
Lessons for dark matter from
nonstandard cosmologies

Leszek Roszkowski

Astrocent, Nicolaus Copernicus Astronomical Centre PAS
and

National Centre for Nuclear Research

L. Roszkowski, NuDM, 25 Sept. 2022 1

AstroCeNT

• New opportunities for axion dark matter searches in nonstandard cosmological models, 
P. Arias, N. Bernal, A. Narino, D. Karamitros, C. Maldonado, LR, M. Venegas, 
JCAP 11 No 11 (2021) 003

• (Dark Matter Axions in the Early Universe with a Period of Increasing Temperature,
P. Arias, N. Bernal, J.K. Osiński, LR, e-Print: 2207.07677 ç talk by J. Osiński)

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

21-09-2022 Marcin Kuźniak – LIDINE 2022 1

Welcome to LIDINE 2022
Marcin Kuźniak

This project has received funding from the European 
Union’s Horizon 2020 research and innova<on 
programme under grant agreement No 952480



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
Called nonstandard cosmology (NSC) models/scenarios

Examples:
• early matter domination (EMD), 
• kination
• …

How do results for DM change in NSCs? 
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Much work in the literature
(see bibliography)



Axion production

Axion CDM

Introduction

Axion

Axion ! solution to the Strong CP Problem.

Peccei-Quinn Mechanism 1.

T⇠ TQCD : Non perturbative effects of QCD vacuum induce a potential to the
axion 2.
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Oscillations of the axion field around the minimum
of the potential behave as DM.
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• Peccei-Quinn solution to the strong CP problem
• Axion a: pseudoscalar
• Equation of motion:
• picks up mass at TQCD

Axion CDM

Introduction

Misalignment Mechanism

Axion production in SC: Misalignment Mechanism

The equation of motion: ✓̈ + 3H(T )✓̇ + ma(T )2 sin ✓ = 0, ✓ = a/fa

Standard Cosmology (SC): Radiation dominates the energy density of the Universe
H / T 2

H > ma: ✓ ⇡ ✓i = const.

initial misalignment angle

H ⇠ ma: Coherent axion oscillations start at
temperature Tosc

H(Tosc) ⇡ ma(Tosc)

Using entropy conservation, the energy density today is
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inversely proportional to Tosc

We want that axions
explain the total DM:

⌦a = 0.26
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• Misalignment mechanism
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- initial misalignment angle
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- Coherent axion oscillations start at Tosc
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• Axion as DM:
standard QCD window:
~10-6eV < ma < ~10-5eV
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Consider:
• Some new scalar field 
• It dominates the energy density over some period between inflation and BBN (EMD)
• It decays into Standard Model (SM) degrees of freedom prior to BBN

Simple NSC scenario

Equation of state

Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities
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dR
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Expansion rate: H =
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3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .
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radiation
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Hubble parameter

Boltzmann equations
Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

10�810�610�410�2100

T/Teq

10�25

10�20

10�15

10�10

10�5

H
[G

eV
]

SC

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

New opportunities for axion dark matter searches in nonstandard 
cosmological models, P. Arias, et al, JCAP 11 No 11 (2021) 003

Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities

d⇢�
dR

+ �
⇢�
R

= �
��⇢�
R,H

d⇢ra

dR
+ 4

⇢ra

R
=

�� ⇢�
R H

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

L. Roszkowski, NuDM, 25 Sept. 2022 6

Here and below:
M. Venegas)



Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities

d⇢�
dR

+ �
⇢�
R

= �
��⇢�
R,H

d⇢ra

dR
+ 4

⇢ra

R
=

�� ⇢�
R H

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities

d⇢�
dR

+ �
⇢�
R

= �
��⇢�
R,H

d⇢ra

dR
+ 4

⇢ra

R
=

�� ⇢�
R H

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

Axion CDM

Non Standard Cosmology

Description

NSC has 3 important regions

Region 1
R<Req

Region 2
Req<R<Rc

Region 3
Rc<R<R

end

· Fields evolution: ⇢ra / R
�4, ⇢� / R

��

· Domination: radiation H / R
�2

the universe expands as standard cosmology.

· Entropy: conserved H / T
2

· Domination: � H / R
� �

2
faster expansion

· Entropy: conserved H / T

�
2

mild dependency

· Domination: �
but � decays start to affect radiation: ⇢ra / R

��/2

· Entropy: not conserved H / T
4

stronger dependency
H does not depend on �

101 104 107 1010 1013 1016

R/Req

10�7

10�3

101

105

T
[G

eV
]

R
en

d

R
eq

R
c

1 2 3

10�310�1101103105107

T [GeV]

10�33

10�26

10�19

10�12

10�5

H
[G

eV
]

T
en

d

T
eq

T
c

1 2 3

7 / 12

L. Roszkowski, NuDM, 25 Sept. 2022 7

Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

10�2 100 102 104 106

R/Req

1013

1015

1017

�
�

(R
/R

eq
)4

[G
eV

4
]

R
(T

c)

R
(T

en
d
)

R
(T

eq
)

2 31

��

�ra

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities

d⇢�
dR

+ �
⇢�
R

= �
��⇢�
R,H

d⇢ra

dR
+ 4

⇢ra

R
=

�� ⇢�
R H

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

(M. Venegas)



Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities

d⇢�
dR

+ �
⇢�
R

= �
��⇢�
R,H

d⇢ra

dR
+ 4

⇢ra

R
=

�� ⇢�
R H

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

Axion CDM

Non Standard Cosmology

Description

New field � dominates the energy density of the universe,
at Tend (prior BBN) � decays into SM degrees of freedom with a decay rate ��.

Equation of state !� = P�/⇢�, ⇢� / R
�

�
z }| {
3(1+!�) , radiation: � = 4

�=3, Teq =1 GeV, Tend =4 MeV

Evolution of the energy densities

d⇢�
dR

+ �
⇢�
R

= �
��⇢�
R,H

d⇢ra

dR
+ 4

⇢ra

R
=

�� ⇢�
R H

Expansion rate: H =
r

⇢�+⇢ra

3M2
p

Initial condition: Teq

NSC parameters: �, Teq , Tend .

6 / 12

Axion CDM

Non Standard Cosmology

Description

NSC has 3 important regions

Region 1
R<Req

Region 2
Req<R<Rc

Region 3
Rc<R<R

end

· Fields evolution: ⇢ra / R
�4, ⇢� / R

��

· Domination: radiation H / R
�2

the universe expands as standard cosmology.

· Entropy: conserved H / T
2

· Domination: � H / R
� �

2
faster expansion

· Entropy: conserved H / T

�
2

mild dependency

· Domination: �
but � decays start to affect radiation: ⇢ra / R

��/2

· Entropy: not conserved H / T
4

stronger dependency
H does not depend on �

7 / 12

Axion CDM

Non Standard Cosmology

Description

NSC has 3 important regions

Region 1
R<Req

Region 2
Req<R<Rc

Region 3
Rc<R<R

end

· Fields evolution: ⇢ra / R
�4, ⇢� / R

��

· Domination: radiation H / R
�2

the universe expands as standard cosmology.

· Entropy: conserved H / T
2

· Domination: � H / R
� �

2
faster expansion

· Entropy: conserved H / T

�
2

mild dependency

· Domination: �
but � decays start to affect radiation: ⇢ra / R

��/2

· Entropy: not conserved H / T
4

stronger dependency
H does not depend on �

101 104 107 1010 1013 1016

R/Req

10�7

10�3

101

105

T
[G

eV
]

R
en

d

R
eq

R
c

1 2 3

10�310�1101103105107

T [GeV]

10�33

10�26

10�19

10�12

10�5

H
[G

eV
]

T
en

d

T
eq

T
c

1 2 3

7 / 12

L. Roszkowski, NuDM, 25 Sept. 2022 8

(M. Venegas)



Effects of NSC on axion production via misalignment mechanism

1. From H(T)> H(T)SC

2. From entropy injection to SM plasma (for            )
- dilution of axion density 
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Tosc lower than in SC
à increase in axion energy density
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Axion production in NSC: Misalignment Mechanism

NSC could have 2 effects on the axion production:

2. For � < 4: Due to the decay of �, there is a entropy injection1 to SM.
! dilution of the axion energy density.

⇢a(T0) = ⇢a(Tosc)
ma

ma(Tosc)
s(T0)

s(Tosc)
�

Dilution factor: � ⌘ S(Tosc)
S(Tend)

, �  1

The dilution factor can be expressed in terms of the NSC parameters depending
on which region the axion starts to oscillate.

1G.Lazarides, Dilution of cosmological axions by entropy production.Nuclear Physics B346 (1990)
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The dilution factor is a function of NSC parameters, 
depending which region the axion starts to oscillate
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Ø For
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Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC with � < 4:
- Competition between both effects.

- The dilution of the axion energy density is predominant.

- In this case: ⌦NSC
a (ma) < ⌦SC

a (ma)

- Smaller masses than the SC can now account for the whole DM.

NSC with � > 4:
- Since � undergoes redshift faster than radiation,
there is not entropy injection.

- Only the first effect appears: lower Tosc

- In this case: ⌦NSC
a (ma) > ⌦SC

a (ma)

- Higher masses than the SC can now account for the whole DM.
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• Competition between both effects
• Dilution factor is stronger

Axion CDM

Non Standard Cosmology

Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC with � < 4:
- Competition between both effects.

- The dilution of the axion energy density is predominant.

- In this case: ⌦NSC
a (ma) < ⌦SC

a (ma)

- Smaller masses than the SC can now account for the whole DM.

NSC with � > 4:
- Since � undergoes redshift faster than radiation,
there is not entropy injection.

- Only the first effect appears: lower Tosc

- In this case: ⌦NSC
a (ma) > ⌦SC

a (ma)

- Higher masses than the SC can now account for the whole DM.
10 / 12

Lower mass values open up, below the standard QCD window
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• No entropy injection
• Only lower TOSC
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Axion production in NSC: Misalignment Mechanism

NSC with � < 4:
- Competition between both effects.

- The dilution of the axion energy density is predominant.
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Axion CDM

Non Standard Cosmology

Phenomenology: ga��

Considering 0.5 ✓i  ⇡/
p

3 and Tend = 4 MeV
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Axion CDM

Introduction

Phenomenology: ga��

Phenomenology: coupling to photons
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WIMP DM Production in NSCs

• Thermal: freeze-out
• Non-thermal: freeze-in, ….

Both are sensitive to thermal history of the Universe
And not only WIMP mass and interactions 

Focus on freeze-in:

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:
• The DM number density, AND
• The photon number density

Effect: significantly altered, often strongly relaxed parameter space

L. Roszkowski, NuDM, 25 Sept. 2022 16



Freeze-in of fermionic DM in NSC

• DM is produced from some scalar field S
• S decays 
• S scattering 

Dark matter production: qualitative description

The Dark Matter particle (�) is produced via

Lint = �y�

2
S
�
��+ �

†
�
†�

,

with S being in equilibrium with the plasma. 1

The BE in terms of the DM yield, Y� ⌘ n�/s, is expressed as

d log Y�

d log Tini
T

= �h
{S ! ��}+ {SS ! ��}

HRn�
⇥

0<F11z}|{
HR

H

✓
1� ��

H

⇢�

3s T

◆�1

| {z }
1F2.8/c

2

41� d logS
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d logN�
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1
There is an extensive discussion on freeze-in production in NSCs, such as . J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D

60 (1999) 063504[hep-ph/9809453], M. Drees and F. Hajkarim, JCAP 1802, 057 (2018) [arXiv:1711.05007]., F. D’Eramo, N. Fernandez

and S. Profumo, JCAP 1802, 046 (2018) [arXiv:1712.07453], N. Bernal, F. Elahi, C. Maldonado and J. Unwin, [arXiv:1909.07992 ], and

many others.
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• Boltzmann equations 
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Dark matter production: example

� significantly alters the DM production.
If TFI < TD2 , the final result is the same as in RD (consequence of
infrared freeze-in).
The maximum relic is obtained for RD, despite F1,2.
The change of the sign of F3 causes minima and maxima, which
a↵ect DM thermalization.
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• EMD  significantly alters DM production
• The relic density is lower than in SC (dilution)

L. Roszkowski, NuDM, 25 Sept. 2022 18

Cosmological components: equations

Assume that there is a fluid (�), which at some point dominates the
energy density of the Universe, and later deposits energy to plasma with
rate ��. The equation of state of � is p� = 1/3 (c� 3) ⇢� (critical
assumption: c = const.)

d⇢�

dt
= �cH ⇢� � �� ⇢�

ds

dt
= �3H s+

��

T
⇢�

The temperature at which � decays away in a radiation dominated (RD)
Universe (Tend) can be calculated by �� = HR(Tend). It is more
convenient to use this temperature as a free parameter instead of ��.

2/13

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

• S remains in thermal equilibrium via
interactions with Higgs boson

boson (and possible S self-interactions) result in negligible contributions to the DM production rate.
This, in particular, means that possible production via channels such as SH ! �� is assumed to be
suppressed.

Interaction of the scalar S and the Higgs doublet H

We have assumed above that S remains in thermal equilibrium with the plasma via interactions with
the Higgs boson. The interaction can take several forms. The simplest possibility is a quadratic
interaction term

LHS = �
�HS

2
S
2
H

†
H . (2.5)

An experimental limit on the branching ratio for the invisible decay mode h ! SS is constrained
to be below 20% for mS < mH/2 [64], which translates to �HS . 10�2. This is consistent with our
earlier assumption that �HS is suppressed, in order for the production of � to be dominated by the
Yukawa interaction of eq. (2.4), while keeping S in equilibrium at early times which in turn requires
�HS & 10�5. 1 Therefore, we will assume 10�5 . �HS . 10�2, which is both phenomenologically
viable and allows S to be in equilibrium at high temperature.

If there remains any population of S that has not decayed to � pairs, e.g., because it becomes
kinematically forbidden, can be assumed to decay to some other light particle in a dark sector, such that
their relic abundance is suppressed by their mass ratio. Note that we can assume that these particles
are well below the keV scale if they comprise less than 10% of the total DM relic abundance [65]. In the
above scenario S does not develop a vacuum expectation value. One can also consider an interaction
term of the form

LSHH = A SH
†
H , (2.6)

which introduces a perturbation in the potential (with A ⌧ mS ,mH), such that hSi ⇠ A, which
induces a mixing with the Higgs boson. In this case, a suppressed A (e.g., A ⇠ 10�9 GeV) is su�cient
for S to decay to SM particles without violating any phenomenological bounds including BBN [63]
due to the negligible mixing angle between S and the Higgs (e.g., ✓ ⇠ 10�11 for mS ⇠ 100 GeV).

Boltzmann Equations

The Boltzmann equations (BEs) that describe the system under study are given by 2

ds

dt
= �3H s+

H
(end)
R

T
⇢� �

Q̇DM

T
, (2.7a)

dn�

dt
= �3H n� + 2mS,T �S!�� n

(�1)
S

+ C22(T ) , (2.7b)

d⇢�

dt
= �cH ⇢� �H

(end)
R ⇢� (2.7c)

where s denotes the entropy density of the plasma, n� the DM number density, and ⇢� the energy

density of �. Moreover, H(end)
R determines the energy transfer rate from � to the plasma – see above –

�S!�� denotes the decay rate of S ! ��, and C22 the contribution of SS ! �� to the DM production
rate. The last term in eq. (2.7a) describes the energy transfer from the plasma to the DM, due to
decays and pair annihilations of S, which is assumed to be negligible as long as � remains far away
from equilibrium, which is one of the key assumptions behind the freeze-in relic production.

1
The equilibrium condition is H < h�SS$HHi. In a radiation dominated Universe this gives T/Mp . �

2
HS . Therefore,

even for �HS ⇠ 10
�5

, S can be kept in equilibrium for T . 10
9
GeV, which is larger than any freeze-in temperature we

consider in our analysis.
2
In order to solve the system of the BEs, we employ NaBBODES [66] and BB VEGAS [67]. We also perform some of the

calculations using scipy [68], and find a good agreement between the two methods.
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Parameter space
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• NSC: dilution of relic density opens up much larger values of
• Also relaxes large scale formation (LSF) bound 

Dark matter production: qualitative description

The Dark Matter particle (�) is produced via

Lint = �y�
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with S being in equilibrium with the plasma. 1

The BE in terms of the DM yield, Y� ⌘ n�/s, is expressed as
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1
There is an extensive discussion on freeze-in production in NSCs, such as . J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D

60 (1999) 063504[hep-ph/9809453], M. Drees and F. Hajkarim, JCAP 1802, 057 (2018) [arXiv:1711.05007]., F. D’Eramo, N. Fernandez

and S. Profumo, JCAP 1802, 046 (2018) [arXiv:1712.07453], N. Bernal, F. Elahi, C. Maldonado and J. Unwin, [arXiv:1909.07992 ], and

many others.
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To take home:

Ø Standard cosmology is the simplest choice but by no means a unique one
Ø Many nonstandard cosmology scenarios exist
Ø In NSC implications for observable quantities can be large
Ø Simple NSC cases of early matter domination by some scalar field 

was presented here:
Ø Axion DM produced via misalignment mechanism: 

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

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


