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Outline

ØBrief introduction:
Ø Standard cosmology (SC) of the Big Bang
ØNonstandard cosmology (NSC) alternatives

ØAxion dark matter (DM) in SC and NSC with early matter 
domination (EMD) period

• EMD with a period of increasing temperature
Ø Fermionic WIMP DM produced via freeze-in

Ø Implications for  DM searches
Ø Summary



Ø Standard Cosmology (SC) of the early Universe:

• 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

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

• There are many possible alternatives to SC,
called nonstandard cosmology (NSC)

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

How do results for DM change in NSCs? 

L. Roszkowski, Moriond EW, 22.03.2023 6

Much work in the literature
(see bibliography)

• Simplest assumption, but no observational evidence

(Many slides from J. Osiński)
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Nonstandard Cosmologies (NSCs) 

• Domination by energy density other than radiation before BBN
• General equation of state of dominating component:  𝑝 = 𝜔𝜌

𝝎 = 𝟎 matter            𝝎 = 𝟏/𝟑 radiation            𝝎 = 𝟏 kination
𝜌 ∝ 𝑎!" 𝜌 ∝ 𝑎!# 𝜌 ∝ 𝑎!$
𝑎 ∝ 𝑡%/" 𝑎 ∝ 𝑡'/% 𝑎 ∝ 𝑡'/"

Faster redshift, slower expansion

Matter-like:  𝜔 < 1/3
• can be initially subdominant 
• should decay to end NSC 
• (oscillating scalar field) 

Kination-like: 𝜔 > 1/3
• should begin dominant 
• can be stable 
• (fast-rolling scalar field) 

L. Roszkowski, Moriond EW, 22.03.2023
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Standard RD: 
𝑯 ∝ 𝑻𝟐

Adiab. NSC: 
𝑯 ∝ 𝑻𝟑(𝟏)𝝎)/𝟐

Nonad. NSC: 
𝑯 ∝ 𝑻𝟒

NSC field
Radiation 

𝐻 ∝ 𝑇#𝐻 ∝ 𝑇# 𝐻 ∝ 𝑇#
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Consequences of NSC 

ØTwo main effects: 
1. Change evolution of expansion rate 𝑯 and temperature 𝑻

à processes happen at different times and 
temperatures 

2. Entropy injection if dominant component decays to SM, 
mostly in matter-like cases

à Dilution of other energy densities 
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à NSC affects DM production (and other processes, too) 

L. Roszkowski, Moriond EW, 22.03.2023



DM production  

Thermal 
• DM can be produced directly from thermal bath 

(many possible interactions with either freeze-out or 
freeze-in) 

Nonthermal
• Does not originate from thermal bath (out-of-

equilibrium decay, primordial black holes, scalar 
oscillations, topological sources) 

à will focus on axions from misalignment 

11L. Roszkowski, Moriond EW, 22.03.2023



Axion misalignment mechanism

• Initial value of angle 𝜽 fixed 
after Peccei-Quinn (PQ) 
breaking at a high scale 𝒇𝒂
• Axion field (𝒂) frozen as long 

as Hubble rate > axion mass 
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Axion mass:

𝒎(𝑻) ≈ 𝒎𝒂 5
𝑻𝑸𝑪𝑫
𝑻

𝟒

𝑻 > 𝑻𝑸𝑪𝑫
𝟏 𝑻 < 𝑻𝑸𝑪𝑫

Hubble	rate:	

𝑯 𝑻 ∝
𝑻𝟐

𝑴𝐏
(radiation 
domination)

𝜽(𝒕) ≡
𝒂(𝒕)
𝒇𝒂

𝒎𝒂 ≈ 𝟓. 𝟕 𝐦𝐞𝐕
𝟏𝟎𝟗 𝑮𝒆𝑽

𝒇𝒂
𝑻𝑸𝑪𝑫 ≈ 𝟏𝟓𝟎 𝐌𝐞𝐕

(zero-
temp. 
axion
mass) 
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• As temperature of Universe cools, 
axion mass increases while Hubble rate drops 
• Axion oscillation begins: 

• Energy density averages to matter à “standard mass window” 
for correct DM relic abundance assuming standard RD history:  

• Notice that this mechanism depends on thermal history                      
à nonstandard cosmologies (NSCs) can alter axion production

15

10!$ eV ≲ 𝑚5 ≲ 10!6 eV for     0.5 ≲ 𝜃7 ≲ 𝜋/ 3

3 𝐻(𝑇89:) ≈ 𝑚(𝑇89:)

Axion misalignment mechanism

L. Roszkowski, Moriond EW, 22.03.2023
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Axions in general NSC
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• Extended mass 
window for axion DM 

• Matter-like NSC: 
smaller mass 

• Kination-like NSC: 
larger mass 

(no dilution here for 
kination, but still large 
effect!)

P. Arias, N. Bernal, D. Karamitros, C. Maldonado, L. Roszkowski, M. Venegas, 
2107.13588 à JCAP

L. Roszkowski, Moriond EW, 22.03.2023

𝛽 = 3(1 + 𝜔)

https://arxiv.org/abs/2107.13588
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scale factor

Axions with increasing-temperature EMD 

• Consider early matter 
domination by scalar field 

• Decay rate of dominating 
field increases with time 
(set by 𝒙, constant for 𝒙 =
𝟎) 

• 𝚪= 𝚪(T,R)~Rk Tn

• Nonadiabatic phase is 
altered to 𝑯 ∝ 𝑻𝟏𝟐/(𝟑>𝟐𝒙)
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P. Arias, N. Bernal, J.K. Osiński, L. Roszkowski, 
2207.07677
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• Same temperature can occur multiple times 
à 𝟑 𝑯 ≈ 𝒎 can occur up to three times (provided that 𝒙 < −𝟑) 

where C is a parameter of order one [56]. Standard perturbative decay of � with a constant
decay width is recovered for n = k = 0. Here, we focus on the case where n < 4 and
n � k < 5/2, which guarantees efficient energy transfer from � to SM radiation [25]. It is
worth mentioning that if k = 3/2, the SM temperature is constant in the nonadiabatic phase.
Additionally, k < 3/2 (k > 3/2) induces a decrease (increase) of the temperature during the
nonadiabatic phase.

Recalling the features of a mater-dominated NSC, it is characterized by an adiabatic
phase (for Rini < R < Rc) where the temperature cools according to T / R

�1 as in standard
RD, followed by a nonadiabatic phase (for Rc < R < Rfin) in which decays of � modify the
temperature relation. The transition between the two regimes occurs when R ⇡ Rc. As a
function of the scale factor, the Hubble expansion rate can be estimated to be

H(R) '

8
>>>>>>>><

>>>>>>>>:

Hr(Tfin)

✓
Rfin
Rini

◆3/2✓
Rini

R

◆2

for R  Rini ,

Hr(Tfin)

✓
Rfin
R

◆3/2

for Rini  R  Rfin ,

Hr(Tfin)

✓
Rfin
R

◆2

for Rfin  R .

(3.6)

By analytically solving the system of Eqs. (3.1) and (3.2) [25, 56], it can be shown that the
SM temperature scaling is given by

T (R) '

8
>>>>>><

>>>>>>:

Tc
Rc

R
for R  Rc ,

Tc

✓
Rc

R

◆ 3+2x
8

for Rc  R  Rfin ,

Tfin
Rfin
R

for Rfin < R ,

(3.7)

with Tc the temperature at which the decay of � starts to affect the temperature evolution,
and

x ⌘ 3n � 8 k

2 (4 � n)
, (3.8)

such that the case of constant decay rate is reproduced when x = 0. An increase in tem-
perature is obtained during the nonadiabatic phase for x < �3/2. Thus, the NSC is fully
characterized by three independent parameters. A convenient choice – which we will adopt in
what follows – is x, Tc, and Tfin. Therefore, in terms of x the decay rate of � can be cast as

� = �(R) = C

✓
Rfin
R

◆x

Hfin (3.9)

during the nonadiabatic phase Rc < R < Rfin. Finally, to avoid trouble with BBN, we require
both Tfin and Tc to be higher than TBBN ' 4 MeV [57–60].

In Fig. 1 we show the evolution of the SM radiation and � energy densities as a function
of the scale factor R for three different histories. The red dashed line corresponds to the
standard cosmological evolution of ⇢r (with no line for ⇢�), whereas the thin dash-dotted and
the thick solid lines correspond to two examples of NSC with x = 0 and Tc = 50 GeV (i.e.
standard EMD era), or x = �23/2 and Tc = 54 MeV (coming i.e. from n = 3 and k = 4),

– 6 –

https://arxiv.org/abs/2207.07677
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Angle 

Velocity 

Energy         
density 

• Axion misalignment 
altered by restoration 
of Hubble friction 
• Second period of 

oscillation with new 
configuration 
• Resultant axion energy 

density is smaller due 
to entropy injection 
and smaller amplitude 

à Smaller mass for 
axion DM 

P. Arias, N. Bernal, J.K. Osiński, L. Roszkowski, 2207.07677 àJCAP

Axions with increasing-temperature EDM

L. Roszkowski, Moriond EW, 22.03.2023

https://arxiv.org/abs/2207.07677


• Extended window 
toward smaller 
mass as before
• NSC histories add to 

motivation to look 
out of standard 
window 
• Can probe NSC 

scenarios in coming 
years 
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Axions with increasing-temperature EMD 

P. Arias, N. Bernal, J.K. Osiński, L. Roszkowski, 
2207.07677

L. Roszkowski, Moriond EW, 22.03.2023

https://arxiv.org/abs/2207.07677


https://github.com/cajohare/AxionLimits

current future
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To take home:

Ø Standard cosmology is the simplest choice but not a unique 
one

ØMany nonstandard cosmology scenarios exist
ØNSC has significant effects on DM production: 

à Shifts relevant times/temperatures, adds entropy dilution 
à Can also fundamentally affect mechanisms themselves

Ø Axions in particular get extended mass window depending on 
history 

Ø NSC scenarios will be probed in coming years

Ø Fermionic DM produced via freeze-in:
Significantly larger parameter space (larger Yukawa 
coupling)
à Implication for better prospects for direct detection



Axion mass windows

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

⇢a(T0) '
f 2
a ✓

2
i

2
ma ma(Tosc)

s(T0)

s(Tosc)

The axion relic density
⌦a ⌘ ⇢a(T0)

⇢c

⌦a /

8
><

>:

✓2
i

m
�3/2
a , T . TQCD,

✓2
i

m
�7/6
a , T & TQCD.

inversely proportional to Tosc

We want that axions
explain the total DM:

⌦a = 0.26

3 / 12
§ Axion as DM:

``standard” QCD window:
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v Initial value of theta is set after 
PQ symmetry breaking ~ fa

§ Pre-inflationary case: 
the same value of      in all observable Universe 

§ Post-inflationary case: 
different      in many patches that were not in causal contact

(fa < Mpl à)  ~10-13 eV < ma < ~10 meV ß

The QCD axion can be easily accommodated in theories Beyond the Standard Model like super-
symmetry and Grand Unified Theories, and it is a firm prediction of string theories [77]. Moreover, it
has recently been argued that the existence of the QCD axion arises independently from the strong CP
problem from QCD as a general consistency requirement [78] due to the necessity of the absence of de
Sitter vacua [79]. The QCD axion mass is directly related to fa by the relation [80]

ma = (5.7± 0.7)µeV ⇥
10

12
GeV

fa
. (2)

Their coupling to photons and gluons is naturally suppressed by the energy scale of symmetry breaking
fa. There is some model dependence in the calculation of the axion to photon coupling ga� . Usually,
the KSVZ [81, 82] and DFSZ [83, 84] benchmark models are used to compare experiments against their
sensitivity to DM axions. However, the theoretical uncertainty is larger than the spread between the
KSVZ and DFSZ models [85, 86].

As any spontaneously and explicitly broken U(1) symmetry group leads to pNGBs, this phe-
nomenon is more general. In fact, string compactification typically produces a plenitude of ALP candid-
ates, and many of those could be light, leading to the so-called “axiverse” scenario. For these, there is
no direct relationship between the symmetry breaking scale and the mass. In general these pNGBs are
called axion like particles (ALPs).

Additionally, string theory predicts generic "hidden" U(1) gauge factors, leading to ultra light
massive particles commonly referred to as hidden (or dark) photons, that would kinetically mix with
the standard model photon with an effective kinetic mixing angle ✏ [87]. They could be produced with
the correct relic abundance in the early universe for a wide mass range, for example by inflationary
fluctuations [88] or by transfer of energy stored in axion/ALP field oscillation to hidden photons via a
non vanishing coupling [89]. It has also been argued that hidden photons could be produced by a similar
misalignment mechanism as pNGB axion or ALPs [90].

Hidden photons, as well as pNGB axion or ALPs, would inevitably contribute to the cold DM
density of the Universe due to their production in the early universe, for example via a misalignment
mechanism or topological defects [91–93]. The overall energy stored in the field oscillations (relic
particle density) behaves as ⇢ / ✓

2

i , the initial misalignment angle at the QCD phase transition, which is
random within each causally connected patch of the Universe; the closer ✓i is to ⇡, the more energy is
stored.

For QCD axions, there are two scenarios that differ in their predictive power for the axion relic
density, hence for the axion mass, assuming that axions explain the DM problem: If PQ-symmetry break-
ing occurred before inflation (pre-inflationary scenario), the observable Universe today will constitute of
areas that all had the same ✓i. In this case the axion mass can have any value between ⇠10

�13
eV, the

mass for which fa corresponds to the Planck scale and ⇠10meV for which ✓i ⇠⇡, depending on the
amplitude of the initial oscillations (relic density). For the case that PQ symmetry breaking occurred after
inflation (post-inflationary scenario), the observable Universe today consists of many patches that were
not in causal connection during QCD phase transition. Hence, the average ✓i of all patches determines
the overall energy stored in the mass of axions. The axion mass can hence be constrained. For this scen-
ario, however, a complication arises from additional axion production during the alignment of ✓ towards
zero by the decay of topological defects: strings and domain walls. This can also lead to the formation of
gravitationally bound axion clumps [94] called mini-clusters. Both the relic density and the mini-cluster
mass distribution are notoriously difficult to calculate. Nevertheless, for the post-inflationary scenario
the axion mass can be constrained between 25µeV and ⇠15meV, with the upper bound arising from
astrophysical arguments. The pre-inflationary and post-inflationary scenarios define the "classical" QCD
axion as DM window search range ⇠1µeV to ⇠1meV when one assumes the initial misalignment angle
✓i to be O(1).

For general ALPs (and hidden photons) the constraints in the mass versus coupling constant para-
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Need to average over all patches 
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~ 25 x 10-6 eV < ma < ~15 meV

Figure 1: A summary of several particle candidates and classes of candidates for DM discussed in the Report.
Shown are typical mass ranges, more details can be found in the text.

searches and rare decays, which is often a virtue. On the other hand, experimental results presented as
constraints on the parameter space of specific models cannot be easily translated to other models. In
some situations, especially for direct detection, low-energy effective field theories (EFTs) are therefore
often used as an alternative approach [35, 36]. An EFT includes only a minimal set of particles (for
instance SM nucleons and the DM particles) and interactions. It does not address the question how these
interactions arise in some underlying theory, even though for a given fundamental theory the correspond-
ing EFT can be rigorously derived. As many ultraviolet-complete theories can reduce to the same EFT,
constraints on the EFT apply to a broader class of models.

As an intermediate approach between complete theories and EFTs, numerous simplified models
have become popular over the last decade, especially in the context of searches for new physics at the
Large Hadron Collider (LHC) but also in DM searches; see, e.g., [37]. They are defined by a small
number of new particles and their interactions, usually focusing on just one channel of interactions with
the SM that is mediated by some messenger, although less minimal models have also been studied.
In the limit of large messenger mass one connects with the EFT approach. While simplified models
are not complete, nor model independent, they provide a convenient platform for placing experimental
constraints on specific quantities, like masses and cross sections.

In the context of DM searches, simplified models typically contain the SM as one (visible) sector, a
DM candidate, often as part of a dark sector, and a messenger sector – often called “portal” – containing
one or more states that mediate SM–DM interactions. An example of a simplified but self-consistent
model is the Higgs portal where DM particle can be either a scalar or a fermion and DM–SM interactions
are mediated by a SM Higgs doublet; see Ref. [38] for a recent review. The viable parameter space of the
simplest Higgs portal models has been almost fully probed, with the most important constraints arising
from direct detection experiments. The dark photon portal is another recently popular class of models
in which a light thermal WIMP (either fermion or scalar), in the MeV mass range, interacts with the
SM sector via a dark photon (a new dark sector gauge boson) that mixes with the usual photon via
kinetic mixing. In more elaborate scenarios an additional (dark) Higgs boson is also present in the dark
sector. Those models are primarily testable in fixed-target experiments as typical WIMP direct detection
rates are usually strongly suppressed. However, direct detection experiments are also increasing their
sensitivity to these type of models by exploiting the DM-electron scattering mode [39, 40].

In another scenario called asymmetric DM (ADM) [41, 42] an asymmetry between the DM
particle and its antiparticle is generated in a way analogous to the mechanism of baryogenesis and modi-
fies their freeze-out. In that case correct relic density can be obtained for DM typically in the mass range
from ⇠1GeV to ⇠15GeV with large annihilation cross section as (partially) asymmetric DM. Since
in the ADM scenario the DM is not its own antiparticle and the abundance of � and �̄ particles can be
highly asymmetric at present, the expected indirect detection rates from ��̄ annihilations are typically
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• As temperature of Universe cools, axion mass increases while Hubble 
rate drops 

• Axion oscillation begins: 

• Energy density averages to matter Æ “standard mass window” for 
correct DM relic abundance assuming standard RD history:  

• Notice that this mechanism depends on thermal history                      
Æ nonstandard cosmologies (NSCs) can alter axion production
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Axion misalignment mechanism

Accommodating both pre- and post-inflationary cases and assuming no fine tuning of the angle
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The QCD axion can be easily accommodated in theories Beyond the Standard Model like super-
symmetry and Grand Unified Theories, and it is a firm prediction of string theories [77]. Moreover, it
has recently been argued that the existence of the QCD axion arises independently from the strong CP
problem from QCD as a general consistency requirement [78] due to the necessity of the absence of de
Sitter vacua [79]. The QCD axion mass is directly related to fa by the relation [80]

ma = (5.7± 0.7)µeV ⇥
10

12
GeV

fa
. (2)

Their coupling to photons and gluons is naturally suppressed by the energy scale of symmetry breaking
fa. There is some model dependence in the calculation of the axion to photon coupling ga� . Usually,
the KSVZ [81, 82] and DFSZ [83, 84] benchmark models are used to compare experiments against their
sensitivity to DM axions. However, the theoretical uncertainty is larger than the spread between the
KSVZ and DFSZ models [85, 86].

As any spontaneously and explicitly broken U(1) symmetry group leads to pNGBs, this phe-
nomenon is more general. In fact, string compactification typically produces a plenitude of ALP candid-
ates, and many of those could be light, leading to the so-called “axiverse” scenario. For these, there is
no direct relationship between the symmetry breaking scale and the mass. In general these pNGBs are
called axion like particles (ALPs).

Additionally, string theory predicts generic "hidden" U(1) gauge factors, leading to ultra light
massive particles commonly referred to as hidden (or dark) photons, that would kinetically mix with
the standard model photon with an effective kinetic mixing angle ✏ [87]. They could be produced with
the correct relic abundance in the early universe for a wide mass range, for example by inflationary
fluctuations [88] or by transfer of energy stored in axion/ALP field oscillation to hidden photons via a
non vanishing coupling [89]. It has also been argued that hidden photons could be produced by a similar
misalignment mechanism as pNGB axion or ALPs [90].

Hidden photons, as well as pNGB axion or ALPs, would inevitably contribute to the cold DM
density of the Universe due to their production in the early universe, for example via a misalignment
mechanism or topological defects [91–93]. The overall energy stored in the field oscillations (relic
particle density) behaves as ⇢ / ✓

2

i , the initial misalignment angle at the QCD phase transition, which is
random within each causally connected patch of the Universe; the closer ✓i is to ⇡, the more energy is
stored.

For QCD axions, there are two scenarios that differ in their predictive power for the axion relic
density, hence for the axion mass, assuming that axions explain the DM problem: If PQ-symmetry break-
ing occurred before inflation (pre-inflationary scenario), the observable Universe today will constitute of
areas that all had the same ✓i. In this case the axion mass can have any value between ⇠10

�13
eV, the

mass for which fa corresponds to the Planck scale and ⇠10meV for which ✓i ⇠⇡, depending on the
amplitude of the initial oscillations (relic density). For the case that PQ symmetry breaking occurred after
inflation (post-inflationary scenario), the observable Universe today consists of many patches that were
not in causal connection during QCD phase transition. Hence, the average ✓i of all patches determines
the overall energy stored in the mass of axions. The axion mass can hence be constrained. For this scen-
ario, however, a complication arises from additional axion production during the alignment of ✓ towards
zero by the decay of topological defects: strings and domain walls. This can also lead to the formation of
gravitationally bound axion clumps [94] called mini-clusters. Both the relic density and the mini-cluster
mass distribution are notoriously difficult to calculate. Nevertheless, for the post-inflationary scenario
the axion mass can be constrained between 25µeV and ⇠15meV, with the upper bound arising from
astrophysical arguments. The pre-inflationary and post-inflationary scenarios define the "classical" QCD
axion as DM window search range ⇠1µeV to ⇠1meV when one assumes the initial misalignment angle
✓i to be O(1).

For general ALPs (and hidden photons) the constraints in the mass versus coupling constant para-
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