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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.

Temperature dependent mass

3

ma(T )=


ma, T .TQCD

ma

(
TQCD

T

)4
, T &TQCD

⇐ ma(T )=
χ(T )

1
2

fa
decay constant

Oscillations of the axion field around the minimum
of the potential behave as DM.

1 R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977)
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Axion CDM

Introduction

Misalignment Mechanism

Axion production in SC: Misalignment Mechanism

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

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

H > ma: θ ≈ θi = 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

ρa(T0) '
f 2
a θ

2
i

2
ma ma(Tosc)

s(T0)

s(Tosc)

The axion relic density
Ωa ≡ ρa(T0)

ρc

Ωa ∝


θ2

i m−3/2
a , T . TQCD,

θ2
i m−7/6

a , T & TQCD.

0.5 1.0 1.5 2.0 2.5 3.0

R/Rosc

−0.4

−0.2
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1.0

θ R
os

c

inversely proportional to Tosc

We want that axions
explain the total DM:

Ωa = 0.26
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Phenomenology: coupling to photons

10−
12

10−
11

10−
10

10−
9

10−
8

10−
7

10−
6

10−
5

10−
4

10−
3

10−
2

10−
1

100
101

102
103

ma [eV]

10−21

10−20

10−19

10−18

10−17

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

10−6

|g
aγ

γ
|[

G
eV
−

1 ]

St
an

da
rd

co
sm

ol
og

y
KSVZ

DFSZ

X-rays

Ionisation
fraction

BBN
+N

effEBL

COBE/FIRAS

Globular clusters

Solar ν

W
hi

te
dw

ar
fs

A
D

M
X

H
A

Y
STA

C

SHAFT

O
R

G
A

N

R
B

F+U
F

C
A

PP

Q
U

A
X

A
D

M
X

SLIC

CAST

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe
DSNALP

Hydra

M87

Mrk 421

FermiStar

clu
ste

rs

Chandra
SN1987A

HESS HAWC

MWD X-rays

MWD
Polarisation

SN1987A (γ)

SN1987A
(ν)

M
U

SE V
IM

O
S

Leo T

Neutron stars

ABRA
10 cm

we have used 0.5≤ θi ≤ π/
√

3. Fig. credits: https://github.com/cajohare/AxionLimits

4 / 12



Axion CDM

Introduction

Phenomenology: gaγγ

Phenomenology: coupling to photons

10−
12

10−
11

10−
10

10−
9

10−
8

10−
7

10−
6

10−
5

10−
4

10−
3

10−
2

10−
1

100
101

102
103

ma [eV]

10−21

10−20

10−19

10−18

10−17

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

10−6

|g
aγ

γ
|[

G
eV
−

1 ]

St
an

da
rd

co
sm

ol
og

y
KSVZ

DFSZ

X-rays

Ionisation
fraction

BBN
+N

effEBL

COBE/FIRAS

Globular clusters

Solar ν

W
hi

te
dw

ar
fs

ADMX

SHAFT

ORGAN

D
M

-R
ad

io

SRF-m 3

ALPHA
MADMAX

TOO
RAD

BRASS
BREAD

CADEx

ADBC

D
AN

CE

aLIGO

WISPLC

LA
M

PO
ST

H
al

os
co

pe
s

CAST

IAXO

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe
DSNALP

Hydra

M87

Mrk 421

FermiStar

clu
ste

rs

MWD X-rays

MWD Pol.

SN1987A (γ)

SN1987A
(ν)

M
U

SE V
IM

O
S

Leo T

Neutron stars

ABRA
10 cm A

LP
S-

II

we have used 0.5≤ θi ≤ π/
√

3. Fig. credits: https://github.com/cajohare/AxionLimits

4 / 12



Axion CDM

Non Standard Cosmology

Motivation

Motivation

It is expected during the following years, that either a discovery of the axion is
made or is not found in that parameter space.

A success of the Standard Cosmology:
Big Bang Nucleosynthesis (BBN) → radiation dominated era at T ∼ MeV

Due to lack of data, the standard cosmological history is supported from BBN
onwards

We consider a Non-Standard Cosmology (NSC) after inflation and previous to
BBN.
SIMILAR : Giudice, Kolb, Riotto (2001). Visinelli, Gondolo (2010). Blinov, Dolan, Draper (2020).+

Proposal: The axion oscillations are developed during a NSC

Objective: Study the effects on the axion abundance
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Axion CDM

Non Standard Cosmology

Description

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

Equation of state ωφ = Pφ/ρφ, ρφ ∝ R−

β︷ ︸︸ ︷
3(1+ωφ) ,

radiation: β = 4

β=3, Teq =1 GeV, Tend =4 MeV

Expansion rate: H =

√
ρφ+ρra

3M2
p

Initial condition: Teq

NSC parameters: β, Teq , Tend .
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Axion CDM

Non Standard Cosmology

Description

NSC has 3 important regions

Region 1
R<Req

Region 2
Req<R<Rc

Region 3
Rc<R<Rend

· Fields evolution: ρra ∝ R−4, ρφ ∝ R−β

·Domination: radiation H ∝ R−2

the universe expands as standard cosmology.

·Entropy: conserved H ∝ T2

·Domination: φ H ∝ R
− β2

faster expansion

·Entropy: conserved H ∝ T
β
2

mild dependency

· Domination: φ
but φ decays start to affect radiation: ρra ∝ R−β/2

·Entropy: not conserved H ∝ T4

stronger dependency
H does not depend on β
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Axion CDM

Non Standard Cosmology

Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC could have 2 effects on the axion production:

1. Due to H(T ) > H(T )SC

Oscillations Temperature:
H(Tosc) = ma(Tosc)

Tosc is lower than in SC
⇒ increase in the axion energy density
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Non Standard Cosmology

Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC could have 2 effects on the axion production:

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

ρa(T0) = ρa(Tosc)
ma

ma(Tosc)

s(T0)

s(Tosc)
γ

Dilution factor: γ ≡ S(Tosc)

S(Tend )
, γ ≤ 1

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

1
G.Lazarides, Dilution of cosmological axions by entropy production.Nuclear Physics B346 (1990)

9 / 12



Axion CDM

Non Standard Cosmology

Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC could have 2 effects on the axion production:

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

ρa(T0) = ρa(Tosc)
ma

ma(Tosc)

s(T0)

s(Tosc)
γ

Dilution factor: γ ≡ S(Tosc)

S(Tend )
, γ ≤ 1

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

1
G.Lazarides, Dilution of cosmological axions by entropy production.Nuclear Physics B346 (1990)

9 / 12



Axion CDM

Non Standard Cosmology

Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC could have 2 effects on the axion production:

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

ρa(T0) = ρa(Tosc)
ma

ma(Tosc)

s(T0)

s(Tosc)
γ

Dilution factor: γ ≡ S(Tosc)

S(Tend )
, γ ≤ 1

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

1
G.Lazarides, Dilution of cosmological axions by entropy production.Nuclear Physics B346 (1990)

9 / 12



Axion CDM

Non Standard Cosmology

Misalignment Mechanism

Axion production in NSC: Misalignment Mechanism

NSC with β < 4:

- Competition between both effects.

- The dilution of the axion energy density is predominant.

- In this case: ΩNSC
a (ma) < ΩSC

a (ma)

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

NSC with β > 4:

- Since φ undergoes redshift faster than radiation,
there is not entropy injection.

- Only the first effect appears: lower Tosc

- In this case: ΩNSC
a (ma) > ΩSC

a (ma)

- Higher masses than the SC can now account for the whole DM.
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Non Standard Cosmology

Phenomenology: gaγγ

Considering 0.5 ≤θi ≤ π/
√

3

and Tend = 4 MeV
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Outlook and Conclusion

Outlook and Conclusion

We considered a NSC in the early universe, where a new field starts to
dominate the energy density of the universe.

We studied the effects on the universe and we found that the relation
between H and T depend on the period of the NSC.

We analyzed the axion production by misalignment mechanism and we
found that is possible to obtain two effects that potentially change the
axions abundance.

? A lower oscillation temperature implies a higher energy density of the
axion

? The decay of φ leads to a dilution of the axion energy density

A smaller β opens the axion window to lower masses

A larger β opens the axion window to higher masses

12 / 12





Case 1
Pre-inflationary PQ symmetry
breaking scenario.

TInf < fa

The Axion field is homogenized
over long distances .

θi : random

Production mechanisms:

Misaligment Mechanism.

The preferred mass range is
ma < 5× 10−6 eV
anthropic axion window

Caso 2
Post-inflationary PQ symmetry
breaking scenario.

TInf > fa

The axion field takes different
values in causally disconnected
regions of the universe.

Value5 : θ̄i
2

= π2

3

Production mechanisms:

Misaligment Mechanism.
Decay of topological defect.

The preferred mass range is
5× 10−6 eV < ma < 10−2eV
classic axion window

6 M. S. Turner, Cosmic and Local Mass Density of Invisible Axions, Phys.Rev. D33 (1986) 889–896



Full expressions for axion relic in NSC

Ω
−3/2
std ≡ 5× 10−11

( ma

1 eV

)−3/2
θ2

i ,

Ω
−7/6
std ≡ 2.4× 10−7

( ma

1 eV

)−7/6
θ2

i .

ΩR1 =

Ω
−3/2
std

(
β2

4

)−3/β ( Tend
Teq

)12/β−3
, for Tosc . TQCD
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(
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)12/β−3
, for Tosc & TQCD.

ΩR2 '
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T 2

end
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β
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[
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T 4
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end
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Parameter space corresponding to the whole observed DM abundance, for an
early matter domination (β = 3) and Tend = 4 MeV.
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