52-]-077> = ;(‘%aj)o + ﬁ(sijdﬂ—. (3.12)



In addition, the helicity fields 0,7, 0o; and o0;; are subject to the constraints, which are

written as
, 1
07y — 0i07; — ~ (077 +0i) = 0,
2
0y — 0joij — —0or = 0,
T
orr —0y = 0.

We may now expand the Fourier modes of o, in helicity eigenstates as

2

Oy = g

A=-2

o).

explicitly

(3.16)

The mode functions can then be written in terms of the various helicities as (¢;; = 0;j—0;;0.7/3) [11]

+1
o0 =00, oY=y, ol? =0,
o0 0 (1 +1_+1 +2
)_01,26i7 Oir )= = 0128 > z(T ):0
A(O) — 0.0 GED _ 1 1 S(E2) 42 2
Oij 00,255 O4j 02285 » Tyj 022855 »
where the polarizations tensors are given by
. 3/ - 1 3 -
0 +1 +1 +1
ki =3 (kk] - 35”> , et =5 (ke + hye),
and Eil Eijz are such that
e ) +2 2 +2_F2
kiei” =0, ke =0, &5 =¢, ;e =4
In addition, they satisfy
. . 3 .
+ + +
kie 5?, k:isijl =55 L kziei]? =0,
and for momentum along the z-axis we may take
1 +£2 0
. + .
= (1,4i,0), &= +i -1 0
0 0 0

The equations for the different helicity modes become

2 My2/H? —4 21+«
5—L§"+<+I’> §E§'+<k2+ 2/2 4 A )I/>02i§ -0,
T T T ’
My2/H? —4 2(1+ 2«
1*5"+(1+a)1’af5’+</@2+ 2/72 LA . )I’> oty = 0,
2 My2/H? —2  2(1+ 2«
08’2”—(T—(1+20¢)I)03[8,—|—<k2+ 2/72 + ( - )I’> 09, = 0.
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(3.17)
(3.18)
(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)
(3.25)

(3.26)



They admit scaling solutions when M2 is constant

1 4(1
M = ~(s+2)(a—sa— HH? = —(OJ:O‘)HQ, (3.27)
and I has the form
1 1P V()
I=A+—In(—-H7)=A+ — d¢'. 3.28
#gh-an =as o [ g o
Then, Egs. (3.24), (3.25), and Eq. (3.26) reduce to
2+ 1/a My?/H? —4+2(1+a)/a
25 ( / > 033 + <k:2 M = 1+ o)/ > 032 = 0, (329
14+ 1/a My?/H? — 4+ 2(1 +2a)/a
01%” n T/ Ufél n <l<:2 + 2"/ = ( )/ > Uf; = 0, (3.30)
2 - (1+2a)/a My?*/H? — 2 +2(1 + 2a)
In addition, the conditions (3.13), (3.14), and (3.15) turn out to be
7 ! 2
012 = “k <08,2 - T<78,2> )
7 / 2 1
022 = L (0'1,2 - TU?,2> 3 8,2,
+1 Lo 2 4
0'22 = _E (0'172 - ; 172> (332)
with solutions
a(l-A)-1 1+ @B+ Na
oy = NoN—kr)” 7 HY) (—k7), ma= ‘(204 o, (3.33)
The case a = —1 can indeed be obtained from the standard massive spin-2 action by multiplying the latter
by the factor I. Indeed, let us consider the action
_ 1 4 cuvpo _ m72 nv 2
S = 5 d*z\/g {0 € Opor 5 J(a Opy — 0 ) , (3.34)
where I =InJ, 0 = 0¥, and
cuvpo 1 VA 1 [ZTON 1 A _pv 1 v
EMPog,, = —§V,\(JV”0 ) — §VA(JV o) + SVaA(IV o" )+§V“(JV o)
1
—59" (VA(IVP0) = VaA(IV,0%) ) + 3H2T (0 — o). (3.35)

The kinetic part of the action (3.34) can in fact be written as the quadratic part of the Einstein-Hilbert

action in the Jordan frame

J
2

1 ~ » J v v 1 cuvpo
2\/—gJ(R—2A):\/—7g( (R—2A)—§(G“ + Ag* )JW—Fiowé’“ P Upg+~-~>,

(3.36)
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where g, = guv + 0. and g, is the background de Sitter metric. It is straightforward to check by taking
the divergence, the double divergence and the trace of Eq.(3.35) that we still get the conditions

Vot =0, o=0. (3.37)
Using the above constraints, it is easy to verify that the equations of motion reduces to Eq.(3.3) for m? =
M3 —2H? = —2H? (for a = —1). One may also calculate the corresponding energy-momentum tensor for

ouv by varying the action (3.34) with respect to the background metric. The result is

T = JVAuV 0" + IV ,00 V0™ = 2JV 0, MV o — IVA0, Vo)
1
—8H?J (0uro,” —00,) + ing [V)\JJPVUJP’\ + VAJJPV”UU)‘

—Vr0s, V07 + 4H? (000" — 0?)] . (3.38)

3.1 Orthonormality of the mode functions and inner product

The various coefficients Ny are to be specified by the requirement of orthonormality of the mode

functions

(o) (R, )™ o0, 7)e ™) = 63000 (F — F). (3.39)

pv

Therefore, we need to define first the inner product. The latter can be defined once a conserved current
is found. It can be check that the current

T = Ve, — o, VIR 420V, (07, Th — )|,
(3.40)

is conserved so that V,J# = 0. Therefore, we may define the inner product as

(W fpo) = (=) / ASV/G ! { (W77 [ = [1,V907) + 20V, (f7, 0000 i)
(3.41)

where Y is a spacelike hypersurface with normal vector n* and g is the determinant of the induced
metric on the hypersurface. Since I is a function of time only, this implies that

(o) F )R 0@ (F r)e™ ) = (i)(Hrmen'”
/d3IL‘(—HT)1/a (afﬁ)a*gﬁ)’ B O_*()\)O_()\)/) iF—R) -7

po Y uv

and
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o = i 2(1 + 6a + 8a2) H2 (H\ Y 2037 7
(o0, 7)o (k, r)e7) = ( o )k (k) (N)"0@ (k — k),
3.42)
<US§1)(E, T)eiE'f af,fl)(lz, T)ei7'5> = 0, (3.43)
7o\ k& 7o\ ikE AH? (HN\V® 2 7
(ofe? Fmet oo e ) = ST () 20k - ), (3.44)
from where we find
N = = a B (3.45)
2 2H /(1 + 6a + 8a2) \ H ’ '

a+1
k\ 20
N2 o= ()T 4

The fact that the norm of the helicity +1 modes vanish for any value of o means that there should also

exist a gauge invariance projecting out the +1 helicity modes. It is straightforward to find that for
§0u = =6,V — &NV, T = (3.47)
the following equation is satisfied
0 = 000, + (VFI)V 1000 + a(VFI) VP00 + a (V) V0, — M360,,

14 2«
—(047) (VpJngvuf“ Yoo p). (3.48)

Therefore, the transformation (3.47) is a gauge transformation if it satisfies
=0 and V¢ =0, (3.49)

where the vanishing of the temporal component of £ follows again from the traceleness condition dof; =
-2V, J&" = 0. Thus, the gauge parameter satisfies two conditions leading to 4—2 = 2 free gauge parameters,

which leads to 5 — 2 = 3 polarizations, precisely the helicity 0 and +2 ones.

3.2 The Higuchi bound and the long-lived spin-2 perturbations

The two-point function for the Fourier modes of the spin-s field oy, ...,,, (k,7) can be expressed in terms
of a null polarization vector ¢; (¢7 = 0). For momentum k = (0,0, k) along the z-axis, we may choose
g; = (costp,sin, i), & = (cost)’,siny)’, —i) and the two-point function can be expressed as

_ N ) (2s — ! LA ko (! 3.50
- Z ’ (22 = D(s = A)! 055 (k7)o" (=kT), (3.50)
A=—s

<€80'8(T) gSO'S(T/)>

where e50°(7) = ¢t - -e’fisdil...is(E, 7). For the s = 2 under consideration, positivity of the two-point
function then leads to the positivity of the squares of NY and Nzﬂ. In particular, the positivity of the
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square of N leads to the condition
14 6a + 8a% > 0, (3.51)

which is satisfied for « in the range

1 1
a<-g5 o a>-—_ (3.52)

This is the corresponding Higuchi bound for spin-2 fields coupled non-trivially to the inflation field.
The next step is to calculate the scaling dimension of the spin-2 fields. We look for solutions of the

form
0ij(T,7) = o (D)2 oy (DT (3.53)
Then we find that
A —-1- é A, =4 (3.54)

Going to canonically normalized fields &;;, it is easy to convince oneself that

Oij = exp([((ﬁo)/Q)Uij. (3.55)

Indeed, from Eq. (3.3) one can see that with this choice the first two terms combine to give only 0
(plus other interaction pieces). Being the scaling dimension of &;; equal to A — 2, we have two options.
The first one is

_ 1 1
A—2=A_—-24+—=-3— —. 3.56
+ 2a 2c ( )
Demanding A_ = 0 to have long-lived perturbations, we get

(3.57)

1
a—2,

corresponding to Ay = 3 and which saturates the Higuchi bound (3.52). In fact this border limit
introduces an extra symmetry, as we will discuss in the next subsection. The second case is

_ 1 1
AL —2=Ay -2+ — =4+ —. 3.58
+ + +2a +2a ( )

Demanding A, = 0 to get long-lived perturbations, we get

=—— 3.59
a=-, (3:59)

corresponding to A_ = 3 and which is also allowed by the Higuchi bound.
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3.3 Long-lived spin-2 perturbations and enhanced symmetry

It is easy to see that for the value (3.57) also the norm of the zero-helicity state vanish, or equivalently,
N9 blows up. Therefore, for a = —1/2, only the +2 helicities survive. In this case, there should be an
further gauge symmetry. Indeed, for

00, = V& + V6, — TV, T =6, TV, T, T =, (3.60)
we find that

0 = 060, + (VHI) V80,0 + o (VFI) VPS040 + a (V') Veo,, — M350 0

142 _ _
- (Jao‘)(vw] VAV (7 YE,) + BH2IV (S E,) + 0 ,o). (3.61)
Hence, for a = —1/2, the equation for the spin-2 field (3.3) is invariant under the gauge transformation

(3.60). As a result of the gauge invariance and the tracelessness condition

V=&V, (3.62)

the gauge parameter provides 4 — 1 = 3 free parameters which leads to 5 — 3 = 2 propagating modes,
the helicities £2. This result does not come as a surprise. Indeed, for & = —1/2 the linear equation
for 6;j = (—HT)o;; reduces to the equation of motion for a massless graviton. In addition, the gauge
symmetry (3.60) is written as

0 = Ve, + Ve, €, =ell%¢,, (3.63)

that is the standard gauge transformation of a massless spin-2 field which, for the cosmologically
interesting case where the transformation is done on fixed space hypersurfaces, leaves the helicity-2
field unchanged (at the linear level). So, by suitably coupling a massive spin-2 field to the inflation
background one can obtain at the quadratic level an effectively massless helicity-2 state. Of course
this degree of freedom couples to the comoving curvature perturbation differently from the standard
massless graviton.

4 The spin-s case

Let us now consider a generic massive spin-s field o#1"#s on a four-dimensional de Sitter spacetime.
This field obeys the equation of motion

(O- mz) ghths =, (4.1)
where
m? =m? — (s> —2s — 2)H?, (4.2)
and the constraints
Vi otths = g, FESTHs = () (4.3)
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which ensure that there are 2s + 1 degrees of freedom. Again, we are interested to see if such field can
coupled consistently to the inflaton field in such a way to obtain frozen perturbations on super-Hubble
scales. The general coupling to the inflaton will have the form

ClghrHs + (Vﬂ]) vluo-lll"'lis + a (V#I) vlll gHH2 s + ..
st (VD) Vot kst V2(g)ght e = 0, (4.4)

where, in order to have again the same degrees of freedom, we retain the constraints (4.3). We have not
included possible terms of the form I, o##2"#s + permutations, as the trace conditions will demand
I, to be proportional to the metric (otherwise we have to put extra conditions on the spin-s field),
and therefore such terms can be absorbed in the mass term.

Taking the divergence of the equation of motion (4.4), we get

0 = Vo {(1+a)(V, VI - oV, Vi D)} +
FAVH b (VT = aVul V) -+
A G (WA S H A )
{ [(s+2)H*(1 + s — @) + aMZ] V. — vqu}aM"'#s. (4.5)
This relation leads to

VoVl —aV,IV,I = Iyg,, (4.6)
(s +2)H*(1 + sa — ) + aM3]| VI — V, M2 = 0.

Eq. (4.6) is satisfied if I is given by Eq. (3.28), which we report here again
I:A—i—éln(—HT), (4.8)
and the mass parameter turns out then to be
MSQ:é(s+2)H2(a—sa—1)+eo‘Im%, (4.9)

where m3 is an integration constant. Note that Eq. (4.7) admits the constant solution

s

M2 = é(s +2)H2(0 — sa — 1), (4.10)

corresponding to m% = 0. We may expand now oy, ...,, in helicity modes as

S
A
Oy = Z U,(Ll?l.us. (4.11)
A=—s

In particular, for a mode of helicity A and n-polarization directions we may write

(N O
Oiig it — Un,sE()\)

o) =0, n<|A, (4.12)

i1 lp? n,s



where £()); _,; are polarization tensors. Then from Eq. (4.4) we find that the n = |A| helicity A mode

N

ALs satisfies the equation

function o

o o
[ALs [Als
T

M2/H? — s+ XA —3) N s(1+as) +aA(l—N)

T2 T

(M”_[%l_M—%1+a@—A»P o

e =o. (4.13)

g =
[Als

+ [k2+

We close this subsection with a final comment concerning the possibility of superluminal propagation
of the spin-s field 0,,...,,. This is determined by the leading two derivative matrix S*” in the equation
of motion

SH 0,0y gy + -+ = 0. (4.14)

Since this term is exactly the same with the leading two-derivative term when there is no coupling
to the inflaton, we conclude that the coupling of the spin-s field to the inflaton does not change its
superluminality properties. Therefore, the spin-s field o,..,, propagates causally even when it is
coupled to the inflaton field as long as this coupling is of the form considered here.

4.1 Long-lived spin-s perturbations

Having found the generic equation of motion for a spin-s field, we are now ready to look for frozen
super-Hubble modes. Eq. (4.13) admits scaling solutions only when M2 is constant and it must
therefore be given by the expression (4.10). Indeed, looking for solutions of the form

A — —8~ A —
U‘(M)’s(T, z) =712 a‘(M)’S(w), (4.15)
we find
1
Ao=1-X-— Ap=2+s (4.16)

The dominant component is the helicity A = s, for which we find the scaling
1
A_=1-s——, AL =2+s. (4.17)
«

Repeating the argument for the canonically normalized field

Opiyops = XP(L(0)/2)0psy o (4.18)
we find
Ay —s=A —s+i (4.19)
+ = 84 2% .

Demanding A_ = 0, we get
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1
“= iy (4.20)

and A, = 3. Demanding instead A, = 0, we get

1
T Tt 421

which corresponds to A_ = 3.

5 Some possible observational consequences

Long-lived HS fields are active during inflation may give rise to peculiar signatures on the non-gaussian
observed (anisotropic) correlators, which are not necessarily suppressed by the mass of the HS fields
or by powers of the long mode in the squeezed limit. Let us discuss in this section some possibilities.

Consider for instance a massive spin-2 state coupled to the inflation field as described in Section 3
and such that the corresponding scaling at large scales approximately vanishing. The coupling to the
comoving curvature perturbation ¢ will be of the form

drd3z
SD Q/WO'Z']' 8ZC8]< (51)

The exchange of the long-lived 42 polarizations generates a scalar four-point function in the soft limit
g=lki+ k| <k (i=1,---,4)

12

(G Gz

9 R
= ZQQPa(Q)Pc(kl)Pc(k?)) > e (Der( Dk ik ks ks, (5.2)
s==42

<C;;1 CEQCEng)I

where the primes indicate that we have removed the factors (27)? and the Dirac delta’s. This four-
point correlator can have a sizable amplitude and maybe detectable in future CMB and galaxy survey
throughout its imprinted anisotropy. In particular, the massless graviton contribution corresponds to
g = 1. Any deviation from it will signal the presence of extra spin-2 states.

Another possible observable where the presence of the spin-2 state might appear is in the power
spectrum of the comoving curvature perturbation. The action might contain terms of the form

drd3z iy

S O g.H? i d exp(I)ojjo"
drd3x 1 -
— tt? [ T ep1(60) |1+ 16086+ ST (G060 + -+ | g

l
IS}
o
—
o
\]
=
8

1 1, L
|:1+aC+WC —i—---]UijJ”. (5.3)
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The first term linear in ¢ can be further split if the 63- gets an expectation value inside the Hubble radius
during inflation. This is expected since, even though such a zero mode is absent at the beginning of
inflation, it will be quantum mechanically generated to be of the order of the square root of its variance,
<6ij> ~ H2N, where N is the total number of e-folds. Repeating what done in Ref. [19], one therefore
expects a correction to the power spectrum of the comoving curvature perturbations to be of the order

of

OPc(K) _ g3HN; S (o

P (k) azeMgl =,

>\ i(l%)gg()\)m(l%% (5‘4)

where Np is the number of e-folds to go till the end of inflation from the moment the wavelength
1/k leaves the Hubble radius and € = —H /H? is a slow-roll parameter. Parametrizing the anisotropy
generated by the helicity-2 background by the unit vector 7

() = (@) (n'n; — 85/3), (5:5)

and exploring the spin sum

Z EJ()\)’L(k)gg()\)m(k) = 2 (PJER,m + REP%) PJPZ,
A==12

~

Pl = §7 — kil (5.6)

K3 K3

A~

we finally find in terms of the angle cos =7 - k

0Pc(k)  2g5H?Ny()
P (k) ozzeMgl

sin 6. (5.7)

This result can be generalized to a generic spin-s field oy, ...,, with an interaction of the form

drd3 o
S o gttt [ Gt et (55)

where g a spin dependent coupling. It will lead to a correction to the comoving curvature power
spectrum of the form

0Pc(k)  2g3H?Nj()
Pe(k) ozzeMg1

sin?* 6, (5.9)

with a distinctive angle dependence signature. We see that the presence of HS backgrounds leads to
well-defined angular anisotropic structure in the late-time universe observables. In particular, it might
interesting to understand if the couplings g5 are related to each other in such a way that the various
contributions can be resummed. We leave this and other investigations for the future.
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6 Conclusions

Inflation offers a unique possibility to probe high energy states. In this paper we have investigated
whether massive HS fields, if present during inflation, may be quantum mechanically excited and
possess fluctuations which are not damped on super-Hubble scales. While this is not possible in the
standard case where HS fields are coupled to the spacetime background minimally, due to the Higuchi
bound, we have shown that suitable couplings to functions of the inflaton field may deliver long-lived
HS fluctuations on large scales.

Our findings can be generalized in several ways. First, we have restricted ourselves to equations of
motions with a maximum of two-derivatives. One could extend the study to higher-derivatives, maybe
using the ambient space methods. It might be also worth exploring deformations of the divergence
condition we have imposed to reduce the degrees of freedom. Finally, since a consistent theory of HS in
de Sitter calls for an infinite tower of fields and although the effect of a single short lived HS field could
be observationally negligible, the the effect of an entire trajectory (non-linearly interacting) could still
produce some enhanced effect. All these issues clearly stress the need to construct a consistent theory
of HS fields during inflation.
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A Useful relations
In the text we have made repeatedly use of the relation
[V, Volotthe = RIL_ g Hs oo RS o ghaF, (A.1)

where R,,.,0 is the Riemann tensor. We also recall here that a spin-s field has components o4, .. o, in
an orthonormal local Lorentz frame, where the indices aq, ..., ay are flat. This field transforms in the
2s+ 1-dimensional representation of the SO(4,1) group of rotations of the orthonormal Lorentz frame.
It can written in terms of the totally symmetric tensor o#t#s as

— a1, p%s S H1-Ms
Oprops = € €, 0 Oaq...as
—5 fo an
= T 70, 0. 0oy ays (A.2)
where ef} = 77104 is the veilbein for the de Sitter metric (2.1) and (1, . . ., i) are curved space indices.
If 04, ...a, scales near 7 — 0 as
" A A B
Oar.ay(T: ) ~ T80y .0, (£), T =0, (A.3)

we find that the scaling of o, ,, is accordingly

Oppyopi (T, ) ~ T2 756G, W (D), T — 0. (A.4)
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Finally, for the four-dimensional de Sitter metric (2.1), the non-vanishing components of the connection
are

1 1
o = —;5;;, 10, = =~ 0ms. (A.5)

Correspondingly, the components of the covariant derivative V,0,,..,, are given by

s§—nNn

00---0Tn+1---Tsv (A6)

n S—n
vaO---Orn+1---rs = amUO---Orn+1---rs + ; 00---0rprpp-rs T 5rrn+1 T 00---0rpqp-Ts- (A7)

_
VOUO---OTn_H-"Ts = 00"'0Tn+1"'Ts +
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