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Inflation

(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

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

Spectral index is 5σ away from
flat

Spectral index running is small

|fNL| . O(1)

Evangelos I. Sfakianakis Can you hear an axion potential? 2/16



Smoking Guns and Holy Grails

nT S 0

r ↔ H
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Axions & Natural Inflation

A pseudo-scalar (axion) field obeys a shift symmetry that
protects the potential from UV sensitive terms (η problem)

Freese, Frieman, & Olinto 1990

A field with a shift symmetry can only couple derivatively to
other degrees of freedom

Lint ⊂
α

f
φεµναβFµνFαβ +

C

f
∂µφψ̄γ5γ

µψ

Fermions: not efficiently produced (Pauli blocking) and
quickly diluted & redshifted. However there is interesting
phenomenology, e.g. leptogenesis

Adshead, EIS 2015 (JCAP & PRL)

Adshead, Pearce, Peloso, Roberts, Sorbo 2018 & 2019

U(1) gauge fields with a Chern-Simons coupling grow
tachyonically towards the end of inflation.

Adshead, Giblin, Scully, EIS 2015 & 2016
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Spectator Chromo-Natural Inflation

S =

∫
d4x
√
−g

{
M2

Pl

2
R − 1

2
(∂φ)2 − V (φ)

−1

2
(∂χ)2 − U(χ) −1

2
Tr [F 2]− λ

4f
χTr [F F̃ ]

}
Dimastrogiovanni, Fasiello, Fujita 2016

The SU(2) fields in the configuration

Aα
0 = 0 , Aα

i = a(t)Q(t)δαi

exhibit a scalar degree of freedom Q(t)

Rotations: Aα
i → Rij

(
~θ
)
Aα
j = (δij + εijkθ

k)Aα
j

Gauge tr.: Aα
i → U(λ)AiU

−1(λ))α = (δab + εabcλ
c)Ab

j

Is this configuration stable? YES!
Maleknejad & Sheikh-Jabbari 2011
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Background evolution

χ̈+ 3Hχ̇+ U ′(χ) = −3gλ

f
HQ3 − 3gλ

f
Q2Q̇

Q̈ + 3HQ̇ + ḢQ + 2H2Q + 2g2Q3 =
gλ

f
Q2χ̇

for Λ ≡ λQ
f � 1 and mQ ≡ gQ

H & 1

Introducing ξ ≡ λχ̇

2f H

ξ ' mQ + mQ
−1 and

Q '
(
−f U′
3λgH

)1/3
, mQ '

(
−g2f U′

3λH4

)1/3

The inflaton φ is responsible for the scalar modes and defines ns .
The tensor modes in the metric (GW’s) are

ds2 = −dt2 + a2eγijdx idx j

In this case the gauge sector has a tensor mode too

Aµ = (0, a(t)Q(t)δαi + tαi (t, x))
σα
2
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Tensor fluctuations

�hij = −16πGπij
Usually we consider the homogenous solution, which is a
manifestation of quantum gravity

The inhomogenous solution is given by sources of
gravitational waves.

∂2
τγ
± +

(
k2 − 2

τ2

)
γ± = O(

√
ε)t±

∂2
τ t
± +

(
k2 +

2mQξ

τ2

)
t±±k

τ
(mQ + ξ) t± = O(

√
ε)γ±

↑
Parity violation in t±

unstable for mQ + ξ −
√
m2

Q + ξ2 < −kτ < mQ + ξ +
√
m2

Q + ξ2
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Potential types & GW templates

0.001 0.010 0.100 1 10 100
0.01

0.10

1

10

100

-�τ

|�
τ
γ
�
(τ
)|
�
|�
τ
� �
(τ
)| The GW’s are given by

P(s)
h '

m4
QH

4

π2g2M4
Pl

exp[2αmQ ]

controlled by mQ '
(
−g2f U′

3λH4

)1/3

potential type sample potential GW template

I: convex / concave U(χ) ∝ χp P(s)
h (k) ∝

(
k
k∗

)nT
II: one inflection point

[
1− cos

(χ
f

)] p
2 P(s)

h ∝ exp
[
− ln2(k/k∗)

2σ2
h

]
III: axion monodromy χp + δ cos(νχ) 1 + A sin

[
C ln( k

k∗
) + θ

]
(modulated) for p = 1 & A� 1
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Types I & II

U ∝ χp ⇒ nT = (p − 1) 2αm∗+4
∆N

p = 1

p = 1 /2

p = 3 /2

rvac = 2.5×10
-3

10 20 30 40 50
ln(k/k*)

5.×10-12
1.×10-11

5.×10-11
1.×10-10

5.×10-10
1.×10-9

h
(s)

U ∝ [1− cos(χ/f )]
p
2

Around the inflection point
the GW spectrum has a
Gaussian shape

P(s)
h ' Ah exp

[
− ln2 (k/k∗)

2σ2
h

]

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
χ/f
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h
(s)

Kobayashi, Oikawa & Otsuka 2016
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Monodromy 1/2

Consider a modulated potential U(χ) = µ4
[∣∣∣χ
f

∣∣∣p + δ cos
(κχ
δf

)]
Decompose the background quantities χ,Q, ... to extract the
oscillatory part χ = χ0 + χosc, Q = Q0 + Qosc etc.

50 40 30 20 10 0
N

3.2

3.3

3.4
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mQ
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Monodromy 2/2

Use the oscillatory background functions to compute the
power spectrum.

10 20 30 40 50
ln(k/k*)

5.×10-11

1.×10-10

1.5×10-10

2.×10-10

2.5×10-10

h

0.5 1 2 5
ω

0.05

0.10

0.15

δPh/Ph

We analytically capture the period and the modulation
amplitude of GW’s for small / intermediate values of the
modulation frequency ω = 2κ

δλξ0.

P(s)
h (k) ' H4m4

0

π2g2M4
Pl

[1 + 2(αm0 + 2)∆ · sin(ωHt)] e2αm0

Evangelos I. Sfakianakis Can you hear an axion potential? 11/16



Anticipating LiteBIRD
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P(s)
h (k) = P(0)

h

[
1+A sin(C ln k

k∗
+θ)

]
with A = 0.9, 0.3, 0.1

In principle detectable
modulation for A & 0.3
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Smoking gun

Is a blue tensor tilt a smoking
gun for String Cosmology ?
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Tensor Modes from a Primordial Hagedorn Phase of String Cosmology

Robert H. Brandenberger1),∗ Ali Nayeri2,† Subodh P. Patil 1),‡ and Cumrun Vafa 2)§

1) Dept.of Physics, McGill University, Montréal QC, H3A 2T8, Canada and
2) Jefferson Physical Laboratory, Harvard University, Cambridge, MA 02138, U.S.A.

(Dated: February 1, 2008)

It has recently been shown that a Hagedorn phase of string gas cosmology can provide a causal
mechanism for generating a nearly scale-invariant spectrum of scalar metric fluctuations, without
the need for an intervening period of de Sitter expansion. In this paper we compute the spectrum
of tensor metric fluctuations (gravitational waves) in this scenario, and show that it is also nearly
scale-invariant. However, whereas the spectrum of scalar modes has a small red-tilt, the spectrum
of tensor modes has a small blue tilt, unlike what occurs in slow-roll inflation. This provides a
possible observational way to distinguish between our cosmological scenario and conventional slow-
roll inflation.

PACS numbers: 98.80.Cq

Introduction. String gas cosmology (SGC) [1, 2] (see
also [3] for early work, [4, 5] for recent overviews, and [6]
for a critical review) is an early approach to string cos-
mology, based on adding minimal but crucial inputs from
string theory, namely new degrees of freedom - string os-
cillatory and winding modes - and new symmetries - T-
duality - to the now standard hypothesis of a hot and
small early universe. One key aspect of SGC is that the
temperature cannot exceed a limiting temperature, the
Hagedorn temperature TH [7]. This immediately pro-
vides a qualitative reason which leads us to expect that
string theory can resolve cosmological singularities [1].
From the equations of motion of string gas cosmology
[2, 8] it in fact follows that if we follow the radiation-
dominated Friedmann-Robertson-Walker (FRW) phase
of standard cosmology into the past, a smooth transi-
tion to a quasi-static Hagedorn phase will occur. In this
phase, the string metric is quasi-static while the dila-
ton is time-dependent. Reversing the time direction in
this argument, we can set up the following new cosmo-
logical scenario [1]: the universe starts out in a quasi-
static Hagedorn phase during which thermal equilibrium
can be established over a large scale (a scale sufficiently
large for our current universe to grow out of it following
the usual non-inflationary cosmological dynamics). The
quasi-static phase, however, is not a stable fixed point of
the dynamics, and eventually a smooth transition to a
radiation-dominated FRW phase will occur, after which
point the universe evolves as in standard cosmology.

Recently [9, 10] it was discovered that string thermo-
dynamic fluctuations during the Hagedorn phase lead to
scalar metric fluctuations which are adiabatic and nearly
scale-invariant at late times, thus providing a simple al-
ternative to slow-roll inflation for establishing such per-
turbations. It is to be emphasized that this mechanism
for the generation of the primordial perturbations is in-
trinsically stringy - particle thermodynamic fluctuations
would lead to a spectrum with a large and phenomeno-
logically unacceptable blue tilt.

We briefly remind the reader of the key features of
the new structure formation scenario. The Figure shows
a sketch of the space-time evolution: at early times t
(t < tR) the universe is in the quasi-static Hagedorn
phase. The physical wavelength of any perturbation
mode (characterized by having constant momentum k in
comoving coordinates) is approximately constant. The
key point is that the Hubble radius (which sets the limit
on which causal processes can locally set up fluctuations
- see e.g. [11] for a concise overview of the theory of cos-
mological perturbations and [12] for a comprehensive re-
view) is essentially infinite, thus allowing a causal mecha-
nism for the generation of primordial fluctuations. Near
t = tR, a smooth transition from the Hagedorn phase
to the radiation-dominated phase of standard cosmology
occurs. The Hubble radius decreases rapidly to take on
a minimal value which is microscopic (set by the temper-
ature at t = tR which will be close to the Hagedorn tem-
perature). Thus, fluctuation modes of relevance to cur-
rent cosmological observations exit the Hubble radius at
times ti(k) close to tR. During the radiation-dominated
FRW phase, the Hubble radius increases linearly in t,
while the physical wavelength of a perturbation mode
grows only as t1/2. Thus, at late times tf (k) the fluctua-
tion modes will re-enter the Hubble radius. Since the pri-
mordial perturbations in our scenario are of thermal ori-
gin (and there are no non-vanishing chemical potentials),
they will be adiabatic, and since they propagate on super-
Hubble scales for a long time during the FRW phase, they
will be squeezed and will lead to the same type of acous-
tic oscillations in the angular power spectrum of the cos-
mic microwave background (CMB) anisotropies as what
is produced in slow-roll inflation models.

In this Letter, we generalize our previous analysis
[9, 10] to allow us to compute, in addition to the
scalar metric fluctuations (the metric perturbation modes
which transform as scalars under spatial rotations and
which couple to matter), also the tensor modes (gravi-
tational waves). We find that the resulting spectrum of

SU(2) fields can lead to
blue-tilted tensor modes!

We did not ask for nT > 0,
it just happened . . .

We need better ballistics!
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Holy Grail

Standard Assumption:
A detection of tensor modes
reveals the energy scale of

inflation

Observable gravity waves
can be produced at a

(much)
lower inflationary scale

than naively estimated
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Experimental roadmap

First of all:
Discover tensor modes & make sure they’re truly primordial

1 Measure the tensor spectrum: scale-invariant, red or blue?

2 Measure TE , TB correlators: test parity-violating modes.

3 Measure tensor non-Gaussianity

If:

1 scale-invariant

2 non-chiral

3 Gaussian

⇒ vacuum modes

If:

1 scale-invariant or not

2 parity-violating

3 non-Gaussian

⇒ sourced primordial GW’s

If in addition we detect modulated B-modes
⇒ String Phenomenology takes off
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Thank you . . .
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