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Inflation

P = As(k/k∗)ns−1

(Simple) Single field inflation:

Solves horizon, flatness,
monopole problems

Explains fluctuations as
stretched quantum
mechanical perturbations

Predicts a nearly scale
invariant spectrum (of
tunable amplitude)

Predicts Gaussian
perturbations

Spectral index not flat by 5σ

Spectral index running is small

|fNL| ≲ O(1)
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Hints from the sky

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' � 2
N
, r ' 12

N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.

18

Upper limit on gravitational waves from inflation.
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Challenges in early universe cosmology

Inflation agrees with observations,
providing an elegant paradigm for the early universe

What we ponder:

Transition to the hot Big
Bang (reheating)

String Theory
Axions & Moduli Fields
Inflation in String Theory &

Swampland

The Standard Model and
beyond

Neutrinos
The Higgs & SM running

What we (hope to) see:

CMB: LiteBird and
CMB-S4 looking for
B-modes

Relics from the early
universe

lepton number
Primordial Black Holes
Intergalactic magnetic fields

Stochastic Gravitational
Waves in LIGO and LISA
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Natural (axion) inflation

An axion is an attractive candidate for the inflaton

⇓
A field with a shift symmetry can only couple derivatively

E/M field electrons, neutrinos, ...

LInt ⊂
α

8f
ϕϵµναβFµνFαβ +

C

f
∂µϕψ̄γ5γ

µψxy
−α
f
ϵµναβ∂µϕAν∂αAβ

From a EFT perspective, we expect these terms to be present.

Adshead, Giblin, Scully & EIS, arXiv: 1606.08474, 1502.06506

Adshead & EIS, arXiv: 1508.00891, 1508.00881
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Gauge field production

Decompose in two polarizations (+,−).

Ä±
k + HȦ±

k +

[(
k

a

)2

∓ α

f

k

a
ϕ̇

]
A± = 0

Parity violating exponential enhancement.
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Gauge Field Preheating

Coupling the axion to E/M fields can lead to explosive transfer of
energy from the inflaton.
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Reheating occurs after a single axion oscillation for α
f mPl > 45.
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From U(1) to GW’s

Gauge field production leads to the helical GW’s.
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FIG. 5. Gravitational wave spectrum observed today for various inflationary energy scales. Each curve corresponds to a
di↵erent simulation of preheating in chaotic inflation, with coupling ↵/f and inflaton mass m� labeled in the legend. In each
case, the total amount of gravitational wave production ⌦gw,0 ⇠ 10�7.

which preheating is always complete (the latter of which
is slower than the former). In the first regime the gravi-
tational wave source (parametrized by ↵ in Eq. (31)) is
growing exponentially. In the second, while the simula-
tions all completely transition to radiation domination,
gravitational waves are continually sourced by the second
phase of slow tachyonic resonance at an e�ciency which
still increases with the coupling strength.

Last, we note that, despite the complicated trend of
⇢gauge/⇢ as ↵/f increases, the inflaton condensate always
ends up depleted as the coupling increases past the critical
value where e�cient preheating is first achieved (e.g.,
↵/f ⇠ 9.6 M�1

pl for m� = 6.16⇥10�6 Mpl). Thus, in these
cases the end state of the simulations is always radiation
domination. However, the proportion of that radiation
composed of axion fluctuations varies with coupling, as
depicted in Fig. 2. Ignoring any decay channels, the
axion’s fluctuations redshift after preheating until their
physical momenta drop below their mass, at which point
they become nonrelativistic. From this point on the axion
energy density redshifts as matter. If the axion’s lifetime
is su�ciently long, its energy eventually dominates over
the gauge fields (which, being radiationlike, decay faster
than matter). Any deviation from an equation of state
of radiation, w ⌘ p/⇢ = 1/3, suppresses the gravitational
wave density observed today, ⌦gw,0h

2, relative to what the
transfer function Eq. (A16) accounts for (which assumes
the Universe was radiation dominated from the time of
emission until matter-radiation equality). In Appendix C
we demonstrate that Bose enhancement resulting from
the larger occupation numbers from preheating ensures
that perturbative decays happen quickly enough that
the Universe remains radiation dominated. As such, we
expect little to no suppression of ⌦gw,0h

2 relative to the
values we report.

B. Dependence on the shape of the potential

We now explore the dependence of our results—in par-
ticular the amplitude of the resulting gravitational wave
spectrum—on the shape of the potential during the re-
heating phase. We simulate preheating in the inflationary
models detailed in Section II A and discuss the extent to
which the results of Section V A are modified.

In Fig. 6, we plot the e�ciency of preheating and cor-
responding gravitational wave production over a range of
axion–gauge-field couplings ↵/f . We first observe that
the relationship between max ⇢gauge/⇢ and ↵/f follows
the same general trend as presented in Section V A. That
is, once ↵/f is large enough for preheating to be e�cient,
max ⇢gauge/⇢ remains roughly 90% until backscattering
e↵ects become important, at which point we observe a dip
in e�ciency. Finally, even larger couplings lead again to
a regime of strong backreaction leading to slow tachyonic
resonance, resulting in near-completely e�cient preheat-
ing. Turning to the lower panel of Fig. 6, we see that i)
depending on the coupling strength, preheating in all mod-
els can yield a net production of gravitational waves that
would be probed by CMB-S4 measurements of Ne↵ , and ii)
models with r & 10�2 are already constrained by Planck
data. While all models we study here reach a regime of
gravitational wave production detectable by future ex-
periments such as CMB-S4, for those with r & 10�2 the
entire regime of e�cient preheating could be ruled out by
a null detection of �Ne↵ .

In Fig. 7 we display the energy density in gravitational
waves today, ⌦gw,0h

2, as a function of the e�ciency of
gauge preheating, which, as above, we quantify by the
maximum fraction of energy in gauge field fluctuations
during the simulation. These results exhibit the sensi-

Adshead et al, 2020

However, the large frequency makes them
unobservable at interferometers.
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Hybrid Inflation

Multiple fields
⇓

qualitatively different behavior

Hybrid Inflation (Linde, 1994):

a slow rolling field triggers a
phase transition
⇒ destabilizes a second field
⇒ Inflation ends

1 (light) real timer scalar field

2 (heavy) complex waterfall
scalar field

V (ϕ, ψ) = V0 + m2
ψψ

2 −m2
0

[
1 −

(
ψ

ψc

)r]
|ϕ|2

Result: Large Spike at Small Scales!! (e.g. Guth & EIS, 2012)
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A hybrid2 model

An attempt to combine hybrid and natural inflation

S =

∫
d4x

√−g

[
M2

Pl

2
R −

∑
i

1

2
∂µϕi∂

µϕi −
1

2
∂µψ∂

µψ

−V (ψ, ϕi ) −
1

4
FµνF

µν − 1

4f

∑
i

ϕi
Λi

Fµν F̃
µν

]

where

V (ψ, ϕi ) = V0 + V1(ψ) − m2
0(ϕi )

2

2

(
1 − ψ2

ψ2
0

)
+

g

4
(ϕi )

4
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Waterfall Field Dynamics

ψ̈ + 3Hψ̇ + m2
ψψ = 0

ϕ̈i + 3Hϕ̇i +
[
k2

a2
+ m2

ϕ(t)
]
ϕi = 0

where

m2
ϕ(t) = −m2

0

(
1 − ψ2

ψ2
0

)

Waterfall field modes grow
exponentially
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ϕi (x⃗ , t) = ϕi (x⃗ , tc)e
∫ t
tc

dt′λ(t′)

where λ(t)
H ≃ −3
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Gauge field Dynamics

Peaked spectrum with
kpeak
aH ∼ λ

10H
H

Λi,min

MPl
H .
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Gauge field energy density ρA ∼ A2k4peak/a
4,

where A is the amplification factor.

Complete preheating requires ρinfl ≃ ρA, leading to

A ∼
(
MPl
H

)(
kpeak
aH

)2
.
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GW signals

A simple way to estimate GW production (Giblin & Thrace, 2014)

νpeakGW = 2.7 × 1010
k∗√
MPlH

Hz ,

Ωpeak
GW = 2.3 × 10−4 α2 β w

(
k∗
σ

)(
H∗
k∗

)2

.

α: fraction of the energy in the GW source relative to the
Universe’s total energy density

β:encodes the anisotropy of the source

w : EOS of the universe

k∗: peak wavenumber of the source spectrum

σ: width of the source spectrum
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Signals and experiments

IIIIIIIIIIII
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Summary

A rare realistic way to probe low-scale inflation

A simple model leading to detectable GW signals from
preheating, using axions and dark photons in a hybrid
inflation setup

Helical GW’s provide a distinguishing feature

Associated PBH production provides more correlated
observables

We thank the KITP for its hospitality.
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Primordial Black Holes & Parameter Dependence

The density perturbations spike leads to the formation of PBH’s

with M = (M2
Pl/H∗)e2N∗ and probability

βBH(M) = erfc

(
ζc√
2σ

)
≃

√
2σ√
πζc

e−ζ
2
c /(2σ

2)

H/MPl m0 Λ/H Nwf νpeakGW Ωpeak
GW MBH

10−20 6H 1018 14.2 100Hz 10−10 10−5M⊙
10−20 15H 1018 6.2 100Hz 10−10 10−13M⊙
10−24 7H 1022 14 1Hz 10−10 0.1M⊙
10−30 8H 1027 14.5 10−3Hz 10−10 105M⊙
10−30 12H 1027 10 10−3Hz 10−10 10M⊙
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Gauge field Dynamics

Maximum amplified wavenumber: kmax/(aH) ≃ (Λi ,minH)−1λϕ̇end
where ϕ̇end = λϕend ∼ λMPl,

while the peak is at
kpeak
aH ∼ λ

10H
H
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MPl
H .
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Gauge field energy density ρA ∼ A2k4peak/a
4,

where A is the amplification factor.
Complete preheating requires A ∼ (MPl/H) (kpeak/aH)2
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	Appendix

