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Standard Cosmology (SC):

 Period of inflation, reheating
» Radiation domination (RD) follows until BBN (and later, until radiation-
matter EQ)
» Dark matter (DM) production takes place between inflation and BBN
* Axion: misalignment mechanism
* WIMP: freeze-out or freeze-in

Most studies of DM production, properties and prospects for discovery assume SC

There are many possible alternatives to SC Examples:
Called nonstandard cosmology (NSC) models/scenarios  * early matter domination (EMD),
* kination

Much work in the literature

How do results for DM change in NSCs? (see bibliography)
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Axion production

* Peccei-Quinn solution to the strong CP problem

* Axion a: pseudoscalar

* Equation of motion: 6+ 3H(T)0 + my(T)? sind =0 0 =a/f,
* picks up mass at Toep
Ma, T <Taco 1
- 4 (T)z
ma(T)_{ma(Tc;?D) » TZTacp ma(T)= . fa
* Misalignment mechanism
O o4

H > mga: 6 =~ 6;= const.

HNma

- initial misalignment angle

- Coherent axion oscillations start at T,
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Axion as DM:
standard QCD window:
~10%eV < m, < ~10%eV
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Simple NSC scenario

Consider:

 Some new scalar field 925
* |t dominates the energy density over some period between inflation and BBN (EMD)

* |t decays into Standard Model (SM) degrees of freedom prior to BBN

Equation of state

we = Py/pg

py < R~

New opportunities for axion dark matter searches in nonstandard
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Region 1

R<Heq

Region 2

Req<R<Rc

Region 3

Re<R<Rgpg

- Fields evolution: pra o< R_4, Py < R—AB

- Domination: radiation  H « R—2
the universe expands as standard cosmology.

- Entropy: conserved | H « T2

-Domination: ¢ Hx R~
faster expansion

- Entropy: conserved
mild dependency

* Domination: ¢
but ¢ decays start to affect radiation: prg o R—8/2

- Entropy: not conserved
stronger dependency
H does not depend on 8

Ho T4
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Effects of NSC on axion production via misalignment mechanism

1. From H(T)> H(T)5¢

H( Tosc) — ma( Tosc)

Tosc lower than in SC

— increase in axion energy density

2. From entropy injection to SM plasma (for g < 4)
- dilution of axion density

Pa(TO) = Pa( TOSC)

Mma

s(To) _ S(Tax)

Ma( Tosc) S(Tosc) 7

7= S(Tor)’

The dilution factor is a function of NSC parameters,

depending which region the axion starts to oscillate
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> For B <4

* Competition between both effects

* Dilution factor is stronger Qgsc(ma) < Qgc(ma)
— Lower mass values open up, below the standard QCD window
» For >4

* No entropy injection
* Onlylower Tposc QQSC(ma) > ch(ma)

=) Larger mass values open up, above the standard QCD window

M. Venegas
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SC: 107 %eV<m, <107 5eV.

=3 107%eV<m, <10 %eV =6 10°eV<m,<102eV
f=2. 107"%eV<m,<10%eV 3=8 107eV<my<6eV.
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https://github.com/cajohare/AxionLimits
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WIMP DM Production in NSCs

e Thermal: freeze-out

* Non-thermal: freeze-in, .... v

Both are sensitive to thermal history of the Universe = .- —

And not only WIMP mass and interactions g o e V,
Focus on freeze-in: 1 ' =T

Number density of DM depends on:

* Process that produces them

* The evolution of the plasma temperature
* The expansion rate of the Universe H

The DM abundance depends on:
e The DM number density, AND
 The photon number density

Effect: significantly altered, often strongly relaxed parameter space
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Freeze-in of fermionic DM in NSC

Frozen-in fermionic singlet dark matter in non-standard cosmology
with a decaying fluid, P. Arias, D. Karamitros, LR, JCAP 05 (2021) 041

* DM is produced from some scalar field S
* Sdecays S — xx
* Sscattering SS — yx

e Boltzmann equations Yy=mny/s

dlogYy {S = xxt +{55 = xx}
———- = 0p X
dlog i Hgn,
0<F1<1
=~ . 1
Hg (1 I's po ) ! dlogS [ dlog N,
H H 3sT dlog Lui \ dlog L

1<F><8/c
<7238/ F3<1

* EMD significantly alters DM production
* The relic density is lower than in SC (dilution)
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Ling = —%" S (xx + x™x")

* Sremains in thermal equilibrium via
interactions with Higgs boson
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Allowed:

e Blue: SC
* Green: NSC
Forbidden:
* Gray:noFl
e Red: LSF
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* NSC: dilution of relic density opens up much larger values of 7/,
* Also relaxes large scale formation (LSF) bound
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To take home:

» Standard cosmology is the simplest choice but by no means a unigue one
» Many nonstandard cosmology scenarios exist

» In NSC implications for observable quantities can be large

» Simple NSC cases of early matter domination by some scalar field
was presented here:

» Axion DM produced via misalignment mechanism:
mass can be much less, or much more than standard QCD window
» Fermionic DM produced via freeze-in:

Significantly larger parameter space (larger Yukawa coupling)
- Implication for better prospects for direct detection
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