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Cosmology is Broadly Sensitive to FIPs

* Long time scales and high densities compensate for weak interactions.

e Cosmic microwave background and large-scale structure surveys are and will
be providing interesting bounds, both leading and complementary.

* Sensitive to both hot (thermal) and cold (non-thermal) populations.
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Efficient Production in the Universe

Light particles can be efficiently produced in the extreme environments studied in
astrophysics and cosmology.
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Stellar cooling Supernovae Early universe

At ~ 105 At ~ 105 At <1s
n~T3 ~ (1keV)’ n~ T3 ~ (10 MeV)? n~T3> (1MeV)’

Above 10* GeV, (early universe) cosmology beats astrophysics.

——>» Probe particle physics and the history of the universe.
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CMB Maps and Power Spectra
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Planck Collaboration (2018)



Some Large-Scale Structure Observables

Weak lensing
Lyman-a forest

Galaxy clustering
12p

SDSS and A. Slosar

13

Galaxy clusters

200

NASA, ESA and M. Brodwin




Some Targets and Their Driving Observables
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+ various large-scale structure observables!

CMB-S4 Collaboration (2019)
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Effective Number of Neutrinos

* Neutrinos: 41% of the radiation density in the universe

— Leave gravitational imprint, 7 /A \Y3
Pr = 1+ < ﬁ Neff P

— Can detect their energy density. 8

* Observable: “effective number of neutrinos’ N:3' = 3.044.
e.g. Akita &Yamaguchi (2020), Froustey et al. (2020), Bennett et al. (2021)
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Future Constraints from CMB and Large-Scale Structure
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— Go beyond neutrinos and probe other light relics!

Baumann, Green & BW (2018)



Future Constraints from CMB and Large-Scale Structure

0.05

0.03

0.02

— N;=10" —— N, =10® —— N, =10° —— CVL

T T T T T T T T T T T T T T T T T T T T T T T T T

- SO

| CMB-S4

E-‘z ——————————————————— _—m
Sy
S~
"‘h
-y -y
iy ™
~~-n _________________
— --- -
[
---.-===____==__ |
=
| (Uses conservative broadband marginalization.) _1
L L l L L L L I L L L l L L L L l L L L L I L L L L l 1

— Go beyond neutrinos and probe other light relics!

Baumann, Green & BW (2018)



Light" Thermal Relics

Relic density px (A) measured in terms of Nog = NoM + AN.g:

4/3
ANyg(Tp) = pPX _ 0.027 g, x ( J+,SM ) 7_4/3
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degrees of freedom

4 1

g« x = 1, = 2,... for spin-0, X 1,... gx.sm = 106.75

* Light usually refers to massless to roughly sub-eV.
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Relic density px (A) measured in terms of Nog = NoM + AN.g:
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Pu, 9«(Tr)
A A
| |
effective number of relativistic entropy production

degrees of freedom

4 1

g« x = 1, = 2,... for spin-0, 5 1,... gx.sm = 106.75

Assume:
— Negligible entropy production (y ~ 1).
— Minimal extension of the Standard Model (g.(T" > my) = g« sm).

—> AN.g > 0.027 g, x

* Light usually refers to massless to roughly sub-eV. For a detailed discussion on these assumptions and more, see e.g. BW (2018)



Light Thermal Relics
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Relic density in units of

the neutrino density

Light Thermal Relics
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Example: Axion-Like Couplings to Standard Model Fermions

General Lagrangian:

£ ==SC0 (g7 +94°)
— Ail (inL,z‘ {(Az‘ — X)) g+ (A + ) gﬂ Yr,; + h-C-) + O(¢%)

After the electroweak phase transition:

— li”% [( mj)g%; + (m; + mj)!]%Vﬂ (0F

Restrict to diagonal couplings:
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Rethermalization

For couplings to SM fermions after the electroweak phase transition:
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Rethermalization

For couplings to SM fermions after the electroweak phase transition:

72
H ~ M—pl (Hubble rate)
my T |

oL I A2 (Interaction rate)
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Remember: rethermalization at H(T') ~ T'(T)



Avoid Rethermalization Abundance

Boltzmann-suppress the rethermalization abundance by requiring the would-be

rethermalization temperature to be below the mass of the coupled SM fermion:
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Baumann, Green & BW (2016)
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Predictions for AN_¢g

Solving the Boltzmann equation, we predict:
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* Calculations for charm and bottom couplings are impacted by the QCD phase transition. Here: conservative estimate.

Green, Guo & BW (2021); cf. also D'Eramo et al.



Comparison to Astrophysical and Terrestrial Constraints

Current and upcoming CMB surveys can put complimentary and competitive constraints on
axion-fermion couplings by avoiding freeze-in:
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cf. Feng et al. (1998); Andreas et al. (2010); Bollig et al. (2020); Croon et al. (2020) Green, Guo & BW (2021)
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Example: Non-Thermal Ultra-Light Axions

* Non-thermally produced axions can contribute to dark matter and dark energy:
— standard dark energy for my < 107°% eV,
— early dark energy for my < 10747 eV,
— dark matter for my > 10727 eV.

* Gravitational ultra-light axion window: 1072 eV <my <1071 eV.

* Various observable implications, including suppression of density fluctuations
below the (comoving) Jeans scale Ay = 0.1 Mpc (my/10722eV) ™12 (1 + 2)1/4.

* Isocurvature modes are also excited if U(1) symmetry breaking before the end
of inflation.

e Coupling to photons leads to birefringence and resonant conversion.

For reviews see e.g. Marsh (2018), Grin et al. (2019), Jaeckel et al. (2022), ...



Example: Non-Thermal Ultra-Light Axions
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Cosmology is Broadly Sensitive to FIPs
* Long time scales and high densities compensate for weak interactions.

e Cosmic microwave background and large-scale structure surveys are and will
be providing interesting bounds, both leading and complementary.

* Sensitive to both hot (thermal) and cold (non-thermal) populations.

Mass (eV)
1030 1027 104 1021 101 105 1012 10° 106 103 1 108 106 109 1012 1015
| | | | | | | | | | | | | | | |
< | | | | | | | | | | | | | | | | >

DM
annihilation

Light Relics
Ultralight Neutrino Mass
Axions & Warm'DM
| - J |
Axion DM Isocurvature DM-baryon scattering

Primary CMB Low-/ CMB CMB lensing

+ various large-scale structure observables! CMB-S4 Collaboration (2019)




Thank you!

Benjamin Wallisch
benjamin.wallisch@fysik.su.se
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Avoid Freeze-Out Abundance

Suppress the freeze-out abundance from a dimension-5 coupling to massless SM particles
by requiring the would-be freeze-out temperature to be above the reheating temperature*:
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* Alternatively, weaker constraints can be derived by excluding a given freeze-out temperature. Baumann, Green & BW (2016)



Example: Constraints on the Axion Coupling to Photons

Exclusion of AN.g = 0.027 implies strong constraints on couplings to the Standard Model:
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Similar constraints apply to couplings to gluons, charged fermions and neutrinos.

Baumann, Green & BW (2016)



Example: Constraints on the Axion Coupling to Gluons

Exclusion of AN.g = 0.027 implies strong constraints on couplings to the Standard Model:
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Similar constraints apply to couplings to photons, charged fermions and neutrinos.

Baumann, Green & BW (2016)



Constraints on Axion Couplings to Matter Fields

Similar constraints apply to couplings of Goldstone bosons to charged fermions and neutrinos:

Current Constraints

Future CMB Constraints

Coupling Bound [GeV] Origin Freeze-Out [GeV]
Aee 1.2 x 101 White dwarfs 6.0 x 107
Ay 2.0 x 106 Stellar cooling 1.2 x 1010
- 2.5 x 104 Stellar cooling 2.1 x 101!
Ay 6.1 x 10°  Stellar cooling 9.5 x 1011
As 1.2 x 10° Stellar cooling 3.5 x 10%3
AV, 5.5 % 10° put —=et o 6.2 x 10°
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Are 4.4 x 108 T e 1.0 x 101
K 3.2 x 106 T = U 1.0 x 101
AA a0 1nd N0 A0 19 . 10ll

Feng et al.; Brust et al.; Hansen et al.; Archidiacono & Hannestad; ...

Baumann, Green & BW (2016)



Predictions for AN g

Predictions for the charm and bottom couplings are affected by the QCD phase transition:
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