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“Scale invariance”

Cosmology: Correlators do not depend on distance
(Up to logs)

QFT: Correlators = distance
power

⟨ζζ⟩ ∝ log |x − y | ∼
1
k3

⟨𝒪Δ𝒪Δ⟩ =
1

|x − y |2Δ
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However

Inflation, first order in slow roll:

⟨ζζ⟩ ∝
1

k3+2ϵ+η

⟨γγ⟩ ∝
1

k3+2ϵ
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However

Inflation, first order in slow roll:

⟨ζζ⟩ ∝
1

k3+2ϵ+η

⟨γγ⟩ ∝
1

k3+2ϵ

Still scale invariant in QFT sense…

“Tilt”
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Why?

Warmup: massless scalar in dS

S = ∫ d4x g(∂ϕ)2 → ∫ dτd3k
1

H2τ2 [ |ϕ′�|2 − k2 |ϕ |2 ]

Invariant under:
τ → λτ

ϕ → λ3ϕ
k → λ−1k

(in      space)k, τ
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Two-point function

⟨ϕϕ⟩ ∼ λ6 → δ3(…) ×
H2

k3
F(kτ)

For          , kτ → 0 EOM:

∂τ( 1
τ2

ϕ′�) ≃ 0

⟨ϕϕ⟩ ∼ δ3(…) ×
H2

k3

ϕ → const
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Slow-roll inflation

Tensors:

S = ∫ dτd3k a2[ |γ′�|2 − k2 |γ |2 ]

Invariant under:

τ → λτ

γ → λ3+ϵγ
k → λ−1k

a2(τ) ∝
1

τ2+2ϵ

⟨γγ⟩ ∼ δ3(…) ×
1

k3+2ϵ
F(kτ)
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Slow-roll inflation

Scalars:

S = ∫ dτd3k ϵa2[ |ζ′�|2 − k2 |ζ |2 ]

Invariant under:

τ → λτ

ζ → λ3+ϵ+η/2ζ
k → λ−1k

ϵ(τ)a2(τ) ∝
1

τ2+2ϵ+η

⟨ζζ⟩ = δ3(…) ×
1

k3+2ϵ+η
F(kτ)



Approximate isometry? No (only dS)


Conformal Killing vector? No (all FRW’s)


Accident for quadratic order? Maybe


Accident for slow-roll inflation? Apparently not…


Notice: totally not manifest before constraints       
(all         terms cancel) 
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What is this scale invariance?

𝒪(ϵ0)
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More data
Solid inflation:

Sγ = ∫ dτd3k a2[ |γ′�|2 − k2 |γ |2 − ϵa2H2 |γ |2 ]

ST = ∫ dτd3k a2[ k2

1 + k2/ϵa2H2
|π′�T |2 − ϵa2H2c2

Tk2 |πT |2 ]
SL = ∫ dτd3k a2[ k2

1 + k2/ϵa2H2
|π′�L + ϵaH πL |2 − ϵa2H2c2

Lk2 |πL |2 ]
with a(τ), H(τ), ϵ(τ), cT(τ), cL(τ) ∼ τ#

Three regimes: k2/a2 vs. H2/c2
L,T and ϵH2
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No obvious scale invariance. Still…

⟨γγ⟩ = δ3(…) ×
1

k3+2ϵ
F(kτ) → δ3(…) ×

τ8ϵc2
T /3

k3−2ϵc2
L

⟨ℛℛ⟩ = δ3(…) ×
1

k3+2ϵ+η
F(kτ1−sL) → δ3(…) ×

τ8ϵc2
T /3−4s

k3−2ϵc2
L+η+5s

which exhibit some scale invariance.
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Flow

Scaling can change between UV and IR.
E.g., in flat space:

S = ∫ d4k[k2 |ϕ |2 − m2 |ϕ |2 ] (k ≡ kμ)

UV: k → λk
ϕ → λ−3ϕ

⟨ϕϕ⟩ ∼ δ4(…) ×
1
k2

IR: k → λk
ϕ → λ−2ϕ

⟨ϕϕ⟩ ∼ δ4(…) ×
1

m2

So, for cosmology find the correct IR scale-invariance…
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No!

All modes start inside the horizon.


Their wave function is normalized to the UV, flat-
space one (for Bunch-Davies state).


Time-evolution takes them outside.

It does not work. Nor should it:
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More formally:

Ψ[ϕ̄( ⃗x ); τ̄] = ∫
ϕ( ⃗x ,τ̄)=ϕ̄( ⃗x )

Dϕ( ⃗x , τ) ei(S+iϵ terms)

Looks like we need scale-invariance for all    ’s. kτ

In fact, for solid inflation:

⟨γγ⟩ = δ3(…) ×
1

k3+2ϵ
F(kτ)

⟨ℛℛ⟩ = δ3(…) ×
1

k3+2ϵ+η
F(kτ1−sL)

Not manifest at all in the action, or in computation.



�14

What does work

Find scaling in the UV: easy (neglect mixing).


Find time-evolution in the IR: easy (neglect   )


Combine them.

Actual recipe is extremely simple (but makes no sense):

k
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Example

Slow-roll inflation:

UV: S ≃ ∫ dτd3k a2[ |δϕ′�|2 − k2 |δϕ |2 ]
Neglect mass and mixing, keep                    (WKB)a2(τ) ∝

1
τ2+2ϵ

Invariant under:

τ → λτ

δϕ → λ3+ϵδϕ
k → λ−1k ⟨δϕ δϕ⟩ ∝ δ3(…) ×

1
k3+2ϵ

F(kτ)



�16

IR:

⟨δζ δζ⟩ ∝ δ3(…) ×
τη

k3+2ϵ
F(kτ)

Time-evolution, easy for

ζ = H
δϕ
·ϕ0

∝
δϕ

ϵ
∝ δϕ τη/2

ζ → const kτ → 0for

⟨δζ δζ⟩ ∝ δ3(…) ×
1

k3+2ϵ+η
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Ultimate check
Gaugid inflation:
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Ultimate check

eq. (64). The full set of independent slow-roll parametrs in the model under consideration thus
consists of the three ✏’s, constrained by (66), plus the corresponding ⌘’s, which are free.

Finally, for notational purposes, we introduce the following combination of independent slow
roll parameters:

B ⌘ �2
✏�
p
✏E

⌘ B?

✓
⌧

⌧?

◆�⌘�+⌘E/2

, (67)

with B? ⌘ �2✏�?(✏E?)�1/2.

Having made the above qualifications, we are ready for a closer discussion of the dynamics
of the various helicities in gaugid inflation.

4.2 Tensors

As already remarked above, the symmetry breaking pattern at hand does allow a mass term
for the physical graviton, which is explicit in the quadratic action for tensor perturbations,
eq. (50). Notice also the peculiar normalization of Eij, whereby its kinetic term appears with
an extra (strongly time-dependent) factor of a2 compared to the graviton’s kinetic term.9 This
is a consequence of the approximate invariance under internal rescalings of the gauge fields
AI

µ ! �AI
µ, which in combination with diffeomorphisms leads to approximate symmetry under

{xi
! �xi, a ! ��1a, Eij ! �Eij}, left unbroken by the background solution. The only

explict souce of breaking of this approximate symmetry is the weak dependence of P (X) on
hXi = 24 · a�4, which implies a weak time dependence of all slow roll parameters.

It is now convenient to switch to conformal time and to canonically normalized helicity-2
fields:

�ij !
2

aMPl
�c
ij , Eij !

2

a2MPlH

1
p
✏E

Ec
ij . (68)

By eq. (60) and by the definitions of the various ✏’s and ⌘’s, the action for the tensor modes
(50) is then written at leading order in the slow roll parameters as

S(2)
TT =

1

2

Z
d3xd⌧

⇢�
�c
ij
0�2

�
�
@�c

ij

�2
+

1

⌧ 2
(2 + 3✏� 2✏�)�

c
ij�

c
ij

+
�
Ec

ij
0�2

� c2E(@E
c
ij)

2 +
1

⌧ 2

✓
6 + 5✏+

5

2
⌘E

◆
Ec

ijE
c
ij

�
4

⌧

✏�
p
✏E

✏ijk@kE
c
il�

c
lj

�
(69)

where a prime stands for derivation with respect to conformal time. It is convenient to work in
momentum space and expand in helicity eigenstates 10

9All other quantities in the lagrangian such as the various speeds of sound and the slow-roll parameters are
only weakly time dependent on the quasi-dS spacetime under consideration.

10Given the helicity operator s||ij ⌘ ik̂l"lij , the polarizations eigenstates ✏sij(~k) are defined by [s||, ✏
±] = ±2✏±.

This property further implies transverse tracelessness, ki✏sij = ✏
s
ii = 0, and reflection hermiticity, ✏s(~k)? = ✏

s(�~k).
The latter property, given the hermiticity of the spacetime fields, implies �

†
s(⌧,~k) = �s(⌧,�~k).
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Gaugid inflation:

�c
ij(⌧, ~x) =

Z
d3k

(2⇡)3

X

s=±
✏sij(~k) �s(⌧,~k) e

i~k·~x ,

Ec
ij(⌧, ~x) =

Z
d3k

(2⇡)3

X

s=±
✏sij(~k) Es(⌧,~k) e

i~k·~x .

(70)

In terms of the helicity eigenstates, �± and E±, the tensor action (69) reads in momentum-space

S(2)
TT =

1

2

X

s=±

Z
d⌧

d3k

(2⇡)3

⇢
�0
s(~k)�

0
s(-~k)�

✓
k2

�
2 + 3✏� 2✏�

⌧ 2

◆
�s(~k)�s(-~k)

+ E 0
s(~k)E

0
s(-~k)�

✓
c2Ek

2
�

6 + 5✏+ 5⌘E/2

⌧ 2

◆
Es(~k)Es(-~k)

�
2B k

⌧

h
�+(~k)E+(-~k)� ��(~k)E�(-~k)

i�
.

(71)

To avoid notational clutter, we have suppressed time dependence on the momentum modes and
we have used the definition in (67).

The action (71) describes four modes in total. However, fields of different helicity do not
mix and can be treated separately. Their equations of motion are

d2

dz2
�± +

✓
1�

2 + 3✏� 2✏�
z2

◆
�± ±

B

z
E± = 0 , (72)

d2

dz2
E± +

✓
c2E �

6 + 5✏+ 5⌘E/2

z2

◆
E± ±

B

z
�± = 0 , (73)

where we have defined z ⌘ �k⌧ . Unbroken parity translates into invariance of the system
(72)-(73) under �±(~k) ! �⌥(�~k) and E±(~k) ! �E⌥(�~k).

In appendix B we give a detailed account of the quantization procedure for the system (71)
on quasi-de Sitter space. The (momentum-space) fields of a given polarization are collected
into two doublets �±↵ = (�±, E±)T , and each doublet is in turn expanded into two ‘eigenmodes’
�±↵ = �(1)

±↵ + �(2)
±↵, where

�(n)
±↵ = f (n)

±↵ (⌧,~k)a±n(~k) + f (n)
±↵ (⌧,~k)

⇤a†±n(�~k) . (74)

Here a±n and a†±n are the corresponding annihilation/creation operators. The mode functions
f (1)
± and f (2)

± solve the system in eqs. (72, 73). They can be chosen such that f (n)
�↵ = P↵�f

(n)
+� ,

where P↵� = diag(1,�1) represents parity. Furthermore, provided they also obey certain or-
thonormality conditions spelled out in Appendix (B), the canonical commutation relations read

[a±,m(~k), a
†
±,n(~p)] = (2⇡)3�(3)(p� k)�mn , [a±,m(~k), a±,n(~p)] = [a†±,m(~k), a

†
±,n(~p)] = 0 . (75)

For cE < 1, one can choose modes with the following early time asymptotics

f (1)
± (z ! 1) =

✓
eiz
p
2k

, 0

◆T

, f (2)
± (z ! 1) =

 
0, ±

e�ik
R
d⌧cE(⌧)

p
2cE(⌧)k

!T

. (76)
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corresponding to purely gravitational and purely gaugid Bunch-Davies excitations.

At time ⌧ , the two-point function for the graviton’s ‘+’ polarization reads:

h�c
+(⌧,~k) �

c
+(⌧, ~k

0)i = (2⇡)3�3(~k + ~k0)
X

n

��f (n)
+1 (⌧,~k)

��2 ⌘ (2⇡)3�3(~k + ~k0)P+
� , (77)

and similarly for the ‘�’ polarization, with P�
� = P+

� due to parity. The dimensionless tensor
spectrum is thus given by

�2
t =

k3

2⇡2

✓
2

aMPl

◆2 �
P+
� + P�

�

�
=

k3

⇡2

✓
2

aMPl

◆2

P+
� , (78)

where the second factor turns the canonically normalized fields into the physical ones.

Evaluating the h��i two-point function at the end of inflation (⌧ = ⌧f ) thus boils down to
evaluating the mode functions f (1)

+ and f (2)
+ , with the initial conditions given in eq. (76) (f (1)

�
and f (2)

� are then automatically obtained via a parity transformation). To put it another way,
we have to solve the system (72)-(73) for �+, with the following two sets of initial conditions:
{�+

z!1
�! eiz/

p
2k, E+

z!1
�! 0} and {�+

z!1
�! 0, E+

z!1
�! e�ik

R
d⌧cE(⌧)/

p
2cE(⌧)k}. We will

see that the contribution of the first of the mode functions (f (1)
+ ) to the amplitude of the B-

mode power spectrum is at most of the order of the standard single field result (3), while
the contribution of the second mode function (f (2)

+ ) is parametrically larger. This results in a
potentially significant enhancement of the primordial tensor spectrum. For these reasons, we
will refer to the first and the second modes as the ‘small’ and ‘large’ modes respectively.

One can easily understand the origin of the enhancement of the gravitational waves by
looking at the helicity-2 action (50), before canonically normalizing the fields. As we pointed out
in section 4.1 the residual symmetry �̃(2) forces the non-derivative part of the quadratic graviton
lagrangian to have the form in eq. (58), whose variation with respect to �ij is proportional to

�̃ij ⌘ �ij �
✏ikl@kElj + ✏jkl@kEli

2
= �ij �

bij + bji
2

, (79)

which at large wavelengths precisely corresponds to the physical anisotropy perceived by local
observers. Furthermore, and as we already argued in section 4.1, given the graviton mass is
positive, � evolves in such a way that the anisotropy (that is the quantity in eq. (79)) slowly
decays in time. Schematically,

�
z!0
�! @E. (80)

This is the situation as concerns classical fluctuations, but @E also receives contributions
from quantum fluctuations at all comoving wavelengths. During inflation these get constantly
stretched to superhorizon scales, eventually freezing out and sourcing the gravitational waves
according to eq. (80). Modes satisfying eq. (80) are not observable as long as they are outside
the horizon, but, like for all quantum fluctuations from inflation, we will eventually be con-
cerned with the observable consequences after they re-enter the horizon. Now the crucial point
here is that the gaugid’s physical excitations are characterized by a scale, smaller than MPl, so
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that they undergo stronger quantum fluctuations than gravitons do. In particular, inspection
of the E kinetic term in (50) (see also eq. (61)) makes it clear that the quantum fluctuations
in this mode are enhanced by a factor of ✏�1/2

E (in suitable units, to be specified below). As
implied by eq. (80), these large quantum E-fluctuations, once frozen out, source a spectrum of
super-horizon gravitational waves with amplitude

h��i ⇠
H2

M2
Pl✏E

. (81)

The rest of the present section will be devoted to fixing the remaining factors in this formula.

The large mode

We now show that the large mode generates a dominant contribution of the form (81) to the
amplitude of the primordial tensor spectrum. To this end, we need to solve the system (72)-(73)
for �+, with the following initial conditions

�+
z!1
�! 0 , E+

z!1
�!

e�ik
R
d⌧cE(⌧)

p
2cE(⌧)k

. (82)

The non-trivial profile of �+ is entirely due to the mixing with E+ (in the absence of this mixing
�+ would vanish at all times with the given initial conditions).

For the rest of the argument, we will rely on perturbation theory in the small mixing
parameter B ⇠ ✏�/✏

1/2
E . This parameter is at most of the order of ✏1/2� , but can be smaller,

consistently with stability of the theory, see eq. (66). We will argue, in particular, that E+

evolves practically independently of �+ at all times, being well-approximated by the B = 0

solution of (73). To the linear order in all slow-roll parameters, this solution reads

E+ =
⇣
1 +

sE?

2

⌘
ei(2⌫E+1)⇡/4

⇣⇡z
4k

⌘1/2

H(1)
⌫E

�
cE(⌧)(1+ sE?)z

�
, ⌫E =

5

2
+ ✏?+

1

2
⌘E?+

5

2
sE?, (83)

where H(1)
⌫E is the Hankel function of the first kind and we have appropriately normalized E+

to match onto the early time asymptotics (82).

One can straightforwardly verify that this expression indeed provides a good approximation
to the exact solution of the system (72)-(73). In particular, focussing first at early times (z � 1),
the E+ profile in (83) sources a non-trivial �+, which to the leading order in slow-roll takes the
form

�+
��
z�1

= �
B?

p
2cE?k (1� c2E?)

eicE?z

z
. (84)

Plugging this expression back into eq. (73), one can easily show that there is no significant
backreaction on the early-time dynamics of gaugid’s helicity-2 perturbations: the correction to
the zeroth-order solution (83) scales as �E+/E+|z�1 = O (B2

?/z).

Next we explore the late-time dynamics of the system. The z ⌧ 1 asymptotics of (83) read

E+

��
z⌧1

= �
3

p
2kc5/2E?

1

z5sE?/2
?

1

z2+✏?+⌘E?/2
, (85)
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where z? ⌘ �k⌧?. Plugging this expression for E+ into (72) yields at late times

d2�+
dz2

�
2 + 3✏� 2✏�

z2
�+ �

3B?
p
2kc5/2E?

1

z⌘E?/2+5sE?/2�⌘�?
?

1

z3+✏?+⌘�?
= 0 , (86)

where we have used eq. (67). The general solution to this equation is readily found:

�+ =
3B?

2
p
2kc5/2E? ✏�?

1

z⌘E?/2+5sE?/2
?

1

z1+✏?
+C+z

�+ +C�z
�� , �± =

1± (3 + 2✏? � 4✏�?/3)

2
, (87)

where C+ and C� are the two integration constants, which can in principle be determined by
matching onto the early-time dynamics.

In solving the system (72)-(73), we have not yet used the explicit expression for the mixing
parameter B in terms of the independent slow-roll parameters (recall that B / ✏�/✏

1/2
E ). Imagine

for a second, therefore, that B is an independent parameter and note the divergence of the first
term in eq. (87) in the limit ✏� ! 0, while keeping B nonzero. However, at finite z, the
original equations (72)-(73) and the approximation (86) are perfectly regular in this limit: this
singularity should then be spurious and be removed, at finite values of z, once the boundary
conditions are imposed. 11 This requirement alone automatically fixes the leading pieces in the
expansion of C+ and C� in the slow-roll parameters :

C+ = O(1), C� = �
3B?

2
p
2kc5/2E? ✏�?

1

z⌘E?/2+5sE?/2
?

+O(1) . (88)

The C+ mode decays outside the horizon, so we will discard it from now on. Up to higher-order
corrections in the ✏ and ⌘ parameters, the late-time asymptotics of �+ for the large mode thus
read

�+ = �
3

p
2kc5/2E? ✏

1/2
E?

1

z⌘E?/2+5sE?/2
?

1

z1+✏?

�
1� z2✏�?/3

�
, (89)

where we have made use of the explicit expression for B? in (67). In this form it becomes evident
that �+ vanishes in the limit ✏� ! 0, where the mixing between the two helicity-2 fluctuations
disappears.

One can already see that the expression (89) for the out-of-horizon profile of the graviton con-
firms our expectations, discussed around eqs. (79)-(81), concerning the sourcing of gravitational
waves by the gaugid’s helicity-2 mode. First of, notice the enhancement of the wavefunction
by a factor of ✏�1/2

E , in agreement with (81). Furthermore, the first term in (89) describes a
constant profile for the physical graviton (see eq. (68)), sourced by the frozen out-of-horizon E+

modes. The second term, on the other hand, describes the slow dilution of physical anisotropy
due to the graviton mass, m2

� = 2H2✏�, as discussed before eq. (80).

11The origin of the apparent singularity in eq. (87) is associated with the fact that the source term in (86)
has a scaling with z that resonates with one of the solutions of the homogeneous equation. However we phys-
ically expect a resonance should not give rise to singularities over short enough times, in line with our more
mathematical argument that the solutions of (86) should display no singularity in ✏� at finite z.
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The profile (89) for �+ leads to negligible backreaction once plugged back into the E+-
equation of motion (73). Indeed, the source term in the resulting equation, being of order
O (B2z�2), is O(B2) with respect to the unperturbed solution at horizon crossing z = O(1),
while it is even more negligible at late times compared to leading terms that grow like O (z�4).
This means in particular, that there is no resonant effect similar to the one that arises in
E+-sourcing of the gravitational waves. The leading effect therefore originates from effects at
horizon crossing and corresponds to an O(B2) correction to the asymptotic behaviour of E

given in eq. (85). In turn this will similarly, and negligibly, modify (88) by effects of relative
size O(B2).

From the above discussion it is clear that the �+ backreaction on the dynamics of the gaugid’s
helicity-2 mode is small (O(B2)) at all values of z. We have explicitly verified this fact via a
numerical integration of the system (72)-(73).

The perturbative expansion in the small mixing parameter B is thus at work as far as the
large mode is concerned. Next we explore the status of perturbation theory for the small mode.

The small mode

Evaluating the contribution of f (1)
+ to the primordial B modes amounts to solving the system

(72)-(73) for �+, with the following initial conditions:

�+
z!1
�!

eiz
p
2k

, E+
z!1
�! 0 . (90)

In line with the anticipated perturbative expansion in the small mixing parameter B, we expect
E+ = O(B) at all times, while �+ is given by the following expression

�+ = ei(2⌫+1)⇡/4
⇣⇡z
4k

⌘1/2

H(1)
⌫ (z) + ��+ , (91)

where ��+ = O(B2). Here ⌫ ⌘ 3/2 + ✏1/3, and the solution has been appropriately normalized
to match onto the Bunch-Davies initial condition for �+.

To compute the correction term in (91), consider first the early-time (z � 1) dynamics of
the system. With the initial conditions set by eq. (90), the non-trivial E+ profile is entirely
due to the mixing with the graviton, and for z � 1 it becomes

E+

��
z�1

⇡
B

p
2k(1� c2E)

eiz

z
. (92)

Plugging this expression back into the equation for �+, one finds

��+ ⇡ �i
B2

2
p
2k(1� c2E)

eiz

z
. (93)

The corretion to �+ due to mixing with the gaugid’s helicity-2 excitation is indeed small at
early times, ��+ = O(B2/z).
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The late-time dynamics is more subtle, however. Indeed, according to (91), the zeroth-order
graviton wavefunction grows like

�+ ⇡
i

p
2k

1

z1+✏1/3
(94)

in this regime. When plugged into the E+ equation of motion (73), this acts as a source, giving
rise to the following late-time profile

E+

��
z⌧1

⇡ i
B

6
p
2k

1

z✏?�2✏�?/3
+D+z

+ +D�z
� , ± =

1± (5 + 2✏? + ⌘E?)

2
. (95)

Here D± are the two integration constants. One generically expects the corresponding modes
to be both excited at horizon crossing z ⇠ 1, with amplitudes D± ⇠ B.

Perturbation theory is only at work if (95) does not lead to a significant backreaction on
�+ when plugged back into (72) as a source. For z ⌧ 1, it is clear that the first two terms in
(95) have no effect on the late-time dynamics of the graviton. The last term, however, scales as
z�2�✏?�⌘E? , and we have seen that this is precisely the kind of scaling that results in a resonant
enhancement of the gravitational waves ouside the horizon. Going through the same analysis
as for the large mode, we thus have

��+
�+

��
z⌧1

⇠
BD�

✏�
⇠

B2

✏�
= 4

✏�
✏E

. (96)

This can be considered a small perturbation only for ✏E � ✏� (recall that this part of the param-
eter space is allowed by stability constraints (66)). Otherwise, the effects from the backreaction
of E+ on the late-time dynamics of �+ are O(1).

However, even when ✏E ⇠ ✏�, and the contribution of the backreaction on the small mode
cannot be computed by treating the mixing B as a perturbation, it remains true that the
contribution of this mode to the primordial spectrum of gravity waves remains of the standard
magnitude �2

t ⇠ H2/M2
Pl. This observable is therefore fully dominated by the large mode,

which we have been able to compute reliably in perturbation theory. For that reason, we will
discard the sub-dominant small mode from now on.

Using (89) as well as the relation a(⌧) = a(⌧?) (⌧?/⌧)
1+✏? in eq. (78), one can straightfor-

wardly evaluate the expression for the tensor power spectrum at the end of inflation ⌧ = ⌧f .
We will reproduce the result for the two limiting cases of a not-so-small ✏� as well as a very
small one, ✏� ⌧ N�1

e ⇡ 1/60. The primordial B mode spectrum takes the following form in
these limits:

�2
t (⌧f ) =

8
>>><

>>>:

18

⇡2

H2
?

M2
Pl

1

c5E?✏E?

1

(�k⌧?)2✏?+⌘E?+5sE?
, ✏�Ne ⇠

> 1

8

⇡2

H2
?

M2
Pl

✏2�?
c5E?✏E?

1

(�k⌧?)2✏?+⌘E?+5sE?
log2(�k⌧f ), ✏�Ne ⌧ 1

(97)

Assuming for concreteness that ✏�Ne ⇠ 1, we have:

�2
t ⇠

H2
?

M2
Pl

1

c5E?✏E?
. (98)
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This exceeds (especially for a somewhat suppressed cE?) the standard single-field result (3) by
a large factor c�5

E?✏
�1
E?.

One may wonder to what extent is such an enhancement of the tensor modes in gaugid
inflation compatible with the current limits on the tensor-to-scalar ratio. We will see below
that the spectrum of scalar perturbations is given by a similar expression in the model at hand

�2
s ⇠

H2
?

M2
Pl

1

c5T?✏?
. (99)

For a somewhat small cT compared to cE, the tensor-to-scalar ratio is thus easily suppressed
beyond the observational upper limit. Another possibility for suppressing gravity waves relative
to scalar CMB fluctuations is to have ✏� ⌧ N�1

e .

The tilt of the tensor spectrum can be readily read off eq. (97):

nt =

8
<

:

� 2✏? � ⌘E? � 5sE?, ✏�Ne ⇠
> 1

�
2

Ne
� 2✏? � ⌘E? � 5sE?, ✏�Ne ⌧ 1

(100)

where sE has been defined in (65). In both of the above limits one expects a percent-level
tensor tilt, nt ⇠ N�1

e , which appears to be a genuine prediction of the theory. For all slow-roll
parameters smaller than N�1

e , the tensor spectrum is red-tilted, while in a more general case
both signs of nt are possible.

One last comment concerns the amount by which the �+ spectrum (97) evaluated right
before the end of inflation varies by the time the CMB modes reenter the horizon. We will
return to this question in section 5. Generically, the predictions for the primordial tensor and
scalar spectra are expected to be more sensitive to the details of reheating in the model at hand,
than they are in more ordinary theories of inflation. We will nevertheless argue, that at least
in the case that reheating happens fast, i.e. within a single Hubble time, the asymptotic tensor
spectrum is reproduced by (97) to a good approximation.

4.3 Scalars

The scalar sector of gaugid inflation consists of a pair of dynamical degrees of freedom. Im-
portantly, these have opposite parity with respect to the unbroken symmetry under inversion
of spatial coordinates: ↵ is parity-odd, while T is parity even. In the parity-symmetric theory
at hand, this results in a complete decoupling of the former field both from the metric and
from the parity-even mode at the quadratic order in the perturbation lagrangian, making the
primordial scalar spectrum sensitive to T alone.

To compute the action for T we must first solve the contraints associated to the non-
dynamical fields. By parity, the only fields that can affect the action for T must also be scalars.
In the spatially flat slicing gauge, the only such fields reside in in the lapse and the shift variables

N = 1 + �N , Ni = @i (N i = gijNj) , (101)
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Tensors:

S = ∫ dτd3k {a2[ |γ′�|2 − k2 |γ |2 − ϵγa2H2 |γ |2 ]
+ϵEa4H2[ |E′�|2 − c2

Ek2 |E |2 ]

γij, Eij

+2ϵγa4H2[kEγ]}
UV: Neglect mass and mixing, keep   -dependence

of coefficients

Eij :
τ → λτ

E → λ4+ϵ+ηE/2−3sE/2 E
k → λ−1+sE kγij :

τ → λτ

γ → λ3+ϵ γ
k → λ−1 k

τ
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IR: Time-evolution. Leading order terms:

S = ∫ dτd3k {a2[ |γ′�|2 − ϵγa2H2 |γ − kE |2 ]
+ϵEa4H2 |E′�|2 }

E → const γ → k E

⟨γγ⟩ ∼ k2⟨EE⟩ ∝ δ3(…) ×
1

k3+2ϵ+ηE+5sE
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IR: Time-evolution. Leading order terms:

S = ∫ dτd3k {a2[ |γ′�|2 − ϵγa2H2 |γ − kE |2 ]
+ϵEa4H2 |E′�|2 }

E → const γ → k E

⟨γγ⟩ ∼ k2⟨EE⟩ ∝ δ3(…) ×
1

k3+2ϵ+ηE+5sE

Matches the

eq. (64). The full set of independent slow-roll parametrs in the model under consideration thus
consists of the three ✏’s, constrained by (66), plus the corresponding ⌘’s, which are free.

Finally, for notational purposes, we introduce the following combination of independent slow
roll parameters:

B ⌘ �2
✏�
p
✏E

⌘ B?

✓
⌧

⌧?

◆�⌘�+⌘E/2

, (67)

with B? ⌘ �2✏�?(✏E?)�1/2.

Having made the above qualifications, we are ready for a closer discussion of the dynamics
of the various helicities in gaugid inflation.

4.2 Tensors

As already remarked above, the symmetry breaking pattern at hand does allow a mass term
for the physical graviton, which is explicit in the quadratic action for tensor perturbations,
eq. (50). Notice also the peculiar normalization of Eij, whereby its kinetic term appears with
an extra (strongly time-dependent) factor of a2 compared to the graviton’s kinetic term.9 This
is a consequence of the approximate invariance under internal rescalings of the gauge fields
AI

µ ! �AI
µ, which in combination with diffeomorphisms leads to approximate symmetry under

{xi
! �xi, a ! ��1a, Eij ! �Eij}, left unbroken by the background solution. The only

explict souce of breaking of this approximate symmetry is the weak dependence of P (X) on
hXi = 24 · a�4, which implies a weak time dependence of all slow roll parameters.

It is now convenient to switch to conformal time and to canonically normalized helicity-2
fields:

�ij !
2

aMPl
�c
ij , Eij !

2

a2MPlH

1
p
✏E

Ec
ij . (68)

By eq. (60) and by the definitions of the various ✏’s and ⌘’s, the action for the tensor modes
(50) is then written at leading order in the slow roll parameters as
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Z
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ijE
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p
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✏ijk@kE
c
il�

c
lj

�
(69)

where a prime stands for derivation with respect to conformal time. It is convenient to work in
momentum space and expand in helicity eigenstates 10

9All other quantities in the lagrangian such as the various speeds of sound and the slow-roll parameters are
only weakly time dependent on the quasi-dS spacetime under consideration.

10Given the helicity operator s||ij ⌘ ik̂l"lij , the polarizations eigenstates ✏sij(~k) are defined by [s||, ✏
±] = ±2✏±.

This property further implies transverse tracelessness, ki✏sij = ✏
s
ii = 0, and reflection hermiticity, ✏s(~k)? = ✏

s(�~k).
The latter property, given the hermiticity of the spacetime fields, implies �

†
s(⌧,~k) = �s(⌧,�~k).
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�c
ij(⌧, ~x) =

Z
d3k

(2⇡)3

X
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✏sij(~k) �s(⌧,~k) e
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Ec
ij(⌧, ~x) =

Z
d3k
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X
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i~k·~x .

(70)

In terms of the helicity eigenstates, �± and E±, the tensor action (69) reads in momentum-space

S(2)
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i�
.

(71)

To avoid notational clutter, we have suppressed time dependence on the momentum modes and
we have used the definition in (67).

The action (71) describes four modes in total. However, fields of different helicity do not
mix and can be treated separately. Their equations of motion are

d2

dz2
�± +

✓
1�

2 + 3✏� 2✏�
z2

◆
�± ±

B

z
E± = 0 , (72)

d2

dz2
E± +

✓
c2E �

6 + 5✏+ 5⌘E/2

z2

◆
E± ±

B

z
�± = 0 , (73)

where we have defined z ⌘ �k⌧ . Unbroken parity translates into invariance of the system
(72)-(73) under �±(~k) ! �⌥(�~k) and E±(~k) ! �E⌥(�~k).

In appendix B we give a detailed account of the quantization procedure for the system (71)
on quasi-de Sitter space. The (momentum-space) fields of a given polarization are collected
into two doublets �±↵ = (�±, E±)T , and each doublet is in turn expanded into two ‘eigenmodes’
�±↵ = �(1)

±↵ + �(2)
±↵, where

�(n)
±↵ = f (n)

±↵ (⌧,~k)a±n(~k) + f (n)
±↵ (⌧,~k)

⇤a†±n(�~k) . (74)

Here a±n and a†±n are the corresponding annihilation/creation operators. The mode functions
f (1)
± and f (2)

± solve the system in eqs. (72, 73). They can be chosen such that f (n)
�↵ = P↵�f

(n)
+� ,

where P↵� = diag(1,�1) represents parity. Furthermore, provided they also obey certain or-
thonormality conditions spelled out in Appendix (B), the canonical commutation relations read

[a±,m(~k), a
†
±,n(~p)] = (2⇡)3�(3)(p� k)�mn , [a±,m(~k), a±,n(~p)] = [a†±,m(~k), a

†
±,n(~p)] = 0 . (75)

For cE < 1, one can choose modes with the following early time asymptotics

f (1)
± (z ! 1) =

✓
eiz
p
2k

, 0

◆T

, f (2)
± (z ! 1) =

 
0, ±

e�ik
R
d⌧cE(⌧)

p
2cE(⌧)k

!T

. (76)
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corresponding to purely gravitational and purely gaugid Bunch-Davies excitations.

At time ⌧ , the two-point function for the graviton’s ‘+’ polarization reads:

h�c
+(⌧,~k) �

c
+(⌧, ~k

0)i = (2⇡)3�3(~k + ~k0)
X

n

��f (n)
+1 (⌧,~k)

��2 ⌘ (2⇡)3�3(~k + ~k0)P+
� , (77)

and similarly for the ‘�’ polarization, with P�
� = P+

� due to parity. The dimensionless tensor
spectrum is thus given by

�2
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k3
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✓
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aMPl
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� + P�

�

�
=

k3
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✓
2

aMPl

◆2

P+
� , (78)

where the second factor turns the canonically normalized fields into the physical ones.

Evaluating the h��i two-point function at the end of inflation (⌧ = ⌧f ) thus boils down to
evaluating the mode functions f (1)

+ and f (2)
+ , with the initial conditions given in eq. (76) (f (1)

�
and f (2)

� are then automatically obtained via a parity transformation). To put it another way,
we have to solve the system (72)-(73) for �+, with the following two sets of initial conditions:
{�+

z!1
�! eiz/

p
2k, E+

z!1
�! 0} and {�+

z!1
�! 0, E+

z!1
�! e�ik

R
d⌧cE(⌧)/

p
2cE(⌧)k}. We will

see that the contribution of the first of the mode functions (f (1)
+ ) to the amplitude of the B-

mode power spectrum is at most of the order of the standard single field result (3), while
the contribution of the second mode function (f (2)

+ ) is parametrically larger. This results in a
potentially significant enhancement of the primordial tensor spectrum. For these reasons, we
will refer to the first and the second modes as the ‘small’ and ‘large’ modes respectively.

One can easily understand the origin of the enhancement of the gravitational waves by
looking at the helicity-2 action (50), before canonically normalizing the fields. As we pointed out
in section 4.1 the residual symmetry �̃(2) forces the non-derivative part of the quadratic graviton
lagrangian to have the form in eq. (58), whose variation with respect to �ij is proportional to

�̃ij ⌘ �ij �
✏ikl@kElj + ✏jkl@kEli

2
= �ij �

bij + bji
2

, (79)

which at large wavelengths precisely corresponds to the physical anisotropy perceived by local
observers. Furthermore, and as we already argued in section 4.1, given the graviton mass is
positive, � evolves in such a way that the anisotropy (that is the quantity in eq. (79)) slowly
decays in time. Schematically,

�
z!0
�! @E. (80)

This is the situation as concerns classical fluctuations, but @E also receives contributions
from quantum fluctuations at all comoving wavelengths. During inflation these get constantly
stretched to superhorizon scales, eventually freezing out and sourcing the gravitational waves
according to eq. (80). Modes satisfying eq. (80) are not observable as long as they are outside
the horizon, but, like for all quantum fluctuations from inflation, we will eventually be con-
cerned with the observable consequences after they re-enter the horizon. Now the crucial point
here is that the gaugid’s physical excitations are characterized by a scale, smaller than MPl, so
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that they undergo stronger quantum fluctuations than gravitons do. In particular, inspection
of the E kinetic term in (50) (see also eq. (61)) makes it clear that the quantum fluctuations
in this mode are enhanced by a factor of ✏�1/2

E (in suitable units, to be specified below). As
implied by eq. (80), these large quantum E-fluctuations, once frozen out, source a spectrum of
super-horizon gravitational waves with amplitude

h��i ⇠
H2

M2
Pl✏E

. (81)

The rest of the present section will be devoted to fixing the remaining factors in this formula.

The large mode

We now show that the large mode generates a dominant contribution of the form (81) to the
amplitude of the primordial tensor spectrum. To this end, we need to solve the system (72)-(73)
for �+, with the following initial conditions

�+
z!1
�! 0 , E+

z!1
�!

e�ik
R
d⌧cE(⌧)

p
2cE(⌧)k

. (82)

The non-trivial profile of �+ is entirely due to the mixing with E+ (in the absence of this mixing
�+ would vanish at all times with the given initial conditions).

For the rest of the argument, we will rely on perturbation theory in the small mixing
parameter B ⇠ ✏�/✏

1/2
E . This parameter is at most of the order of ✏1/2� , but can be smaller,

consistently with stability of the theory, see eq. (66). We will argue, in particular, that E+

evolves practically independently of �+ at all times, being well-approximated by the B = 0

solution of (73). To the linear order in all slow-roll parameters, this solution reads

E+ =
⇣
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sE?

2

⌘
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⇣⇡z
4k

⌘1/2
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cE(⌧)(1+ sE?)z

�
, ⌫E =
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2
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1

2
⌘E?+

5

2
sE?, (83)

where H(1)
⌫E is the Hankel function of the first kind and we have appropriately normalized E+

to match onto the early time asymptotics (82).

One can straightforwardly verify that this expression indeed provides a good approximation
to the exact solution of the system (72)-(73). In particular, focussing first at early times (z � 1),
the E+ profile in (83) sources a non-trivial �+, which to the leading order in slow-roll takes the
form

�+
��
z�1

= �
B?

p
2cE?k (1� c2E?)

eicE?z

z
. (84)

Plugging this expression back into eq. (73), one can easily show that there is no significant
backreaction on the early-time dynamics of gaugid’s helicity-2 perturbations: the correction to
the zeroth-order solution (83) scales as �E+/E+|z�1 = O (B2

?/z).

Next we explore the late-time dynamics of the system. The z ⌧ 1 asymptotics of (83) read

E+

��
z⌧1

= �
3

p
2kc5/2E?

1

z5sE?/2
?

1

z2+✏?+⌘E?/2
, (85)
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where z? ⌘ �k⌧?. Plugging this expression for E+ into (72) yields at late times

d2�+
dz2

�
2 + 3✏� 2✏�

z2
�+ �

3B?
p
2kc5/2E?

1

z⌘E?/2+5sE?/2�⌘�?
?

1

z3+✏?+⌘�?
= 0 , (86)

where we have used eq. (67). The general solution to this equation is readily found:

�+ =
3B?

2
p
2kc5/2E? ✏�?

1
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1
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+C+z

�+ +C�z
�� , �± =

1± (3 + 2✏? � 4✏�?/3)

2
, (87)

where C+ and C� are the two integration constants, which can in principle be determined by
matching onto the early-time dynamics.

In solving the system (72)-(73), we have not yet used the explicit expression for the mixing
parameter B in terms of the independent slow-roll parameters (recall that B / ✏�/✏

1/2
E ). Imagine

for a second, therefore, that B is an independent parameter and note the divergence of the first
term in eq. (87) in the limit ✏� ! 0, while keeping B nonzero. However, at finite z, the
original equations (72)-(73) and the approximation (86) are perfectly regular in this limit: this
singularity should then be spurious and be removed, at finite values of z, once the boundary
conditions are imposed. 11 This requirement alone automatically fixes the leading pieces in the
expansion of C+ and C� in the slow-roll parameters :

C+ = O(1), C� = �
3B?

2
p
2kc5/2E? ✏�?

1

z⌘E?/2+5sE?/2
?

+O(1) . (88)

The C+ mode decays outside the horizon, so we will discard it from now on. Up to higher-order
corrections in the ✏ and ⌘ parameters, the late-time asymptotics of �+ for the large mode thus
read

�+ = �
3

p
2kc5/2E? ✏

1/2
E?

1

z⌘E?/2+5sE?/2
?

1

z1+✏?

�
1� z2✏�?/3

�
, (89)

where we have made use of the explicit expression for B? in (67). In this form it becomes evident
that �+ vanishes in the limit ✏� ! 0, where the mixing between the two helicity-2 fluctuations
disappears.

One can already see that the expression (89) for the out-of-horizon profile of the graviton con-
firms our expectations, discussed around eqs. (79)-(81), concerning the sourcing of gravitational
waves by the gaugid’s helicity-2 mode. First of, notice the enhancement of the wavefunction
by a factor of ✏�1/2

E , in agreement with (81). Furthermore, the first term in (89) describes a
constant profile for the physical graviton (see eq. (68)), sourced by the frozen out-of-horizon E+

modes. The second term, on the other hand, describes the slow dilution of physical anisotropy
due to the graviton mass, m2

� = 2H2✏�, as discussed before eq. (80).

11The origin of the apparent singularity in eq. (87) is associated with the fact that the source term in (86)
has a scaling with z that resonates with one of the solutions of the homogeneous equation. However we phys-
ically expect a resonance should not give rise to singularities over short enough times, in line with our more
mathematical argument that the solutions of (86) should display no singularity in ✏� at finite z.
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The profile (89) for �+ leads to negligible backreaction once plugged back into the E+-
equation of motion (73). Indeed, the source term in the resulting equation, being of order
O (B2z�2), is O(B2) with respect to the unperturbed solution at horizon crossing z = O(1),
while it is even more negligible at late times compared to leading terms that grow like O (z�4).
This means in particular, that there is no resonant effect similar to the one that arises in
E+-sourcing of the gravitational waves. The leading effect therefore originates from effects at
horizon crossing and corresponds to an O(B2) correction to the asymptotic behaviour of E

given in eq. (85). In turn this will similarly, and negligibly, modify (88) by effects of relative
size O(B2).

From the above discussion it is clear that the �+ backreaction on the dynamics of the gaugid’s
helicity-2 mode is small (O(B2)) at all values of z. We have explicitly verified this fact via a
numerical integration of the system (72)-(73).

The perturbative expansion in the small mixing parameter B is thus at work as far as the
large mode is concerned. Next we explore the status of perturbation theory for the small mode.

The small mode

Evaluating the contribution of f (1)
+ to the primordial B modes amounts to solving the system

(72)-(73) for �+, with the following initial conditions:

�+
z!1
�!

eiz
p
2k

, E+
z!1
�! 0 . (90)

In line with the anticipated perturbative expansion in the small mixing parameter B, we expect
E+ = O(B) at all times, while �+ is given by the following expression

�+ = ei(2⌫+1)⇡/4
⇣⇡z
4k

⌘1/2

H(1)
⌫ (z) + ��+ , (91)

where ��+ = O(B2). Here ⌫ ⌘ 3/2 + ✏1/3, and the solution has been appropriately normalized
to match onto the Bunch-Davies initial condition for �+.

To compute the correction term in (91), consider first the early-time (z � 1) dynamics of
the system. With the initial conditions set by eq. (90), the non-trivial E+ profile is entirely
due to the mixing with the graviton, and for z � 1 it becomes

E+

��
z�1

⇡
B

p
2k(1� c2E)

eiz

z
. (92)

Plugging this expression back into the equation for �+, one finds

��+ ⇡ �i
B2

2
p
2k(1� c2E)

eiz

z
. (93)

The corretion to �+ due to mixing with the gaugid’s helicity-2 excitation is indeed small at
early times, ��+ = O(B2/z).
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The late-time dynamics is more subtle, however. Indeed, according to (91), the zeroth-order
graviton wavefunction grows like

�+ ⇡
i

p
2k

1

z1+✏1/3
(94)

in this regime. When plugged into the E+ equation of motion (73), this acts as a source, giving
rise to the following late-time profile

E+

��
z⌧1

⇡ i
B

6
p
2k

1

z✏?�2✏�?/3
+D+z

+ +D�z
� , ± =

1± (5 + 2✏? + ⌘E?)

2
. (95)

Here D± are the two integration constants. One generically expects the corresponding modes
to be both excited at horizon crossing z ⇠ 1, with amplitudes D± ⇠ B.

Perturbation theory is only at work if (95) does not lead to a significant backreaction on
�+ when plugged back into (72) as a source. For z ⌧ 1, it is clear that the first two terms in
(95) have no effect on the late-time dynamics of the graviton. The last term, however, scales as
z�2�✏?�⌘E? , and we have seen that this is precisely the kind of scaling that results in a resonant
enhancement of the gravitational waves ouside the horizon. Going through the same analysis
as for the large mode, we thus have

��+
�+

��
z⌧1

⇠
BD�

✏�
⇠

B2

✏�
= 4

✏�
✏E

. (96)

This can be considered a small perturbation only for ✏E � ✏� (recall that this part of the param-
eter space is allowed by stability constraints (66)). Otherwise, the effects from the backreaction
of E+ on the late-time dynamics of �+ are O(1).

However, even when ✏E ⇠ ✏�, and the contribution of the backreaction on the small mode
cannot be computed by treating the mixing B as a perturbation, it remains true that the
contribution of this mode to the primordial spectrum of gravity waves remains of the standard
magnitude �2

t ⇠ H2/M2
Pl. This observable is therefore fully dominated by the large mode,

which we have been able to compute reliably in perturbation theory. For that reason, we will
discard the sub-dominant small mode from now on.

Using (89) as well as the relation a(⌧) = a(⌧?) (⌧?/⌧)
1+✏? in eq. (78), one can straightfor-

wardly evaluate the expression for the tensor power spectrum at the end of inflation ⌧ = ⌧f .
We will reproduce the result for the two limiting cases of a not-so-small ✏� as well as a very
small one, ✏� ⌧ N�1

e ⇡ 1/60. The primordial B mode spectrum takes the following form in
these limits:

�2
t (⌧f ) =

8
>>><

>>>:

18

⇡2

H2
?

M2
Pl

1

c5E?✏E?

1

(�k⌧?)2✏?+⌘E?+5sE?
, ✏�Ne ⇠

> 1

8

⇡2

H2
?

M2
Pl

✏2�?
c5E?✏E?

1

(�k⌧?)2✏?+⌘E?+5sE?
log2(�k⌧f ), ✏�Ne ⌧ 1

(97)

Assuming for concreteness that ✏�Ne ⇠ 1, we have:

�2
t ⇠

H2
?

M2
Pl

1

c5E?✏E?
. (98)
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This exceeds (especially for a somewhat suppressed cE?) the standard single-field result (3) by
a large factor c�5

E?✏
�1
E?.

One may wonder to what extent is such an enhancement of the tensor modes in gaugid
inflation compatible with the current limits on the tensor-to-scalar ratio. We will see below
that the spectrum of scalar perturbations is given by a similar expression in the model at hand

�2
s ⇠

H2
?

M2
Pl

1

c5T?✏?
. (99)

For a somewhat small cT compared to cE, the tensor-to-scalar ratio is thus easily suppressed
beyond the observational upper limit. Another possibility for suppressing gravity waves relative
to scalar CMB fluctuations is to have ✏� ⌧ N�1

e .

The tilt of the tensor spectrum can be readily read off eq. (97):

nt =

8
<

:

� 2✏? � ⌘E? � 5sE?, ✏�Ne ⇠
> 1

�
2

Ne
� 2✏? � ⌘E? � 5sE?, ✏�Ne ⌧ 1

(100)

where sE has been defined in (65). In both of the above limits one expects a percent-level
tensor tilt, nt ⇠ N�1

e , which appears to be a genuine prediction of the theory. For all slow-roll
parameters smaller than N�1

e , the tensor spectrum is red-tilted, while in a more general case
both signs of nt are possible.

One last comment concerns the amount by which the �+ spectrum (97) evaluated right
before the end of inflation varies by the time the CMB modes reenter the horizon. We will
return to this question in section 5. Generically, the predictions for the primordial tensor and
scalar spectra are expected to be more sensitive to the details of reheating in the model at hand,
than they are in more ordinary theories of inflation. We will nevertheless argue, that at least
in the case that reheating happens fast, i.e. within a single Hubble time, the asymptotic tensor
spectrum is reproduced by (97) to a good approximation.

4.3 Scalars

The scalar sector of gaugid inflation consists of a pair of dynamical degrees of freedom. Im-
portantly, these have opposite parity with respect to the unbroken symmetry under inversion
of spatial coordinates: ↵ is parity-odd, while T is parity even. In the parity-symmetric theory
at hand, this results in a complete decoupling of the former field both from the metric and
from the parity-even mode at the quadratic order in the perturbation lagrangian, making the
primordial scalar spectrum sensitive to T alone.

To compute the action for T we must first solve the contraints associated to the non-
dynamical fields. By parity, the only fields that can affect the action for T must also be scalars.
In the spatially flat slicing gauge, the only such fields reside in in the lapse and the shift variables

N = 1 + �N , Ni = @i (N i = gijNj) , (101)
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