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Introduction

Precision cosmology means precision neutrinos

Non-zero neutrino masses mean New Physics. But, what is the scale?
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Open questions

How robust will the mass measurement be?

What other physics can disguise it?
Can we probe it elsewhere?

Are we ready for surprises?

Cosmology will probably lead and shape the field in the near future.

We have to be ready!
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Introduction

How is (post-BBN) cosmology sensitive to neutrinos?

Gµν + Λgµν = 8πGTµν

δGµν = 8πG δTµν

Tµν ∼ {energy density, pressure} ∼ {energy density, equation of state w = p/ρ}

ρ̇/ρ = −3H(1 + w)
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Introduction

The neutrino mass shapes the neutrino equation of state

Ivan Esteban, Ohio State University esteban.6@osu.edu
ivan-esteban.com

6 / 14



Long-range interactions

We know that the equation of state is sensitive to long-range forces
Let’s take a simple example!

L = −mν ν̄ν − g ν̄νφ− 1
2M2

φφ
2

Relevant if
Neutrino separation . M−1

φ

Neutrinos are not extremely relativistic

a)
T �m0

b) T < m0

n >M3
φ

c)
n�M3

φ
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The technical slide

L = −mν ν̄ν − g ν̄νφ− 1
2M2

φφ
2

1 We solve the classical equations of motion. For homogeneous + isotropic,

m̃(φ) = mν + gφ

M2
φφ = −g〈ν̄ν〉 = −g

∫
d3p m̃(φ)√

p2 + m̃(φ)2
f (p)

2 Once we self-consistently obtain φ and m̃, we can compute

ρ = M2
φφ

2 +
∫

d3p
√

p2 + m̃2f (p); P = −M2
φφ

2 +
∫

d3p p2

3
√

p2 + m̃2
f (p); w = P/ρ

φ must not be Hubble-frozen: Mφ & 10−25 eV
If we want to ignore scattering, g . 10−7
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First results
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Neutrino clumps

At T < m̃, if gmν/Mφ & 10
(i.e., if there are long-range effects),
the interaction is much stronger than gravity
⇒ neutrinos form clumps that redshift as dust

See Afshordi, Zaldarriaga and Kohri; astro-ph/0506663
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Impact on CMB: Neutrino masses

EISW Silk damping
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J. Lesgourgues, G. Mangano, G. Miele,
S. Pastor, Neutrino Cosmology (2013)

For fixed θS =
∫∞

zrec
cs

dz′

H(z′)∫ zrec
0

dz′

H(z′)
,∑

mν 6= 0 has 3 main effects:

1 EISW, which directly tests the
equation of state.

2 To keep θS fixed, H0 decreases
⇒ ΩΛ decreases ⇒ less LISW.

3 θD ∼

√∫∞

zrec
1

ane σT
dz′

H(z′)∫ zrec
0

dz′
H(z′)
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Impact on CMB: Adding the interaction
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Impact on CMB: Data
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T > Trec.
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Impact on BAO

BAO approximately measure
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cs
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Constraints
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BAO more sensitive: this is late-time physics.

Neutrino mass bound fully avoided.
KATRIN could see something!

Take-home message: cosmology is a unique
laboratory, but beware of indirect
measurements!
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Conclusions and future directions

Cosmology is a unique environment to probe New Physics.
It is a blessing but also a curse, because of model dependence.
We need many cosmology observables to convince the broad community!
Cosmology will lead the neutrino mass sensitivity.
But the measurement is indirect, through gravitational effects.
This is sensitive to the equation of state.
Even the simplest model has a very interesting phenomenology,

• Non-trivial impact on many observables
• ∑mν bound can be completely avoided. I didn’t show it, but future cosmology may not measure

neutrino masses!
• Interesting lensing signal! Check arXiv:2202.04656

What about potentials for φ? Or pseudoscalars? Or vectors? Or other fermions?
We have to take the most out of complementarity,

• KATRIN?
• Are there consequences of these scenarios in laboratory/astrophysics? Sun? Supernovae?
• Are clumps detectable?
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Moving forward: impact on LSS

∑
mν 6= 0 has two main effects:

1 Small enhancement at
k ∼ 10−3 h/Mpc, due to
clustering.

2 Suppression at large k, as for
w < 1/3 neutrinos redshift
slower and contribute more to
Hubble friction.

Sensitive to energy density in
neutrinos and equation of state!

Fixed ΩM , ωCDM , ωB , As , ns , τreio. z = 0.
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Future sensitivity

T. Sprenger et al., “Cosmology in the era of Euclid and the Square Kilometre Array,” arXiv:1801.08331.
Late-time probes can efficiently explore neutrino long-range interactions.
This decade, we expect precise probes of late-time structure formation!

Scenario 1: Euclid compatible with
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Euclid should have ∼ 2–3σ sensitivity to∑
mν = 0.06 eV, the smallest value allowed by

oscillations.
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Future sensitivity

Interesting complementarity with KATRIN!
Scenario 1: Euclid compatible with
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