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Challenges in early universe cosmology

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: CMB-S4 & others
looking for B-modes,
Neff , ...

Relics from the early
universe

baryon number
Primordial Black Holes
Intergalactic magnetic fields

Stochastic GWs:
NANOGrav, LISA, CE, ...
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Gravitation waves: a different window to new physics

LIGO-Virgo discovery of GWs from BH
mergers (2016)
⇒ GW astronomy is born

Pulsar Timing Arrays find compelling
evidence for stochastic GWs (2023)
⇒ Is it astrophysics (e.g. BHs) or hints of
new particle physics / cosmology?

Necessary to evaluate the potential of GWs
for discovering (hints of) new physics (e.g. DM)

⇓

Correlated observables
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Fate of rolling scalars
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inhomogeneous Tµν
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Motivation

Questions:

Are there simple models that produce observable GW’s?

What else do they predict?

Theoretical motivation:

A plethora of scalar fields expected (e.g. axions, moduli)

Some of them light w.r.t. the inflaton

Inflationary dynamics can (will) displace them from their
minimum

√
⟨ϕ2⟩ ∼ Hinfl/λ

1/4,H2
infl/mϕ

While frozen at early times, they roll when H ≲ meff
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Results
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Cui & EIS, arXiv:2310.13060 [hep-ph]
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Results

Model mϕ (eV) g σ (eV) λχ νGW(Hz) ΩGW

A 10−13 10−75 - - 10−9 10−10

A∗ 108 10−36 - - 100 10−9

B 10−13 - 10−52 10−75 10−9 10−9

B∗ 10−2 - 10−30 10−53 10−3 10−9

B∗ 108 - 10−10 10−33 102 10−9

λϕ g σ (eV) λχ νGW(Hz) ΩGW

C 10−35 - - - 100 10−11.5

D 10−79 10−79 - - 10−9 10−12
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Results

Reminder on models:

VA =
m2
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Wide range of GW frequency ⇒ Wide range of new physics scale
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Wide range of GW frequency ⇒ Wide range of new physics scale

e.g. Dark Matter candidate & potential source of PTA signal
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Complementary phenomenology: Dark Matter

After parametric resonance shuts off (at Tend) for massive and
stable ϕ field, residual ϕ condensate can act as dark matter.

Ωϕ,0 ≡
ρϕ,0
ρtot,0

=
1
2m

2
ϕϕ

2
end

3M2
PlH

2
0

g∗,0
g∗,end

(
T0

Tend

)3

Benchmark: mϕ ∼ 10−13 eV
νGW ∼ nHz , ΩGW ∼ 10−9

Potential DM candidate &
source of PTA signal

Wave-like DM has distinct
signatures
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Complementary phenomenology: Dark Radiation

Extra relativistic degrees of freedom are constrained by the CMB,
currently at |∆Neff | ≲ 0.29.

We have two extra sources of ∆Neff : GW’s and massless fields.

GWs:
ΩGW,0h

2

Ωγ,0h2
= 7

8

(
4
11

)4/3
∆Neff ⇒ ∆Neff ≃ 104ΩGW,0

Negligible contribution for ΩGW,0 ≲ 10−9 ⇒ ∆Neff ≪ 0.01

∆Neff = 4
7αξĝ∗

(
g∗
ĝ∗

)4/3 ( ĝ∗,osc
g∗,osc

)1/3

Estimate: α ∼ 10% ⇒ ∆Neff ∼ 0.1 and
α ∼ 1% ⇒ ∆Neff ∼ 0.01
example for Model B with mϕ ∼ 10−13eV and nHz GWs,
α = 1% leads to ∆Neff = 0.016

Safe for now, detectable with CMB-S4
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Neutrino phase shift

Free-Streaming Neutrinos and Their Phase Shift
in Current and Future CMB Power Spectra

Gabriele Montefalcone,F Benjamin Wallisch,˝,⌥,F and Katherine FreeseF,˝,⌥

F Texas Center for Cosmology and Astroparticle Physics, Weinberg Institute for Theoretical
Physics, Department of Physics, The University of Texas at Austin, Austin, TX 78712, USA

˝ Oskar Klein Centre, Department of Physics, Stockholm University, 10691 Stockholm, SE

⌥ Nordita, KTH Royal Institute of Technology and Stockholm University, 10691 Stockholm, SE

Abstract
The cosmic neutrino background and other light relics leave distinct imprints in the cosmic
microwave background anisotropies through their gravitational influence. Since neutrinos decoupled
from the primordial plasma about one second after the big bang, they have been free-streaming
through the universe. This induced a characteristic phase shift in the acoustic peaks as a unique
signature. In this work, we constrain the free-streaming nature of these relativistic species and
other light relics beyond the Standard Model of particle physics by establishing two complementary
template-based approaches to robustly infer the size of this phase shift from the temperature and
polarization power spectra. One template shifts the multipoles in these spectra, while the other
novel template more fundamentally isolates the phase shift at the level of the underlying photon-
baryon perturbations. Applying these methods to Planck data, we detect the neutrino-induced
phase shift at about 10‡ significance, which rises to roughly 14‡ with additional data from the
Atacama Cosmology Telescope and the South Pole Telescope. We also infer that the data is
consistent with the Standard Model prediction of three free-streaming neutrinos. In addition, we
forecast the capabilities of future experiments which will enable significantly more precise phase-
shift measurements, with the Simons Observatory and CMB-S4 reducing the 1‡ uncertainties to
roughly 4.3% and 2.5%, respectively. More generally, we establish a new analysis pipeline for
the phase shift induced by neutrinos and other free-streaming dark radiation which additionally
o�ers new avenues for exploring physics beyond the Standard Model in a signature-driven and
model-agnostic way.
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∆Neff = O(0.01) is essential for these
models.
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Affleck-Dine Baryogenesis

Problem: η ≡ nb−nb̄
nγ

≃ 6× 10−10

Answer by Affleck & Dine (1985):
A complex scalar field carrying baryon number

V (Φ) = λΦ|Φ|4 +m2
Φ|Φ|2 − A(Φn +Φn

∗)

Do GWs offer a detection channel?
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Between the SM hammer and the GW anvil

For Φ to decay to baryons
(before BBN), it is subject
to kinematic conditions:
mΦ ≳ 2 GeV, mχ ≳ 1 GeV

For Φ asymmetry to be
transferred to SM leptons
via N before the EWPT
mΦ > 2mN≳ O(0.1) GeV

νGW ∼ 30
√

mΦ/GeV Hz,
detectability νGW ≲ 100 Hz
⇒ mΦ ≲ 10 GeV
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A narrow range of masses & GW frequencies,
right at the heart of CE & ET ⇒ Testable prediction
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Baryon Isocurvature

The angular direction has fluctuations

⟨δθ2⟩ ∼ 1
4π2

H2
I

M2
Pl

⇓

Baryon Isocurvature
The ratio between isocurvature and

adiabatic power is
αII ∼ n2r ∼ 3n2 × 10−3. (Starobinsky)
From Planck: αII < 3.9× 10−2 with

tighter limits from ACT.

Room for constraints - discovery using CMB-S4 (to appear)
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Summary

Simple spectator scalar fields ⇒ observable GWs

Model-dependent: viable DM model –possible PTA connection

Constrainable Neff with CMB-S4: Correlated signal

Make Φ complex ⇒ AD baryogenesis

GWs with frequency O(10− 100) Hz ⇒ target for CE, ET

New physics scale O(0.1− 10) GeV ⇒ lab searches

isocurvature constraints AD-type models

⇓ ⇓ ⇓

CMB-S4 needed to make sense of stochastic GW signals
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