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2A shift of paradigm

-enlarges Poincaré algebraSupersymmetry :

-can preserve SM gauge group
-needs many new particles

(new energy scale)

‘Peccei-Quinn’ theory : -enforces CP-symmetry
-needs a new global ‘no symmetry’
(anomalous+spontaneously broken)

-entangled with SM gauge group :
(careful!)

(new energy scale)

• To solve: the hierarchy problem
concretely: why the gravitational force is so much weaker than the other fundamental interactions? 
Main candidate,

• To solve: the strong CP puzzle
concretely: why matter and not anti-matter in our universe? 
Main candidate,

the QCD axion:  « new » Goldstone bosons combination ⊥ ZL

<latexit sha1_base64="wZEliDgmeyaG5F61eb4HQFVpmgw="></latexit>

[SU(3)c ⌦ SU(2)L ⌦ U(1)Y ]local ⇥ [U(1)B,L,PQ]global



3QFT Anomalies
Anomalies: classical symmetry broken at the quantum level

Example: « triangle anomalies » in massless QED

ℒQED = −
1
4

FμνFμν + ψ̄ iDψ

Vμ = ψ̄γμψ , ∂μVμ = 0

Aμ = ψ̄γμγ5ψ , ∂μAμ = 0

∂μAμ =
1

8π2
FμνF̃μν

∙ ψ → eiθVψ

∙ ψ → e−iθAγ5ψ

Two invariances: Two classicaly conserved currents:

At the quantum level:

Vμ = ψ̄γμψ , ∂μVμ = 0 holds

But axial symmetry is broken :

(Noether theorem)

⟹

•Fermionic path integral measure is not invariant: [Fujikawa]

Z = ∫ 𝒟ψ𝒟ψ̄eiS
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The Strong CP Puzzle in particle physics

LQCD = q̄(i�µDµ �mqe
i✓EW )q � 1

4
Gµ⌫

a Ga
µ⌫ � ✓QCD

↵s

8⇡
Gµ⌫

a G̃a
µ⌫

LQCD = q̄(i�µDµ �mq)q �
1

4
Gµ⌫

a Ga
µ⌫ � (✓QCD � ✓EW )

↵s

8⇡
Gµ⌫

a G̃a
µ⌫

n✓̄

q ! ei�
5✓EW qchiral transformation:

4-component Dirac field

U(1)A
anomalous 
 symmetry

the measure of the path integral is not invariant under this transformation
axial anomaly shifts quark mass phase to QCD vacuum

Yukawa coupling to the Higgs are complex
6= 0

✓CKM 6= 0

Why is this strong CP-violation term so puzzling? LCP =✓̄
↵s

8⇡
Gµ⌫

a G̃a
µ⌫

The strong CP problem is really why the combination of QCD and EW parameters make up 
should be so small…

this induces a huge electric dipole moment for the neutron:

|dn| ⇠ |✓̄|10�16e.cm |dn| . 10�26e.cmTheory: Experiment:vs

✓̄ < 10�10 The strong CP problem 
=Why is    so small?✓̄

CPV CPV



5The Peccei-Quinn axion solution
axial anomaly: ✓EW ✓QCD

Solution to the strong CP problem of QCD: add fields such that  rotate     to the phase of a 
complex SM-singlet scalar who gets a VEV and dynamicaly drives 

✓̄
✓̄ ! 0 Peccei & Quinn

CPV CPV

1. Introduce a new global anomalous axial                 symmetry S.B. at high scale 

LQCD = q̄(i�µDµ �mqe
i✓EW )q � 1

4
Gµ⌫

a Ga
µ⌫ � ✓QCD

↵s

8⇡
Gµ⌫

a G̃a
µ⌫

U(1)PQ

the low-energy theory has a Goldstone boson (the axion field)

2. Design                 such that  Laxion Q(qL) 6=Q(qR) this makes the                 anomalous : U(1)PQ

@µJ
µ⇠ Ga

µ⌫G̃
µ⌫
anet effect: Laxion = LQCD +

a

v
Gµ⌫G̃

µ⌫ + ...

3. Non-perturbative QCD effects induce: 

Laxion = LChPT (@µa,⇡, ⌘, ⌘
0, ...) + Veff (✓̄ +

a

v
,⇡, ⌘, ...)

⇠ �⇤4
QCDcos(✓̄+

a

v
)

minimum of the potential: ✓̄+
< a >

v
= 0 CP-violating term cancels!

CP symmetry is dynamically restored!

cf. global vector
<latexit sha1_base64="W9/ad3j757RM33ljnvOJvBLrWzs="></latexit>

U(1)B,L

new energy scale!

XIAOYUE LI (MPP) 
MIAPP 
FEB. 18, 2020

▸ Axion potential               is minimized at

▸  

THE PECCEI-QUINN MECHANISM
▸ Peccei-Quinn introduces a global U(1)PQ symmetry which spontaneously breaks 

at

3

ℒ = . . . + θ̄
αs

8π
GμνaG̃μν

a + 1
2 ∂μa∂μa + a

fa
αs

8π
GμνaG̃μν

a

1 GeV < T < fa (PQ symmetry breaking) T < 1 GeV (QCD phase transition)

θ̄ + a
fa

= 0Va (a /fa)
▸ The axions produced by the “misalignment” 

mechanism are a good CDM candidate

T = fa ≫ ΛQCD

QCD

θ( = a
fa

)

V(θ)

Measured today
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Axion couplings

f

f̄

a
g

g

a
�

�

a

�

Z
a

Z

Z

a
W

W

a

Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃
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#Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃
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#Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa
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N
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↵s
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N

↵
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2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃+

a

fa

K

N

↵

4⇡cwsw
ZF̃ +

a

fa

Z

N

↵

4⇡c2ws
2
w

ZZ̃ +
a

fa

L

N

↵

4⇡s2w
WW̃Laxion � @µa

2fa
jµa +

a
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#+
a

fa

K

N

↵

4⇡cwsw
ZF̃ +

a

fa

Z

N

↵

4⇡c2ws
2
w
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fa

L

N

↵
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#+
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K

N

↵

4⇡cwsw
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fa

Z

N

↵

4⇡c2ws
2
w

ZZ̃ +
a

fa

L

N

↵
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N
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FF̃
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#Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃

Energy

Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃

  At energies below       (SSB):        
<latexit sha1_base64="HECulSuz90rl+7ZOd5w9n5qqd40="></latexit>

fa

At energies below  :  mixing       ΛQCD a − η′ − π0 − η − . . .

⇠
⇤2
QCD

fa
ma = m⇡

f⇡
fa

p
mumd

mu +md
axion mass:    

axion couplings to electrons, nucleons, mesons, photons, …    
(EDMs) mostly explored:

electroweak couplings recently computed 
do not follow the expected pattern 
J.Q. and C. Smith, arXiv:1903.12559, 2006.06778, 
2010.13683; 
J.Q., C. Smith and P.N.H. Vuong , arXiv:2112.00553

ga�� =
↵

2⇡fa

✓
E

N
� 1.92

◆

model dep.

model indep. 

below confinement

LHC regime
probe different couplings than low energy experiments
free from (complex) low energy QCD effects
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Symmetry breaking in cosmology

  

Misalignment mechanism...

● PQ symmetry is 
spontaneously broken at 
T ~ fa.

● Tilted Mexican hat at T ~ 
Λ

QCD
 ~ 400 MeV leads to 

coherent oscillations of 
axion field when m

a
 > H.

→ Zero momentum 
condensate.                

      → Cold dark matter!

T ~ fa

T ~ ΛQCD

V (θ)

V (θ)

θ=a / f a

Preskill, Wise & Wilczek 1983
Abbott & Sikivie 1983
Dine & Fischler 1983

θ=a / f a

  

Misalignment mechanism...

● PQ symmetry is 
spontaneously broken at 
T ~ fa.

● Tilted Mexican hat at T ~ 
Λ

QCD
 ~ 400 MeV leads to 

coherent oscillations of 
axion field when m

a
 > H.

→ Zero momentum 
condensate.                

      → Cold dark matter!

T ~ fa

T ~ ΛQCD

V (θ)

V (θ)

θ=a / f a

Preskill, Wise & Wilczek 1983
Abbott & Sikivie 1983
Dine & Fischler 1983

θ=a / f a

PQ symmetry is 
spontaneously broken:

PQ symmetry is 
explicitly broken

T ⇠ fa

<latexit sha1_base64="mDCc8ihx/vxJ2f7oCsqUhLaE+r0="></latexit>

T ⇠ ⇤QCD

<latexit sha1_base64="XbCjZ7USpecALOpqxNtDDy5pCIM="></latexit>

Temperature

h�i = vae
i
a(x)
va

va

V (�) =
�

4

⇣
|�|

2
� v

2
a

⌘2

CP

V (✓) = f
2
a m

2
a(T ) (1� cos (N ✓ ))

m
2
a(T )

(
/ T

�n
T & 100

= ma(T = 0) T . 100

✓(x) ⌘
a(x)

va
0  ✓  2⇡

N = 1
N = 6

CP-concerving 
theory

T > fa

<latexit sha1_base64="oFoqt5kl0kAgwgd+MfII1p879dw="></latexit>

< � >= 0

<latexit sha1_base64="TbXxzsl0lD3EkXRQV9M+dlCPARw="></latexit>

TPQ

⇠ 109 � 1012
⇠ ⇤

�

V (�)

• �

V (�)

•
�

V (�)

•

T determines the PQ vev:

Crucial role played by inflation…

Instanton effects

Relic of symmetry breaking

�� ⇠ T

<latexit sha1_base64="fs2gY+D31/rzdY+8mukQVmPGjXg="></latexit>

VPQ(�) =
�

4
(|�|2 � f2

a )
2

<latexit sha1_base64="sIp9LwVKPRNVFd6ZmGu7GvC9l8Q="></latexit>

< � >= fae
i a(x)

fa

<latexit sha1_base64="IWBqRWHkvTuyFoPqos9iF+OSr/8="></latexit>

The axion is born: ✓ =
a

fa
2 [�⇡,⇡]

<latexit sha1_base64="fOC0X0XLeSuDt63wCBKDxparhB0="></latexit>

+V Non-Pert.
QCD = f2

am
2
a(T )(1� cos(NDW ✓))

<latexit sha1_base64="3DpReR+Y4+jfWF5P+ldlU45NEhs="></latexit>
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Dark matter from vacuum realignment

Temperature

✓

ma(T1) = 3H(T1)

ma(T) � H(T) :

✓ / cos (mat)

na / R
�3

! ⇢a ⇠
na

ma
/ R

�3

⇢a (t0) ' maf
2
aH1✓

2
i

✓
R1

R0

◆3

ma ⌧ H(T) :

✓ = ✓i =

✓̈ + 3H(t)✓̇ �
1

R2(t)
r2

✓ +m
2
a(T ) sin (✓) = 0

✓̈ +
3

2t
✓̇ +m

2
a(T )✓ = 0

Equation of motion:
(Klein-Gordon) �̈+ 3H�̇+ma(T )

2
� = 0

<latexit sha1_base64="worRSx9sV+v+KznVxRRKlae0/Cg="></latexit>

H � ma

<latexit sha1_base64="lrNnA/VWXQqKsUTzcsEEzjNmbvY="></latexit>

Axion is ‘frozen’ by 
Hubble friction

⇢a ⇠ const

<latexit sha1_base64="/CjnHbPh9h9+TnIlR+5y1pa5ww8="></latexit>

wa ⇠ �1

<latexit sha1_base64="RXWkP9qUvCFgJ0o6GkRzHoZmfH8="></latexit>

⇢a ⇠ ⇢a(aosc)a
�3

<latexit sha1_base64="lEMahnDdUtqJgO7mO2lcB4+IV68="></latexit>

H ⌧ ma

<latexit sha1_base64="ZuegYhfzmMMo9/donxrb8/Jw8Ms="></latexit>

Coherent oscillations of axion field

• Cold Dark Matter!

Scalar oscillations behave as matter

  

● Temperature-dependent 
instanton effects → m

a
(T).

● Given m
a
(T), solve

       to get energy density.

● (Approximate) analytic 
formula:

Axion energy density... 

θ̈+3H θ̇+ma
2(T )sinθ=0

Ωa h
2≈0.195( f a

10
12

GeV )
1.184

θini

2

Two scenarios

Wantz & Shellard 2010
also
Bae, Huh & Kim 2008
Turner 1986• Axions are born as non 

relativistic, classical field 
oscillations

time

ma ⌧ H(T )

<latexit sha1_base64="6J/WDelg1Mgb/Rf4eYA438Xb/Ec="></latexit>

✓ = ✓i = const.

<latexit sha1_base64="hZnhXWpyXd/BH3ivN487cqOXz2c="></latexit>

✓

<latexit sha1_base64="K9tB6EfZdXLUtTRIhrzSgR++DmE="></latexit>

time

ma � H(T )

<latexit sha1_base64="saW4zczrY3D2lQFK836t4BNFeiM="></latexit>

2 scenarios



9Initial conditions and inflation
Crucial question: did SSB occur before or after inflation?

Post-inflation scenarioPre-inflation scenario
fa & 1013GeV

<latexit sha1_base64="WTCCR/45rY1lRuo9xUdvtgxSgY4="></latexit>

May occur for low fa

  

● Temperature-dependent 
instanton effects → m

a
(T).

● Given m
a
(T), solve

       to get energy density.

● (Approximate) analytic 
formula:

Axion energy density... 

θ̈+3H θ̇+ma
2(T )sinθ=0

Ωa h
2≈0.195( f a

10
12

GeV )
1.184

θini

2

Two scenarios

Wantz & Shellard 2010
also
Bae, Huh & Kim 2008
Turner 1986

2 scenarios

  

Two scenarios for θ
ini

...

● The “classic” window

● PQ symmetry breaking after 
recent phase of inflation and 
reheating:

● Many different -π ≤ θ
ini

 ≤ π in the 

visible universe.  Take average:

● The “anthropic” window

● PQ symmetry breaking before or 
during recent phase of inflation, 
and remains broken up to now:

● One unknown value of θ
ini

 in our 

patch of the universe.

      → Ω
a
h2 depends strongly on initial 

           conditions!

f a<Max [H I

2π
,T max] f a>Max [H I

2π
,T max]

Hubble parameter
during inflation

Max temperature
after inflation

〈θini

2 〉= 1

2π∫−π

π

θ2
d θ=π2

3

• Many different  in the visible « patches » 
of the universe,

−π ≤ θini ≤ π

 independent of initial conditionsΩaU(1) PQ symmetry broken by axion mass after inflation

Relic abundance set by different value of the axion field in different 
regions of the Universe

Contribution from the decay of topological defects is uncertain 
(see yesterday’s talk by Ken’ichi Saikawa)

Correlations in field on length scale of horizon when axion obtains a 
mass – much smaller than galactic scales.

DM relic density, Wch2=0.12 Æ
narrow mass window:

average field value fixed:

Pre-inflation scenario
𝑓𝑓𝐴𝐴 > 2𝜋𝜋𝐻𝐻𝐼𝐼

• The PQ symmetry is broken during 
inflation and not restored afterwards

• Inflation “selects” one 𝜃𝜃𝑖𝑖, that is now 
constant across the observable 
Universe.

Pre- and post-inflation scenarios

Les Houches DM school Igor G. Irastorza / Universidad de Zaragoza 32

Post-inflation scenario
𝑓𝑓𝐴𝐴 < 2𝜋𝜋𝐻𝐻𝐼𝐼

• The PQ symmetry is broken after 
inflation.

• The angle 𝜃𝜃𝑖𝑖 takes different values in 
different “patches” of  the Universe.

The same 𝜃𝜃𝑖𝑖 in 
all the 

observable 
Universe

𝜃𝜃𝑖𝑖 is “sampled” from 
−𝜋𝜋,𝜋𝜋 with equal 

probability across the 
Universe.

Hubble scale 
at inflation

typical size of single patch nowadays:

PQ symmetry is broken during inflation 
and not restored afterwards

Inflation « selects » one  that is now 
constant across the observable Universe

θini

PQ symmetry is broken after inflation

Pre-inflation scenario
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• Inflation “selects” one 𝜃𝜃𝑖𝑖, that is now 
constant across the observable 
Universe.

Pre- and post-inflation scenarios

Les Houches DM school Igor G. Irastorza / Universidad de Zaragoza 32
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Hot-DM ê CMB ê BBN
SN1987ABurst Duration SK

Globular Clusters HgagLHgaeL?

White Dwarfs HgaeL?

Solar Neutrino flux HgagLHgaeL

IAXO CAST Telescope Beam
DumpADMX-IIADMX

Cold DM predictions
PreInflation-PQ

PostInflation-PQ
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<latexit sha1_base64="hcseoUaYV0rVluf7pAM5TWzX32o=">AAAB73icbVDLSsNAFL2prxpfVZdugkVwY0laStqFWHDjsoJ9QBvLZDpph04ezkyEEgp+gxsXirj1C/wPd/6N06SIrwMDh3POZe49bsSokKb5oeWWlldW1/Lr+sbm1vZOYXevLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru5Hzud24JFzQMruQ0Io6PRgH1KEZSSV3LvE5OrMpsUCiaJTOF8ZdYC1I8e9NP7wCgOSi894chjn0SSMyQED3LjKSTIC4pZmSm92NBIoQnaER6igbIJ8JJ0n1nxpFShoYXcvUCaaTq94kE+UJMfVclfSTH4rc3F//zerH0ak5CgyiWJMDZR17MDBka8+ONIeUESzZVBGFO1a4GHiOOsFQV6WkJVtm2q5a6vV6v29VKRsxK7auEdrlkqdilWWyUIUMeDuAQjsECGxpwAU1oAQYG9/AIT9qN9qA9ay9ZNKctZvbhB7TXTy1KkR8=</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="F3MxFS5DuFR5Np+w1wajzSawxnE=">AAAB73icbVDLSgMxFM3UV62vqks3wSK4sSQtZdpdwY3LCvYB7VgyadqGZjJjkhHK0J9w40IRt/6OO//GdDqIrwOBwznnknuPHwmuDUIfTm5tfWNzK79d2Nnd2z8oHh51dBgryto0FKHq+UQzwSVrG24E60WKkcAXrOvPLpd+954pzUN5Y+YR8wIykXzMKTFW6mF0m1zg6mJYLKEySgH/EpyREsjQGhbfB6OQxgGThgqidR+jyHgJUYZTwRaFQaxZROiMTFjfUkkCpr0k3XcBz6wyguNQ2ScNTNXvEwkJtJ4Hvk0GxEz1b28p/uf1YzOuewmXUWyYpKuPxrGAJoTL4+GIK0aNmFtCqOJ2V0inRBFqbEWFtARccd0atrc3Gg23Vl0RVK1/ldCplLGNXaNSs5LVkQcn4BScAwxc0ARXoAXagAIBHsATeHbunEfnxXldRXNONnMMfsB5+wTTs49i</latexit>
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<latexit sha1_base64="5Hii8nbVYwDtFtvGrDmRblXwDaY=">AAAB7nicbVDLSsNAFL2prxpfVZdugkVwVZKWkmYhFty4rGAf0MYymU7aoZMHMxOhhIK/4MaFIm79A//DnX/jNCni68DA4ZxzmXuPFzMqpGl+aIWV1bX1jeKmvrW9s7tX2j/oiCjhmLRxxCLe85AgjIakLalkpBdzggKPka43vVj43VvCBY3CazmLiRugcUh9ipFUUtcyb1LLmQ9LZbNiZjD+EmtJyudv+tkdALSGpffBKMJJQEKJGRKib5mxdFPEJcWMzPVBIkiM8BSNSV/REAVEuGm27tw4UcrI8COuXiiNTP0+kaJAiFngqWSA5ET89hbif14/kX7DTWkYJ5KEOP/IT5ghI2NxuzGinGDJZoogzKna1cATxBGWqiE9K8Gq2nbdUrc7jmPXazkxa42vEjrViqViV2a5WYUcRTiCYzgFC2xowiW0oA0YpnAPj/CkxdqD9qy95NGCtpw5hB/QXj8By3SQ7g==</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="9t03LVISqgghxiTXM9vMSe+oytY=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KklLmc6u4MZlBfuAdiyZNNOGZjJDkhHK0I9w40IRt36PO//GtB3E14HA4Zxzyb0nSATXBqEPp7CxubW9U9wt7e0fHB6Vj0+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gtmV0u/d8+U5rG8NfOE+RGZSB5ySoyVehjdZdhbjMoVVEUrwL8E56QCcrRH5ffhOKZpxKShgmg9wCgxfkaU4VSwRWmYapYQOiMTNrBUkohpP1utu4AXVhnDMFb2SQNX6veJjERaz6PAJiNipvq3txT/8wapCZt+xmWSGibp+qMwFdDEcHk7HHPFqBFzSwhV3O4K6ZQoQo1tqLQqAddct4Ht7Z7nuY36mqB686uEbq2KbewGVVq1vI4iOAPn4BJg4IIWuAZt0AEUzMADeALPTuI8Oi/O6zpacPKZU/ADztsnceyPMQ==</latexit>
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<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

More interactingLess interacting

Excluded (too much DM) ok sub

⇠ ⇡0.1 < ✓I < 3.0
<latexit sha1_base64="zQWFXuYexA8CWvIW1Ja163MDaa8=">AAAB/HicdVDLSsNAFJ34rPVV7dLNYBFchaQt1EIXBTe6q2Af0IYwmU7aoZMHMzdCKPVX3LhQxK0f4s6/cZpGUNEDFw7n3Mu993ix4Aos68NYW9/Y3Nou7BR39/YPDktHxz0VJZKyLo1EJAceUUzwkHWBg2CDWDISeIL1vdnl0u/fMal4FN5CGjMnIJOQ+5wS0JJbKlum3cIjmDIg7jVu4ZppuaWKZTYz4BVp1HPStLFtWhkqKEfHLb2PxhFNAhYCFUSpoW3F4MyJBE4FWxRHiWIxoTMyYUNNQxIw5cyz4xf4TCtj7EdSVwg4U79PzEmgVBp4ujMgMFW/vaX4lzdMwL9w5jyME2AhXS3yE4Ehwssk8JhLRkGkmhAqub4V0ymRhILOq6hD+PoU/096VdOumdWbeqVdz+MooBN0is6RjRqoja5QB3URRSl6QE/o2bg3Ho0X43XVumbkM2X0A8bbJ/MrkwQ=</latexit>

10�3 < ✓I < 0.1
<latexit sha1_base64="HWb3VuwkV0xzCQjLXDR3SJ9omi0=">AAACAHicdVA9SwNBEN3zM8avqIWFzWIQbDzukkAMpAjYaBfBfEASw95mkyzZ2zt254RwXONfsbFQxNafYee/cZOcoKIPBh7vzTAzzwsF1+A4H9bS8srq2npmI7u5tb2zm9vbb+ogUpQ1aCAC1faIZoJL1gAOgrVDxYjvCdbyJhczv3XHlOaBvIFpyHo+GUk+5JSAkfq5Q9e5jc+KSRV3YcyA9K9wFTu228/lHbsyB16QciklFRe7tjNHHqWo93Pv3UFAI59JoIJo3XGdEHoxUcCpYEm2G2kWEjohI9YxVBKf6V48fyDBJ0YZ4GGgTEnAc/X7REx8rae+Zzp9AmP925uJf3mdCIbnvZjLMAIm6WLRMBIYAjxLAw+4YhTE1BBCFTe3YjomilAwmWVNCF+f4v9Js2C7RbtwXcrXSmkcGXSEjtEpclEZ1dAlqqMGoihBD+gJPVv31qP1Yr0uWpesdOYA/YD19gn0kJSy</latexit>

The axion DM mass:  two predictions

Scenario B : Initial conditions after inflation 

Scenario A : Inflation AFTER initial conditions 

✓I =?

Post-inflation scenario: a prediction is possible (IC conditions are averaged accross the universe) 

Predictions precision is spoiled by cosmic strings
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10�13
<latexit sha1_base64="hcseoUaYV0rVluf7pAM5TWzX32o=">AAAB73icbVDLSsNAFL2prxpfVZdugkVwY0laStqFWHDjsoJ9QBvLZDpph04ezkyEEgp+gxsXirj1C/wPd/6N06SIrwMDh3POZe49bsSokKb5oeWWlldW1/Lr+sbm1vZOYXevLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru5Hzud24JFzQMruQ0Io6PRgH1KEZSSV3LvE5OrMpsUCiaJTOF8ZdYC1I8e9NP7wCgOSi894chjn0SSMyQED3LjKSTIC4pZmSm92NBIoQnaER6igbIJ8JJ0n1nxpFShoYXcvUCaaTq94kE+UJMfVclfSTH4rc3F//zerH0ak5CgyiWJMDZR17MDBka8+ONIeUESzZVBGFO1a4GHiOOsFQV6WkJVtm2q5a6vV6v29VKRsxK7auEdrlkqdilWWyUIUMeDuAQjsECGxpwAU1oAQYG9/AIT9qN9qA9ay9ZNKctZvbhB7TXTy1KkR8=</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="F3MxFS5DuFR5Np+w1wajzSawxnE=">AAAB73icbVDLSgMxFM3UV62vqks3wSK4sSQtZdpdwY3LCvYB7VgyadqGZjJjkhHK0J9w40IRt/6OO//GdDqIrwOBwznnknuPHwmuDUIfTm5tfWNzK79d2Nnd2z8oHh51dBgryto0FKHq+UQzwSVrG24E60WKkcAXrOvPLpd+954pzUN5Y+YR8wIykXzMKTFW6mF0m1zg6mJYLKEySgH/EpyREsjQGhbfB6OQxgGThgqidR+jyHgJUYZTwRaFQaxZROiMTFjfUkkCpr0k3XcBz6wyguNQ2ScNTNXvEwkJtJ4Hvk0GxEz1b28p/uf1YzOuewmXUWyYpKuPxrGAJoTL4+GIK0aNmFtCqOJ2V0inRBFqbEWFtARccd0atrc3Gg23Vl0RVK1/ldCplLGNXaNSs5LVkQcn4BScAwxc0ARXoAXagAIBHsATeHbunEfnxXldRXNONnMMfsB5+wTTs49i</latexit>

1019
<latexit sha1_base64="5Hii8nbVYwDtFtvGrDmRblXwDaY=">AAAB7nicbVDLSsNAFL2prxpfVZdugkVwVZKWkmYhFty4rGAf0MYymU7aoZMHMxOhhIK/4MaFIm79A//DnX/jNCni68DA4ZxzmXuPFzMqpGl+aIWV1bX1jeKmvrW9s7tX2j/oiCjhmLRxxCLe85AgjIakLalkpBdzggKPka43vVj43VvCBY3CazmLiRugcUh9ipFUUtcyb1LLmQ9LZbNiZjD+EmtJyudv+tkdALSGpffBKMJJQEKJGRKib5mxdFPEJcWMzPVBIkiM8BSNSV/REAVEuGm27tw4UcrI8COuXiiNTP0+kaJAiFngqWSA5ET89hbif14/kX7DTWkYJ5KEOP/IT5ghI2NxuzGinGDJZoogzKna1cATxBGWqiE9K8Gq2nbdUrc7jmPXazkxa42vEjrViqViV2a5WYUcRTiCYzgFC2xowiW0oA0YpnAPj/CkxdqD9qy95NGCtpw5hB/QXj8By3SQ7g==</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="9t03LVISqgghxiTXM9vMSe+oytY=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KklLmc6u4MZlBfuAdiyZNNOGZjJDkhHK0I9w40IRt36PO//GtB3E14HA4Zxzyb0nSATXBqEPp7CxubW9U9wt7e0fHB6Vj0+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gtmV0u/d8+U5rG8NfOE+RGZSB5ySoyVehjdZdhbjMoVVEUrwL8E56QCcrRH5ffhOKZpxKShgmg9wCgxfkaU4VSwRWmYapYQOiMTNrBUkohpP1utu4AXVhnDMFb2SQNX6veJjERaz6PAJiNipvq3txT/8wapCZt+xmWSGibp+qMwFdDEcHk7HHPFqBFzSwhV3O4K6ZQoQo1tqLQqAddct4Ht7Z7nuY36mqB686uEbq2KbewGVVq1vI4iOAPn4BJg4IIWuAZt0AEUzMADeALPTuI8Oi/O6zpacPKZU/ADztsnceyPMQ==</latexit>

A<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

A<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

Stellar evolution accelerated*Black hole spin radiated 

More interactingLess interacting

too much DM not enough

10−3 < θi < 0.1 0.1 < θi < 3.0

OK
PQ after inflation

( ⋆ )

,  predictions spoiled by topological defects( ⋆ ) for NDW > 1

Axion DM constraints from laboratory experiments, from stars and cosmos observations
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Axion conversion to photon
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in an external B-field 
 the axion sources an E-field

Matrix element given by the 
overlap of the axion and 

virtual photon wave functions

In vacuum:
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~E. ~B
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Ek

no axion-photon conversion 
Oscillatory integral vanishes (moment conservation)

One needs to modify the free wave function

Inside a cavity:          becomes the cavity modes
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Ek

Detecting Axion (Dark Matter) in the lab

v . 300 km/s ⇠ 10�3cvelocities in the galaxy

phase space density

occupation number is HUGE! treat it like a classical coherent (NR) field
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~E. ~B

cavity
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(free plane wave)

axion-photon conversion is allowed 



12 Axion haloscope
Amplify resonantly the EM field in a resonant cavity 

Power extracted from a cavity:
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Pnoise / Tsys�!

1. Hybride Magnet 43 T (34 mm), 40 T (50 mm),      
27 T (170mm), 9 T (800 mm) LNCMI

3. quantum amplifiers SQUID &JPA Institut Néel
2.

<latexit sha1_base64="lSlbrXHrBZehgAxsT4KOzK0jGLY="></latexit>

Tsys ⇠ 20mK Institut Néel

to amplify

• New interesting idea :

(forced oscillator)

cavity
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g1st point
a�� = 25⇥ gKSVZ

a��

R. Ballou, P. Camus, T. Grenet, S. Kramer, P. Pugnat, J. Quevillon, N. Roch, C. Smith, CNRS-Grenoble & Univ. Grenoble-Alpes  

2 
m

- Grenoble Hybride Magnet (Equipex LaSUP, LNCMI) 

43 T/34 mm, 40 T/50 mm, 27 T/170 mm, 9 T/800 mm

- 2021-2024: 1st experimental runs down to 20 mK in smaller bore superconducting
magnets (LANEF, Néel Institute) in 16-20 T/50 mm & 14 T/70 mm

GrAHal : Grenoble Axion Haloscope for Dark Matter search & Explore 
the ultra-low energy frontier of cosmic particles (1-100 PeV)

Axion & ALPs Haloscope (Sikivie 1983)

Primakoff
Effect

� RF cavities (0.3-30 GHz) at 20 mK & 
quantum amplifiers SQUID & JPA (IN) 
in strong magnetic field (LNCMI)

P  ɲ gaJJ
2 B0

2 V  < 10 -21 W

https://indico.desy.de/indico/event/13889/contribution/11/material/slides/0.pdf

http://cds.cern.ch/record/2315130/files/fulltext.pdf
Large & 
small
scale
dilution 
fridges P. Pugnat - LNCMI/Grenoble - PBC 25 Feb. 2021

R. Ballou, P. Camus, T. Grenet, S. Kramer, P. Pugnat, J. Quevillon, N. Roch, C. Smith, CNRS-Grenoble & Univ. Grenoble-Alpes  
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- Grenoble Hybride Magnet (Equipex LaSUP, LNCMI) 

43 T/34 mm, 40 T/50 mm, 27 T/170 mm, 9 T/800 mm

- 2021-2024: 1st experimental runs down to 20 mK in smaller bore superconducting
magnets (LANEF, Néel Institute) in 16-20 T/50 mm & 14 T/70 mm

GrAHal : Grenoble Axion Haloscope for Dark Matter search & Explore 
the ultra-low energy frontier of cosmic particles (1-100 PeV)

Axion & ALPs Haloscope (Sikivie 1983)

Primakoff
Effect

� RF cavities (0.3-30 GHz) at 20 mK & 
quantum amplifiers SQUID & JPA (IN) 
in strong magnetic field (LNCMI)

P  ɲ gaJJ
2 B0

2 V  < 10 -21 W

https://indico.desy.de/indico/event/13889/contribution/11/material/slides/0.pdf

http://cds.cern.ch/record/2315130/files/fulltext.pdf
Large & 
small
scale
dilution 
fridges P. Pugnat - LNCMI/Grenoble - PBC 25 Feb. 2021-resonance when the axion and plasma frequencies match

-thin wire metamaterials ( cm spacing   plasma frequency)∼ ⇒ ∼ GHz‘plasmon haloscope’ :
-tuneable with wire spacing  haloscopes not anymore     limited?⇒
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: the Grenoble Axion Haloscope



M
iniclusters and axion stars

Scaling

M
isalignm

ent
Axitons

Free-stream
 (RD)

M
iniclusters form

Galaxy form
s with M

C halo

hierarchical growth

- Uncertainties in early stages propagate until today 
- Predictions based on direct sim

ulations

M
inicluster m

ass function from
 N-body Sim

ulations

13 Axion miniclusters
…Inflation occurred already
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• density perturbations grow under gravity as usual 
• collapsing into gravitationally bound objects known as miniclusters   

to
da

y

Hogan & Reese (1988)

M0 ⇠ 10�12M�
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Smaller than smallest WIMP structures  ( ∼ 10−6M⊙)

Temperature

• total axion mass contained within the horizon at          sets the characteristic 
minicluster mass at        : zeq
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Axion DM inhomogeneous a  pc scales∼
first structures form at z > zeq

z=106 z=104

z=4 103

z=105

z=1.5 103

Scenario B: miniclusters 
- Axion DM inhomogeneous at ~ pc scales -> first structures form at z & zeq ⇠ 4000
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L~0.2 pc

Typical minicluster 
M~10-12 Mo 

R~1012 cm

size  km∼ 107

 in the Galaxy∼ 1025

through the Earth every  years ∼105



14Detecting axion miniclusters with gravitational 
microlensing

Microlensing: fugitive amplification of a background star which occurs 
when a compact object passes close to the line of sight to that star.

Gravitational 
Lensing

Place the first observational bound:

Miniclusters could be detected by femto- pico- and microlensing

Figure 5 The red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM
in the halo regions of MW and M31, derived from our search for microlensing of M31 stars based on the
“single-night” HSC/Subaru data and fills a large gap in the existing constraints by closing the PBH DM
window around lunar mass scale. To derive this constraint, we took into account the effect of finite source
size, assuming that all source stars in M31 have a solar radius, as well as the effect of wave optics in the
HSC r-band filter on the microlensing event (see text for details). The effects weaken the upper bounds
at M <⇠ 10�7M�, and give no constraint on PBH at M <⇠ 10�11M�. Our constraint can be compared
with other observational constraints as shown by the gray shaded regions: extragalactic �-rays from PBH
evaporation [32], femtolensing of �-ray burst (“Femto”) [33], microlensing search of stars from the satellite
2-years Kepler data (“Kepler”) [18], MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”) [15],
and the accretion effects on the CMB observables (“CMB”) [34], updated from the earlier estimate [35].

8

-First studies available  
-Distinguishing between DM models 

-Constraints on compact objects  
- (need to be adapted to MCs)

Expected microlensing events:
Fairbairn, Marsh, J.Q., PRL (2017)

Fairbairn, Marsh, J.Q., PRL (2017)

The amount of DM in compact objects is strongly constrained:

How do these constraints translate to miniclusters (or e.g. UCMHs)?
What is the relic density, mass, and size distribution of miniclusters?

Fig: Niikura et al (2017)

The amount of DM in compact objects is strongly constrained:

How do these constraints translate to miniclusters (or e.g. UCMHs)?
What is the relic density, mass, and size distribution of miniclusters?

Fig: Niikura et al (2017)

The amount of DM in compact objects is strongly constrained:

How do these constraints translate to miniclusters (or e.g. UCMHs)?
What is the relic density, mass, and size distribution of miniclusters?

Fig: Niikura et al (2017)

For PBH (point masses), the amount of DM in 
compact objects is strongly constrained:

Niikura et al (2017)

Huge and renewed global effort in axion direct detection. If fMC is high, rare MC encounters  axion DM detection is limited.→
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Axion limits
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Axions in astrophysics

• Stars are powerful sources of weakly interacting particles such as gravitons, neutrinos and axions

• The properties of stars would change with such a new energy loss

• Axions may couple to photons, electrons and nucleons

• Astrophysical considerations strongly constrain axion properties

(interior nuclear reactions or thermal processes)

• Observable consequences on stars at various stage of their evolution



Georg Raffelt, MPI Physics, Munich 5 KEK-PH Lectures and Workshops 2020

Evolution of Stars

Surface T ~ eV (IR to UV)
Inner  T ~ 1–100 keV

Surface T ~ keV 

Inner T ~ 30 MeV 

Nuclear density

Particle physics playground 17

Very low energies  (cf. particle physics standards)  
Of interest for feebly interacting particles (« intensity frontier »)



Georg Raffelt, MPI Physics, Munich 3 KEK-PH Lectures and Workshops 2020

Evolution of Stars

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

Various axion implications 18

Axion from the Sun

• Lifetime of HB stars in globular clusters
• Brightness of tip of RGB

• WD luminosity function
• Period of variable WDs

Superradiance

Cooling speed

Neutrino signal  from SN 1987A
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Axions and the Sun

Georg Raffelt, MPI Physics, Munich MIAPP Axion Workshop, Garching, 28 Feb 2020

Processes from Axion-Electron Coupling

Redondo: Solar axion flux from the axion-electron coupling, arXiv:1310.0823
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Helioscope searches
Helioscope searches

• Our sun is expected to be a good source of axions, via a variety of channels


� 


• This leads to a characteristic flux at Earth (left is Primakoff only, right is from couplings 
to electrons)


�

Compton

γ

e

axio− deexcitation

I∗
I

a

axiorecombination

e

I I−

a

Primakoff

γ

e, I

a

e

I
e− I bremsstrahlung

e
e− e bremsstrahlung

a

e

a a

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

1.5

2

2.5

3

E !keV"

dΦ dE
!1
02
0 k
eV
"
1 y
ea
r"
1
m
"
2 "

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

1.5

2

2.5

3

E !keV"

dΦ dE
!1
02
0 k
eV
"
1 y
ea
r"
1
m
"
2 "

Figure 9: Solar axion flux spectra at Earth by di↵erent production mechanisms. On the left, the most
generic situation in which only the Primako↵ conversion of plasma photons into axions is assumed.
On the right the spectrum originating from processes involving electrons, bremsstrahlung, Compton
and axio-recombination [323, 395]. The illustrative values of the coupling constants chosen are ga� =
10�12 GeV�1 and gae = 10�13. Plots from [480].

(where !p is the plasma frequency of the gas, !2

p
= 4⇡↵ne/me, being ne and me the electron density and

the electron mass respectively). If the axion mass matches the photon mass, q = 0 and the coherence is
restored. By changing the pressure of the gas inside the pipe in a controlled manner, the photon mass
can be systematically increased and the sensitivity of the experiment can be extended to higher axion
masses. In this configuration, in the event of a positive detection, helioscopes can determine the value
of ma. Even in vacuum, ma can be determined from the spectral distortion produced by the onset of
ALP-photon oscillation in the helioscope of the low energy part of the spectrum, something that can
be detectable for masses down to 10�3 eV, depending of the intensity of the signal [484].

The basic layout of an axion helioscope thus requires a powerful magnet coupled to one or more
X-ray detectors. In modern incarnations of the concept, as shown in figure 10, an additional focusing
stage is added at the end of the magnet to concentrate the signal photons and increase signal-to-noise
ratio. When the magnet is aligned with the Sun, an excess of X-rays at the detector is expected, over
the background measured at non-alignment periods. This detection concept was first experimentally
realised at Brookhaven National Laboratory (BNL) in 1992. A stationary dipole magnet with a field of
B = 2.2 T and a length of L = 1.8 m was oriented towards the setting Sun [38]. The experiment derived
the upper limit ga� < 3.6 ⇥ 10�9 GeV�1 for ma < 0.03 eV at 99% C.L. At the University of Tokyo, a
second-generation experiment was built: the SUMICO axion heliscope. Not only did this experiment
implement a dynamic tracking of the Sun but it also used a more powerful magnet (B = 4 T, L = 2.3 m)
than the BNL predecessor. The bore, located between the two coils of the magnet, was evacuated and
higher-performance detectors were installed [46,485,486]. This new setup resulted in an improved upper
limit in the mass range up to 0.03 eV given by ga� < 6.0⇥10�10 GeV�1 (95% C.L.). Later experimental
improvements included the additional use of a bu↵er gas to enhance sensitivity to higher-mass axions.

A third-generation experiment, the CERN Axion Solar Telescope (CAST), began data collection in
2003. The experiment uses a LHC dipole prototype magnet with a magnetic field of up to 9 T over a
length of 9.3 m [488]. The magnet is able to track the Sun for several hours per day using a elevation
and azimuth drive (see Fig. 11). This CERN experiment has been the first helioscope to employ X-

54

Figure taken from Irastorza et al., “The International Axion Observatory IAXO. Letter of Intent…” 

• Stars produce axions from thermal photons in the fluctuating electromagnetic 
fields of the stellar plasma

• Produced axions get out of the Sun and travel to the Earth
Helioscope searches

• Integrating over energy leads to a characteristic (Primakoff) flux at Earth


� ,     � 


• Helioscope experiments (such as CAST, SUMICO and the planned IAXO) use the Primakoff 
effect to convert these axions back into x-ray photons


� 


�

ϕa ≃ 1011 (
Gaγγ

10−10GeV−1 )
2

cm−2s−1 (ϕsolar ν ≃ 1011cm−2s−1)

2

FIG. 1. Sketch of the CAST helioscope at CERN to search for solar axions. These hypothetical low-mass bosons are produced
in the Sun by Primako↵ scattering on charged particles and converted back to x-rays in the B-field of an LHC test magnet.
The two straight conversion pipes have a cross section of 14.5 cm2 each. The magnet can move by ±8� vertically and ±40�

horizontally, enough to follow the Sun for about 1.5 h at dawn and dusk with opposite ends. Separate detection systems can
search for axions at sunrise and sunset, respectively. The sunrise system is equipped with an x-ray telescope (XRT) to focus the
signal on a small detector area, strongly increasing signal-to-noise. Our new results were achieved thanks to an XRT specifically
built for CAST and improved low-noise x-ray detectors.

INTRODUCTION

Advancing the low-energy frontier is a key endeavor
in the world-wide quest for particle physics beyond the
standard model and in the e↵ort to identify dark matter
[1, 2]. Nearly massless pseudoscalar bosons, often gener-
ically called axions, are particularly promising because
they appear in many extensions of the standard model.
They can be dark matter in the form of classical field os-
cillations that were excited in the early universe, notably
by the re-alignment mechanism [3]. One particularly well
motivated case is the QCD axion, the eponym for all such
particles, which appears as a consequence of the Peccei-
Quinn mechanism to explain the absence of CP-violating
e↵ects in QCD [3].

Axions were often termed “invisible” because of their
extremely feeble interactions, yet they are the target of a
fast-growing international landscape of experiments. Nu-
merous existing and foreseen projects assume that axions
are the galactic dark matter and use a variety of tech-
niques that are sensitive to di↵erent interaction channels
and optimal in di↵erent mass ranges [4, 5]. Indepen-
dently of the dark matter assumption, one can search for
new forces mediated by these low-mass bosons [6] or the
back-reaction on spinning black holes (superradiance) [7].
Stellar energy-loss arguments provide restrictive limits
that can guide experimental e↵orts and in some cases
may even suggest new loss channels [3, 8, 9].

The least model-dependent search strategies use the
production and detection of axions and similar particles
by their generic two-photon coupling. It is given by the
vertex La� = � 1

4
ga�Fµ⌫ eFµ⌫a = ga�E ·B a, where a is

the axion field, F the electromagnetic field-strength ten-
sor, and ga� a coupling constant of dimension (energy)�1.
Notice that we use natural units with ~ = c = kB = 1.
This vertex enables the decay a ! ��, the Primako↵ pro-

duction in stars, i.e., the � ! a scattering in the Coulomb
fields of charged particles in the stellar plasma, and the
coherent conversion a $ � in laboratory or astrophysical
B-fields [10, 11].
The helioscope concept, in particular, uses a dipole

magnet directed at the Sun to convert axions to x-rays
(see Fig. 1 for a sketch). Solar axions emerge from many
thermal processes, depending on their model-dependent
interaction channels. We specifically consider axion pro-
duction by Primako↵ scattering of thermal photons deep
in the Sun, a process that depends on the same coupling
constant ga� which is also used for detection.
Since 2003, the CERN Axion Solar Telescope (CAST)

has explored the ma–ga� parameter space with this ap-
proach, more details to be given below. The black solid
line in Fig. 2 is the envelope of all previous CAST results.
The low-mass part ma .0.02 eV corresponds to the first
phase 2003–2004 using evacuated magnet bores [12, 13].
The a ! � conversion probability in a homogeneous B
field over a distance L is

Pa!� =

✓
ga�B

sin(qL/2)

q

◆2

, (1)

where q = m2

a/2E is the a–� momentum transfer in vac-
uum. For L = 9.26 m and energies of a few keV, co-
herence is lost for ma & 0.02 eV, explaining the loss of
sensitivity for larger ma.
Later, CAST has explored this higher-mass range by

filling the conversion pipes with 4He [14, 15] and 3He
[16, 17] at variable pressure settings to provide photons
with a refractive mass and in this way match the a and
� momenta. The sensitivity is smaller because at each
pressure setting, data were typically taken for a few hours
only. Despite this limitation, CAST has reached realistic
QCD axion models and has superseded previous solar ax-
ion searches using the helioscope [18] and Bragg scatter-

Figure taken from Irastorza et al., “Towards a new generation axion helioscope” arxiv:1103.5334

�  is 

momentum transfer

q = m2
a /2E

• Helioscope experiments (ex: CAST, SUMICO, IAXO) use this effect to convert these axions 
back into X-ray photons

Maximum of the distribution is at 3.0 keV

• Robust prediction since it only relies on  and on well-known solar physicsgaγ ≠ 0

gaγ
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Figure 8: Solar axion flux spectra at Earth by different production mechanisms. On
the left, the most generic situation in which only the Primakoff conversion of plasma
photons into axions is assumed. On the right the spectrum originating from the
ABC processes [82,203]. The illustrative values of the coupling constants chosen are
ga� = 10�12 GeV�1 and gae = 10�13. Plots from [204].

In spite of the above, due to the fact that gae is more strongly bounded from astrophysical1197

considerations than ga� (see section 4) the sensitivity of experiments to ABC axions has not1198

been sufficient so far to reach and study unconstrained values of gae. This may change with1199

the next generation of solar axion helioscopes, like IAXO, that will enjoy sensitivity to values1200

down to gae ⇠ 10�13, as will be commented in section 8.2.1201

For the sake of completeness, we should mention that the existence of axion-nucleon cou-1202

plings gaN also allows for additional mechanisms of axion production in the Sun. These emis-1203

sions are mono-energetic and are associated with particular nuclear reactions in the solar core.1204

Some examples of the emissions that have been searched for experimentally are: 14.4 keV ax-1205

ions emitted in the M1 transition of Fe-57 nuclei, MeV axions from 7Li and D(p,�)3He nuclear1206

transitions or Tm169 (see [2] for details and references).1207

8.2 Axion helioscopes1208

The axion helioscope detection concept [112] invokes the conversion of the solar axions back1209

to photons in a strong laboratory magnet. The resulting photons keep the same energy as1210

the incoming axions, and therefore they are X-rays that can be detected in the opposite side1211

of the magnet when it is pointing to the Sun (see Fig. 9). The conversion process inside the1212

heliscope’s magnet is conceptually similar to the one presented above for LSW experiments.1213

The probability of conversion in a magnet of constant transverse magnetic field B and length1214

L can be expressed as [112,198,205]:1215

P(a! �) = 2.6⇥ 10�17
⇣ ga�

10�10 GeV�1

⌘2 Å B
10 T

ã2 Å L
10 m

ã2
F(qL) , (37)

where F(qL) is a form factor to account for the loss of coherence:1216

F =
Å

2
qL

ã2
sin2
Å

qL
2

ã
, (38)

35

with a characteristic flux:
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Figure 8: Solar axion flux spectra at Earth by different production mechanisms. On
the left, the most generic situation in which only the Primakoff conversion of plasma
photons into axions is assumed. On the right the spectrum originating from the
ABC processes [82,203]. The illustrative values of the coupling constants chosen are
ga� = 10�12 GeV�1 and gae = 10�13. Plots from [204].

In spite of the above, due to the fact that gae is more strongly bounded from astrophysical1197

considerations than ga� (see section 4) the sensitivity of experiments to ABC axions has not1198

been sufficient so far to reach and study unconstrained values of gae. This may change with1199

the next generation of solar axion helioscopes, like IAXO, that will enjoy sensitivity to values1200

down to gae ⇠ 10�13, as will be commented in section 8.2.1201

For the sake of completeness, we should mention that the existence of axion-nucleon cou-1202

plings gaN also allows for additional mechanisms of axion production in the Sun. These emis-1203

sions are mono-energetic and are associated with particular nuclear reactions in the solar core.1204

Some examples of the emissions that have been searched for experimentally are: 14.4 keV ax-1205

ions emitted in the M1 transition of Fe-57 nuclei, MeV axions from 7Li and D(p,�)3He nuclear1206

transitions or Tm169 (see [2] for details and references).1207

8.2 Axion helioscopes1208

The axion helioscope detection concept [112] invokes the conversion of the solar axions back1209

to photons in a strong laboratory magnet. The resulting photons keep the same energy as1210

the incoming axions, and therefore they are X-rays that can be detected in the opposite side1211

of the magnet when it is pointing to the Sun (see Fig. 9). The conversion process inside the1212

heliscope’s magnet is conceptually similar to the one presented above for LSW experiments.1213

The probability of conversion in a magnet of constant transverse magnetic field B and length1214

L can be expressed as [112,198,205]:1215

P(a! �) = 2.6⇥ 10�17
⇣ ga�
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Average energy is 4.2 keV
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Figure 9: Conceptual arrangement of an enhancged axion helioscope with X-ray
focussing. Solar axions are converted into photons by the transverse magnetic field
inside the bore of a powerful magnet. The resulting quasi-parallel beam of photons
of cross sectional area A is concentrated by an appropriate X-ray optics onto a small
spot area a in a low background detector. Figure taken from [212].

The strategy described above has been followed by the CERN Axion Solar Telescope (CAST)1265

experiment, using a decommissioned LHC test magnet that provides a 9 T field inside the two1266

10 m long, 5 cm diameter magnet bores. CAST has been active for more than 15 years at1267

CERN, going through several data taking campaigns, and represents the state-of-the-art in the1268

search for solar axions. It has been the first axion helioscope using X-ray optics. The latest1269

solar axion result [208]14 sets an upper bound on the axion-photon coupling of:1270

ga� < 0.66⇥ 10�10 GeV�1 , (40)

for ma Æ 0.01 eV. Figure 7 shows the full exclusion line. The wiggly extension at higher masses,1271

up to about 1 eV is the result of the scanning with a buffer gas in the bores [209–211], which1272

has allowed CAST to actually probe the QCD band in those masses. The limit (40) competes1273

with the strongest bound coming from astrophysics. Advancing beyond this bound to lower1274

ga� values is now highly motivated [212], not only because it would mean to venture into1275

regions of parameter space allowed by astrophysics, but also because the astrophysical hints1276

mentioned in section 4 seem to point at precisely this range of parameters. CAST has also1277

searched for solar axions produced via the axion-electron coupling [203] (and axion-nucleon1278

in [213,214]) although the very stringent astrophysical bound on this coupling remains so far1279

unchallenged by experiments.1280

The successor of CAST is the International Axion Observatory (IAXO) [215], a new gener-1281

ation axion helioscope, aiming at the detection of solar axions with sensitivities to ga� down1282

to a few 10�12 GeV�1, a factor of 20 better than the current best limit from CAST (a factor1283

of more than 104 in signal-to-noise ratio). This leap forward in sensitivity is achieved by the1284

realization of a large-scale magnet, as well as by extensive use of X-ray focusing optics and1285

low background detectors.1286

The main element of IAXO is thus a new dedicated large superconducting magnet [216],1287

designed to maximize the helioscope figure of merit. The IAXO magnet will be a supercon-1288

14This result was obtained from data taken in 2014-15, and since then the experiment is hosting different new
exploratory setups like the haloscopes described in the previous section.

37

inverse Primakoff

γ X-rays

L

Pa→γ ∼ B2
extg2

aγL2

Current constraint (CAST):   for gaγ ≲ 10−10GeV−1 ma ≲ 0.01eV
For larger masses, the axion-photon transition is suppressed by the energy-momentum mismatch between particles of different mass

electrostatic field of electrons and nuclei
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22Constraints from the Sun itself
• Solar age :

Axion losses lead to an enhanced consumption of nuclear fuel

The standard Sun is halfway through its hydrogen-burning phase so that the solar axion luminosity 
should not exceed its photon luminosity

an example: the PVLAS experiment (magnetically induced vacuum dichroism)
Possible interpretation of signal by an axion with  and gaγ ∼ 10−6GeV−1 ma ∼ 1meV
Sun’s axion luminosity would exceed photon luminosity by a factor  and the 
Sun could live only for  yrs. (severe constraint on that PVLAS signature)

106

103

• Helioseismology :
Integrated effect of axion losses would alter the sound-speed profile 
which can be diagnosed by helioseismology 

Constraint:  gaγ ≤ 4.1 × 10−10GeV−1 H. Schlattl, A. Weiss, G. Raffelt, arXiv:9807476

( )La ≲ 0.20L⊙

• Solar neutrino flux :
The energy loss by solar axion emission requires enhanced nuclear burning and thus increase the 
temperature of the Sun.  This would increase the solar  neutrino flux.8B
The measure all-flavor  neutrino flux ( ) implies a limit:8B ∼ 5 × 106cm−2s−1

gaγ ≲ 7 × 10−10GeV−1 ( )La ≲ 0.04L⊙ P. Gondolo, G. Raffelt, arXiv:0807.2926

N. Vinyoles et al., arXiv:1501.01639

Major problem of the Sun as an axion source: low temperature of its core…



23Globular-Cluster Stars

• This is a gravitationally bound system of stars that formed at the same time and thus differ primarily 
in their mass.

58 G.G. Raffelt

Fig. 3.1. Color-magnitude diagram for the globular cluster M3, based on 10,637
stars [50]. Vertically is the brightness in the visual (V) band, horizontally the dif-
ference between B (blue) and V brightness, i.e., a measure of the color and thus
surface temperature, where blue (hot) stars lie toward the left. The classification
for the evolutionary phases is as follows [51]. MS (main sequence): core hydrogen
burning. BS (blue stragglers). TO (main-sequence turnoff): central hydrogen is ex-
hausted. SGB (subgiant branch): hydrogen burning in a thick shell. RGB (red-giant
branch): hydrogen burning in a thin shell with a growing core until helium ignites.
HB (horizontal branch): helium burning in the core and hydrogen burning in a
shell. AGB (asymptotic giant branch): helium and hydrogen shell burning. P-AGB
(post-asymptotic giant branch): final evolution from the AGB to the white-dwarf
stage

stars that are brighter than the HB. Number counts in 15 globular clus-
ters [49] show that this number ratio agrees with expectations within 20–40%
in any one cluster, where the error is mostly statistical because typically only
about 100 HB stars were present in the fields of view used. Compounding the
results of all 15 clusters, the helium-burning lifetime agrees with expectations
within about 10% [10, 11]. Of course, with modern data these results could
likely be improved. Either way, a reasonably conservative limit is

gaγγ < 10−10 GeV−1 . (3.18)

It is comparable to the CAST limit (3.17), but applies for higher masses.
The relevant temperature is about 10 keV so that significant threshold effects
begin only at about ma ! 30 keV. For QCD axions, the coupling increases
with mass so that the limit applies to even larger masses.

In « color-magnitude diagram » surface brightness vs. the surface temperature plot, stars appear in 
characteristic position allowing one to identify their state of evolution : 

• It provides a homogeneous population of stars, allowing for detailed tests of stellar-evolution theory.

• The stars surviving since formation have masses somewhat below 1M⊙

brightness

Surface temperature
globular cluster M3 Main Sequence (MS) : core hydrogen burning

Main-sequence TurnOff (TO) : central hydrogen is exhausted

SubGiant Branch (SGB) : hydrogen burning in a thick shell

Red-Giant Branch (RGB) : hydrogen burning in a thin shell with a 
growing core until helium ignites

Horizontal Branch (HB) : helium burning in the core and hydrogen 
burning in a shell

Asymptotic Giant Branch (AGB) : helium and hydrogen shell burning



24

Georg Raffelt, MPI Physics, Munich MIAPP Axion Workshop, Garching, 28 Feb 2020

Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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Horizontal-branch stars and the  couplinggaγ

• The Horizontal-branch (HB) stars are Helium burning 
stars with low core density and high temperatures

• Axions could be efficiently produced via Primakoff 
conversion and speed up the evolution of the star in 
this stage

• Observationally, the relevant parameter is 
the ratio of stars in the HB stage over the 
ones in the RGB (brighter & preceding)

• A non-zero  will deplete the stars at HB 
with respects to the RGB ones,

gaγ

• Comparable to the CAST limit but applies for higher 
masses (relevant temperature is  keV)∼ 10

Constraint:  gaγ < 0.66 × 10−10 GeV−1

(  lifetime reduction)30 %
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Processes from Axion-Electron Coupling

Redondo: Solar axion flux from the axion-electron coupling, arXiv:1310.0823

Georg Raffelt, MPI Physics, Munich MIAPP Axion Workshop, Garching, 28 Feb 2020

Processes from Axion-Electron Coupling

Redondo: Solar axion flux from the axion-electron coupling, arXiv:1310.0823

The most interesting constrains on  arise from dense cores of white dwarfs (WD) and RGB stars for 
which the bremsstrahlung emission dominates. 

gae

If axions couple to electrons, a number of additional axion production mechanisms 
are at play in dense stellar interior:

• axio-recombination :

• axion-deexcitation :

• axion-Bremsstrahlung in electron-electron collisions : 

• Compton scattering with emission of an axion :

Georg Raffelt, MPI Physics, Munich MIAPP Axion Workshop, Garching, 28 Feb 2020

Processes from Axion-Electron Coupling

Redondo: Solar axion flux from the axion-electron coupling, arXiv:1310.0823

Georg Raffelt, MPI Physics, Munich MIAPP Axion Workshop, Garching, 28 Feb 2020

Processes from Axion-Electron Coupling

Redondo: Solar axion flux from the axion-electron coupling, arXiv:1310.0823
• axion-Bremsstrahlung in electron-ion :

Georg Raffelt, MPI Physics, Munich MIAPP Axion Workshop, Garching, 28 Feb 2020

Processes from Axion-Electron Coupling

Redondo: Solar axion flux from the axion-electron coupling, arXiv:1310.0823



27White-dwarf cooling

• WDs are relatively light stars in a late stage of their lifetime when they have exhausted their nuclear 
energy sources

• They have simple evolution (gravothermal process) governed by the cooling offered by neutrinos 
and then photons emission

• The presence of an exotic cooling mechanism:

• Look at the distribution of the WDs versus luminosity,

• Direct observation of the period change of single WD variable stars (WDs whose 
luminosity oscillates due to gravity pulsations within themselves)

cooling speed agrees with expectations, gae < 1.5 × 10−13 GeV−1

Constraint : gae ≲ 10−13GeV−1

axion luminosity: La ∼ 2 × 10−4L⊙( gae

10−13 )
2

( Tc

107 K )
4

Thermal spectrum at TC ∼ 1keV
Surface temperature is a few eV

• Axion cooling could be made efficient in two ways:

, hint for  ?gae = 2.9 × 10−13GeV−1
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Helium ignition of the RGB and the  couplinggae

• Another good observables to constrain  is the luminosity of the RGB tip (point of maximum 
luminosity, when RGB stars reach the condition to ignite Helium, a.k.a the He-Flash)

gae

• Therefore it can be delayed by axion cooling. This implies that the core grows more massive 
before helium ignites.

• Remember, that the helium-burning lifetime is useful to constrain  because of the Primakoff 
rate effective in HB stars and suppressed in the RGB cores

gaγ

• The helium-ignition argument is useful when the emission rate is larger on the RGB than on the 
HB,

Constraint : gae ≲ 3 × 10−13GeV−1  G. Raffelt and A. Weiss, arXiv:9410205 

• RGB stars have a degenerate helium core with a typical density  and  K. 
Helium ignites a a critical combination of  and .

ρ ∼ 106g cm−3 T ∼ 108

ρ T

RGB will extend to brighter stars

• The most efficient axion production mechanisms are the electron bremsstrahlung and the 
Compton processes
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Axion-nucleon coupling

• If axions or ALPs couple to nucleons, it allows for nuclear transition in the stellar core to  
 emit axions 

• Relevant thermal process is nucleon bremsstrahlung.

(has been searched for in the Sun)

Observational effect: anomalous cooling

• As light, weakly coupled particles 
axions are expected to free-
stream, carrying energy away 
from astrophysical objects (stars, 
neutron stars, white dwarfs etc)


• By inferring the temperatures of 
populations of these objects, we 
can bound any anomalous 
energy loss


• Most famously, the duration of 
the SN1987A neutrino burst also 
provided strong constraints on 
axion/nucleon bremsstrahlung 

120 Chapter 4

Fig. 4.1. Feynman graph for nucleon-nucleon axion bremsstrahlung. There
is a total of eight amplitudes, four with the axion attached to each nucleon
line, and an exchange graph each with N3 ↔ N4.

Raffelt and Seckel (1995) showed that including mπ causes less than
a 30% reduction of typical neutrino or axion rates for T > 20MeV. Be-
cause this will be a minor error relative to the dominant uncertainties
the term in square brackets is approximated as [3− (k̂ · l̂)2].

The remaining (k̂ · l̂)2 term is inconvenient without yielding any
significant insights. In a degenerate medium it averages to zero in
expressions such as the axion emission rate while in a nondegenerate
medium it can be as large as about 1.31 (Raffelt and Seckel 1995),
leading to an almost 50% reduction of the emissivity. Still, for the
present discussion I will neglect this term and use

∑

spins

|M|2 = 16 (4π)3α2
παam

−2
N . (4.3)

While this may seem somewhat arbitrary, it must be stressed that us-
ing an OPE potential to model the nucleon interactions in a nuclear
medium is in itself an approximation of uncertain precision. For the
present discussion a factor of order unity will not change any of the
conclusions.

4.2.2 Energy-Loss Rate

The axionic volume energy-loss rate of a medium is the usual phase-
space integral,

Qa =
∫ d3ka

2ωa (2π)3
ωa

∫ 4∏

i=1

d3pi

2Ei (2π)3
f1 f2 (1− f3)(1− f4)

× (2π)4 δ4(P1 + P2 − P3 − P4 −Ka)
1
4

∑

spins

|M|2, (4.4)

where P1,2 are the four-momenta of the initial-state nucleons, P3,4 are
for the final states, and Ka is for the axion. The factor 1

4 is a statistics

Anomalous Stellar Energy Losses Bounded by Observations 45

Fig. 2.10. Observed WD luminosity function as in Tab. 2.1. The dot-
ted line represents Mestel’s cooling law with a constant WD birthrate of
B = 10−3 pc−3Gyr−1. The dashed line is from the numerical cooling curve
of a 0.6M" WD (Koester and Schönberner 1986), including neutrino losses
and assuming the same constant birthrate.

2.2.2 Cooling Theory

AWD has no nuclear energy sources and so it shines on its residual ther-
mal energy: the evolution of a WD must be viewed as a cooling process
(Mestel 1952). Because electron conduction is an efficient mechanism
of energy transfer the interior can be viewed, to a first approximation,
as an isothermal heat bath with a total amount of thermal energy U .
Because the nondegenerate surface layers have a large “thermal resis-
tance,” they insulate the hot interior from the cold surrounding space,
throttling the energy loss Lγ by photon radiation. Of course, WDs can
also lose energy by neutrino volume emission Lν , and by novel particle
emission Lx. Hence, WD cooling is governed by the equation

dU/dt = −(Lγ + Lν + Lx). (2.4)

This simple picture ignores the possibility of residual hydrogen burn-
ing near the surface, a possibly important luminosity source for young
WDs (e.g. Castellani, Degl’Innocenti, and Romaniello 1994; Iben and
Tutukov 1984). I will get back to this problem below.

Observed white dwarf luminosity function, courtesy “Stars as 
Laboratories for Fundamental Physics”, G. Raffelt

• This process is efficient at temperatures high enough so that momentum exchange between 
nucleons is larger than the pion mass.

• This happens only at the cores of Supernovae (SN) and Neutron Stars (NS).

One Pion Exchange (OPE) approximation
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• Strongest constraint on  comes from the famous observation of the neutrino signal from the 
supernovae explosion SN1987A.

gaN

SN1987A

3 Astrophysical Axion Bounds 61

Fig. 3.2. Relative duration of a SN neutrino burst as a function of the axion-
nucleon coupling [10]. Freely streaming axions are emitted from the entire core
volume, trapped ones from an “axion sphere”. The solid line is from numerical
calculations [71, 72]. The dotted line is an arbitrary continuation to guide the eye

couplings to neutrons and protons. Figure 3.2 illustrates that axion emission
leaves the signal duration unchanged when gaNN is very small. For larger
couplings, the signal is shortened until it reaches a minimum, roughly when
the axion mfp corresponds to the geometric size of the SN core. For even
larger couplings, axions are trapped and are emitted from an “axion sphere”.
When it moves beyond the neutrino sphere, the signal duration once more
remains unaffected.

Of course, such “strongly” interacting axions are not necessarily harmless.
They may play an important role during the infall phase. Moreover, in the
water Cherenkov detectors that registered the SN 1987A neutrinos, these
axions would have interacted with oxygen nuclei, leading to the release of γ
rays and causing too many events [76].

However, for axions and other particles, the trapping regime is usually
excluded by other arguments so that the free-streaming regime is of greater
interest. An approximate analytic constraint on the energy-loss rate is [9]

εa ! 1 × 1019 erg g−1 s−1 , (3.21)

to be calculated at # = 3 × 1014 g cm−3 and T = 30 MeV. If we take the SN
core to have a mass of about 1 M" = 2× 1033 g, this corresponds to an axion
luminosity La = εaM" = 2 × 1052 erg s−1. The gravitational binding energy
of the neutron star is about 3 × 1053 erg and the emission lasts up to 10 s,
i.e., axion losses would compete significantly with neutrino emission.

We stress that the criterion (3.21) is not arbitrary, but was distilled from
several numerical simulations that consistently showed that the burst dura-
tion was roughly halved when the limit (3.21) was saturated [9]. Axion losses

M. S. Turner, Phys.Rev.Lett. 60 (1988) 1797

• The signal duration depends on the efficiency of the cooling and the observed signal in the few 
neutrinos detected is compatible with the standard picture that neutrinos dominate as the carrier of 
the energy released during the explosion.

(Indicative limit rather than a sharp bound due to considerable uncertainties)

very stringent upper bound for the QCD axion,  meVma ≲ 20
• Axion emission would shorten the neutrino signal:

Axion bound from Supernovae
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Axion bound from Neutron Stars

• Axions may modify NS cooling by being thermally produced within the NS cores and escape the 
stars due to their weak interactions

• Most previous studies of axion-induces NS cooling have focused on very young NS (proto-NSs) 
(one from SN1987A are seconds old). What about older NS cooling with ages  years?∼ 105 − 106

• SN1987A studies suffer from self consistent simulation and big uncertainties related to the formation

• NSs with ages  yrs live at a unique era, where cooling from axion bremsstrahlung emission is 
maximally important.

∼ 105

• Despite their astronomical distances from Earth, NSs provide competitive environments in which to 
search for signatures of axion DM because these objects contains enormous magnetic fields (  G )∼ 1015

 at lower ages neutrino emission plays a more important role since the neutrino (axion) 
emissivity scales as  while at older ages the thermal surface emission 
dominates the energy loss

∝ T8(T6)

Constraint :   (NS in HESS J1731-347)gan ≤ 2.8 × 10−10GeV−1



conversion into NS magnetosphere: X-ray searches 
Axion production in NS cores 

B ∼ 1014 G

Pa→γ ∼ 10−4(
gaγ

10−11 GeV−1 )
2

( 1 keV
ω )

4/5

( B0

1013 G )
2/5

( RNS

10 km )
6/5

Lγ ∝ g2
aNg2

aγ

La ∼ 0.05L⊙( gaN

10−10 )
2

( Tc

108 K )
6

XMM-Newton, Chandra telescopes

Buschmann et al., arXiv:2111.09892



• Axion DM may efficiently convert to photons in the magnetospheres of NSs producing nearly 
monochromatic radio emission:

• Search for evidence of this process using archival Green Bank Telescope data collected in a survey of the 
Galactic Center in the C-band by the Breakthrough Listen project

Neutron stars as B-field laboratories for axions

B

B ⇠ 1014 G

axion

photon

radio 
monochromatic

non-relativistic  
dark matter

4

conversion into NS magnetosphere: radio searches 
Axion production in NS cores 

This process is resonantly triggered when the plasma frequency induced by the underlying charge 
distribution approximately matches the axion mass.

• Find no evidence for axion DM excluding values down to: 
 for DM axions with gaγ ∼ 10−11GeV−1 ma = 15 − 35μeV

 (aims to find signatures of extraterrestrial life in the radio band)

DM  
axions

radio waves

Alex Savello, VLA

radio waves

DM axions resonantly convert to radio waves 
when ma = m�

NS with strong B-field and surrounding plasma

radio emission 
propagates 

to Earth
Narrow radio line detectable at 

Earth with                      . f = ma/(2�)

19

Expected spectral morphology : 
 quasi-

monochromatic , broadened by 
astrophysical velocity distribution

f ∼ ma(1 + 𝒪(v2))/2π

NS with strong B-field and surrounding plasma

Neutron StarResonant conversion at radius 
where photon mass = axion mass
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Photon-axion conversion in intergalactic magnetic field

• Energetic photons from distant sources travel Megaparsec distances through intergalactic 
magnetic fields to reach Earth

• If conversion to axions is possible, their propagation distance is enhanced

• As the conversion probability is energy-dependent this also leads to a characteristic modulation 
of the observed gamma and X-ray spectrum

Observational effect: anomalous transparency, spectral oscillations

• Energetic photons from distant 
sources travel Megaparsec 
distances through intergalactic 
magnetic fields to reach Earth


• If conversion to axions is 
possible, their propagation 
distance is enhanced


• As the conversion probability 
is energy-dependent this also 
leads to a characteristic 
modulation of the observed 
gamma and x-ray spectrum

“Constraints on axion-like particles with H.E.S.S. from observations of PKS 2155-304”, P. Brun et al, 
“Search for Spectral Irregularities due to Photon–Axionlike-Particle Oscillations with the Fermi Large Area Telescope”, M. Ajello et al 
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7 Photon-Axion Conversion in the Intergalactic Magnetic Field 127
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Fig. 7.7. Exclusion plot for axion-photon conversion based on the COBE/FIRAS
CMB spectral data. The region above the solid curve is excluded at 95% CL whereas
the one above the dotted curve is excluded at 99% CL. The size of each magnetic
domain is fixed at s = 1 Mpc. We also reproduce the iso-dimming contours from
Fig. 7.5 (Figure from [32] with permission)

7.5 QSO Constraints

CMB limits are nicely complementary to the ones obtained from the effects
of photon-axion conversion on quasar colors and spectra [35]. One effect of
photon-axion oscillations is that a dispersion is added to the quasar spectra
due to the energy-dependence of the effect. By comparing the dispersion
observed in quasar spectra with the dispersion in simulated ones, one can
find out whether the model behind each simulation is allowed. The SuperNova
Observation Calculator (SNOC) [36] was used [35] to simulate the effects of
photon-axion oscillations on quasar observations (Fig. 7.8). If the simulated
dispersion is smaller than observed, one cannot exclude the scenario as real
quasars have an intrinsic dispersion.

In Fig. 7.9, we superimpose the CMB exclusion contours with the
schematic region excluded by quasars1. The region to the right of the dot-
dashed line is excluded by requiring achromaticity of SN Ia dimming [30]. The

1 We use the exclusion regions of astro-ph/0410501v1. In the published version [35],
corresponding to astro-ph/0410501v2, the iso-dimming curves were erroneously
changed. The difference is that in version 1 the angle α in equation (3) of [35]
that characterizes the random magnetic field direction was correctly taken in the

• CMB spectrum distortion:

• Quasar spectra distortion:

Photon-axion conversion in intergalactic magnetic field

A. Mirizzi, G. Raffelt, P. Serpico, arXiv:0506078
COBE/FIRAS CMB spectral data

Photon-axion oscillation add a dispersion 
due to the energy-dependence of the effect

Li et al. , arXiv:2008.09464

Blazar Mrk 421 measured by Fermi-LAT :
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No prompt  ray burst from Supernova 1987Aγ

• Needs  for production,  for conversion in galactic magnetic fieldgaN gaγ

Again!

• Axions could be produced during core collapse of Supernovae and escape the explosion

• If they convert back to gamma rays in the Galactic field, a gamma ray burst lasting  could be 
observed in temporal coincidence with the SN neutrino burst

∼ 10s

• The non observation of such a gamma ray burst from SN1987A leads to a constraint to  to low 
masses,

gaγ

Constraint : gaγ ≲ 3 × 10−12GeV−1  with ma ≲ 10−9eV
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axion background?

axion electrodynamics:

Maxwell’s equations with axions

@µF
µ⌫ = ga��@µaF̃

µ⌫ + j⌫ , @[µFµ⌫] = 0

In terms of electric and magnetic fields:

r · E = ⇢� ga��B ·ra ,

r⇥ B� Ė = J+ ga�� ȧB+ ga��ra⇥ E ,

r · B = 0

Ḃ+r⇥ E = 0 .

Introduce WKB approximation: photon wavelength shorter than
axion gradient scales:

@µ@⌫a/@⇢a ⌧ @µE/E, @µB/B =) �� ⌧ �a

and introduce local plane wave solutions:

E = E0e
iS
, B = B0e

iS
, @

µS = kµ = (!, k)

optically active medium 
  

(birefringent,..)

Time-delays

t =

Z
dt 0

vg (t 0)

Group velocity splitting between left/right polarisations:

v+g � v�g = ±
ga��
4k0

!
2
p

k20

⇥
a0 � ȧ

⇤

Di↵erent arrival times for left/right images!

�tp = ⌥
ga��
4k0

!
2
p

k20

Z tf

0
dt 0

⇥
a0 � ȧ

⇤
.

If one eliminates r.E in (109), uses the WKB approximation and uses the fact that �@tE = i!2
p/! ⇥

(�)i!E = !2
pE, one obtains:

⇤E + !2
pE � ga��(1�

!2
p

!2
)�1(ra.r)B + ga��(@tB@ta+ra⇥ @tE) = 0. (117)

Similarly, one takes the time derivative of the Maxwell-Faraday equation (60) and eliminate @tE by the
Maxwell-Ampere equation (58):

@2
tB +r⇥ @tE = 0 (118)

@2
tB +r⇥ [r⇥B � j � ga��(B@ta+ra⇥E)] = 0 (119)

@2
tB +r(r.B)�4B �r⇥ j � ga��r⇥ [(B@ta+ra⇥E)] = 0. (120)

Given thatr.B = 0 andr⇥ j = �r⇥E = ��@tB, one obtains:

⇤B + �@tB � ga��r⇥ [(B@ta+ra⇥E)] = 0. (121)

If one uses the WKB approximation and uses the fact that �@tB = i!2
p/! ⇥ (�)i!B = !2

pB, one obtains:

⇤B + !2
pB � ga��(@tar⇥B +rar.E � (ra.r)E) = 0. (122)

Thus, the two wave equations in presence of plasma are:

⇤E + !2
pE � ga��

(ra.r)B

1� !2
p

!2

+ ga��(@tB@ta+ra⇥ @tE) = 0 (123)

⇤B + !2
pB � ga��(@tar⇥B +rar.E � (ra.r)E) = 0. (124)

If one sets !2
p = 0, then (123) and (124) become equal to (100) and (101) which corresponds to the wave

equations without plasma.

3.4.2 Dispersion relation

As before, one can put this system of wave equations into the form

M2(!,k).(E,B)T = 0 (125)

in order to �nd the eigenvalues of the matrixM2(!,k):

D± = k2�!2
p ±

ga��q
!2 � !2

p

q
!2[(k.@a)2 � k2(@µa)2] + !2

p[(@ta)
2k2 � 2@ta!(k.@a) + (@µa)2!2)]. (126)

Here one uses the four-vector notation of the article [7] where kµ = (!,k) (so k2 = kµ.kµ = !2 � k2) and
@µa = (@ta,ra) (so (@a)2 = @µa.@µa = (@ta)2 � (ra)2).

One can �nd the dispersion relation (see [7]) numerically thanks to a pertubative method with respect to
the standard dispersion relation. According to the article [7], one has:

!± ⇠ k± ga��
2
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g2a��
16k
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2+(

k
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.ra)2�2(ra)2]⌥ga��!
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p
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4k2
+O(g3a�� ,!

2
pg

2
a��). (127)

Of course, if one sets !p = 0 this dispersion relation become equal to the equation (105). This result is
important because the presence of a plasma will be at the origin, as will be mentioned later, of the appearance
of some observables. In addition, it seems appropriate to imagine that the scenario where dark matter is
superimposed on a plasma background is very common in the universe, because these two elements are very
present, especially in galaxies. However, �rst of all one will establish observables caused only by an axion
�eld, starting with circular birefringence.
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M2(!,k).(E,B)T = 0 (125)

in order to �nd the eigenvalues of the matrixM2(!,k):

D± = k2�!2
p ±

ga��q
!2 � !2

p

q
!2[(k.@a)2 � k2(@µa)2] + !2

p[(@ta)
2k2 � 2@ta!(k.@a) + (@µa)2!2)]. (126)

Here one uses the four-vector notation of the article [7] where kµ = (!,k) (so k2 = kµ.kµ = !2 � k2) and
@µa = (@ta,ra) (so (@a)2 = @µa.@µa = (@ta)2 � (ra)2).

One can �nd the dispersion relation (see [7]) numerically thanks to a pertubative method with respect to
the standard dispersion relation. According to the article [7], one has:

!± ⇠ k± ga��
2

(@ta+
k

k
.ra)+

g2a��
16k

[(@ta)
2+(

k

k
.ra)2�2(ra)2]⌥ga��!

2
p

@ta

4k2
+O(g3a�� ,!

2
pg

2
a��). (127)

Of course, if one sets !p = 0 this dispersion relation become equal to the equation (105). This result is
important because the presence of a plasma will be at the origin, as will be mentioned later, of the appearance
of some observables. In addition, it seems appropriate to imagine that the scenario where dark matter is
superimposed on a plasma background is very common in the universe, because these two elements are very
present, especially in galaxies. However, �rst of all one will establish observables caused only by an axion
�eld, starting with circular birefringence.
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+O(g2a��)

Harrari-Sikivie (1992)

The Faraday rotation

VLT observations of neutron star

birefringence. In fact, as mentioned, a rectilinear polarized wave is the sum of a left-hand circularly polarized
wave and a right-hand circularly polarized wave of the same amplitude. If these circularly polarized waves
do not have the same dispersion relation, then they do not have the same phase velocity, which implies that
the linearly polarized wave will rotate.

It is now possible to estimate the rotation of the plane of rectilinear polarization due to an axion �eld
between an initial instant and a �nal instant along the ray path:

✓ =
1

2

Z
tf

ti

(!+ � !�)dt (137)

✓ =
1

2

Z
tf

ti

ga��(@ta+
k

k
.ra)dt (138)

✓ =
ga��
2

�a, (139)

where �a =
R
tf

ti
(@ta + k

k
.ra)dt corresponds to the total variation of the axion �eld between the initial

instant and the �nal instant. The equation (139) indicates that the variation of the axion �eld between two
points of the ray path generates a rotation of the plane of polarization for linearly polarized light. Therefore,
one can only have this rotation if the axion �eld has a temporal and/or a spatial dependency: the axion �eld
only becomes an optically active medium in this case.

4.3 How to detect this observable?

One has here a �rst observable: the rotation of the plane of polarization of a rectilinear polarized wave. In
order to make this observable e�ective one needs to know the direction of the plane of polarization before the
wave enters into the optically active axion �eld. For instance, the article [6] indicates that it is possible to know
statistically the orientation of the rectilinear polarization plane at the source for an elongated source. Indeed,
if� is the angle between the direction of the plane of linear polarization at the source and the direction where
the source is most extended, then one has generally � = 90� or � = 0�. This may be useful to determine
the angle ✓ between the plane of linear polarization at the entrance and at the exit of the axion cluster.

5 Frequency and wave vector variation

Article [5] uses the eikonal method to highlight other observables that could be used to detect an axion
�eld. According to this article, a temporal and/or spatial variation of an axion �eld will generate, in addition to
the phenomenon of circular birefringence, a modi�cation of the wave vector and the frequency. One will �nd
this result by using the same method as article [5], that is to say the eikonal method. Thus, before applying
this method to the axion �eld, one will explain the eikonal method thanks to article [8].

5.1 Eikonal method

The wave vector k is determined by setting that D(k,!) = 0 (where D(k,!) corresponds to the eigen-
values of the matrix composed of the two wave equations as one did in section 3) and by the fact that it’s an
irrotational because k = r�. However, this is not su�cient to determine k, and the eikonal method allows
us to fully determine k thanks to the equations for the photon’s orbit. To construct k one build a family of
light rays such as x = x(⌧) and k = k(⌧), where ⌧ is an arbitrary parameter of the photon universe line that
has no physical signi�cance. Given that D = 0, one has:

dD

d⌧
=

@D

@ki
dki

d⌧
+

@D

@xi
dxi

d⌧
= 0, (140)
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axion induces photon polarisation rotation: time delay

Time-delays

t =

Z
dt 0

vg (t 0)

Group velocity splitting between left/right polarisations:

v+g � v�g = ±
ga��
4k0

!
2
p

k20

⇥
a0 � ȧ

⇤

Di↵erent arrival times for left/right images!

�tp = ⌥
ga��
4k0

!
2
p

k20

Z tf

0
dt 0

⇥
a0 � ȧ

⇤
.

-radio waves from pulsars 

Constraints from : 

Blas et al. ‘No chiral bending of light by 
axion clumps’ (2019) cf. Weinberg (1962)

This means that the photon frequency cancels the time derivative of the axion �eld in the same way that the
wave vector of the photon cancels the projection of the gradient along the propagation axis. In other words,
the frequency and wave vector of the photon adapt to the spatial and temporal derivatives of the axion �eld.
As for the phenomenon of circular birefringence, only an axion �eld which is dependent on time and/or space
can cause a change in the frequency and the wave vector of the photon. Finally, it is because the photon is not
bent (equation (158)) that ! and ki vary with @0a and @ia, and conversely. In other words, it is because the
photon has the ability to absorb the spatial and temporal derivatives of the axion �eld that light is not bent.

Using equations (173) and (174), one determines the variation of the frequency and the wave vector be-
tween a �nal instant f and an initial instant i:

�ki = ±ga��
2

@i[a(tf ,xf )� a(ti,xi)] (175)

�! = ⌥ga��
2

@0[a(tf ,xf )� a(ti,xi)], (176)

where�ki = ki
f
�ki

i
and�! = !i�!f . It’s possible to �nd the same result using equations (156) and (157).

For this, see appendix B. Thus, an oscillation of the ALP �eld with a period of 2⇡/ma implies a variation in
the value of ! and ki with the same period.

Note that if one considers the dispersion relation (97) as Ref. [6], i.e. we do not separate the temporal
component from the spatial component, one has:

�! = �ki ± ga��
2

(@0 + @i)[a(tf ,xf )� a(ti,xi)] (177)

() �! ��ki = ±ga��
2

(@0 + @i)[a(tf ,xf )� a(ti,xi)], (178)

which means that ! and ki adapt together to the variation of the axion �eld. It is no longer�! which cancels
@0a on the one hand, and �ki which cancels @ia on the other hand, but it is �! � �ki which cancel @0a
and @ia. Therefore, in all cases the light is not bent, which is consistent with the fact that equation (97) is the
solution to equation (158). In the appendix C, the equations governing the observables (circular birefringence
and frequency and wave vector variation) are summarised depending on the dispersion relation used, i.e. in
the case where the temporal component has been separated from the spatial component (dispersion relation
(173) and (174)) and in the general case (dispersion relation (97)).

5.3 How to detect this observable?

As was done in article [5], one will now try to give an order of magnitude of this e�ect by determining
a typical value of �!/!. Let’s take an axion �eld that depends only on time, which has the form a(t) =
a0sin(mat), wherema is the mass of the axion. If L corresponds to the distance crossed by the photon in the
axion clump between the initial instant i and the �nal instant f , then

|�!| = ga��
2

|@0a(ti + L/c)� @0a(ti)| (179)

|�!| = ga��
2

ma0 |cos(mti +mL/c)� cos(mti)| . (180)

Using that < |cos(mti +mL/c)� cos(mti)| >= 1, one has on average:

�!

!
=

ga��
2!

ma0 (181)

�!

!
=

ga��

!
p
2

p
⇢DM , (182)

wherep⇢DM = ma0/
p
2, corresponds to the local dark matter density which has the value of 0.3GeV/cm3.

Using the fact that 1GHz ⌘ 6, 58⇥10�16GeV (becauseE = ~!) and that 1m ⌘ 5.1⇥1015GeV �1 (because
d = c⇥ t), one has:

�!

!
⇠ 1, 5⇥ 10�16

⇣ ga��
10�10GeV �1

⌘✓
1GHz

!

◆r
⇢DM

0.3GeV/cm3
. (183)
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which formally holds true to all orders2 in gaγγ . This

implies that light is not bent by the ALP clumps. We

stress that the result (14) holds true for any ALP config-

uration, even for unphysical time-independent profiles.

Importantly, Eq. (14) dictates that

∣

∣

∣

∣

dxi

dt

∣

∣

∣

∣

2

=
|ki ∓ gaγγ∂ia/2|2

(ω ± gaγγ∂0a/2)2
= 1 , (15)

which means that the variations of the photon’s fre-

quency and wavevector identically cancel time derivatives

and gradients of the ALP field. This implies that the

photon’s frequency and wavevector must vary between

the observer and the source sites. The total variation is

obtained by integrating Eqs. (13b) and (13c) along the

ray path (keeping terms of order O(gaγγ)),

∆ki = ±
gaγγ
2

(∂ia(td,xd)− ∂ia(te,xe)) , (16a)

∆ω = ∓
gaγγ
2

(∂0a(td,xd)− ∂0a(te,xe)) , (16b)

where the subscripts “e” and “d” denote the moments of

emission and detection, respectively. This implies that

oscillations of the ALP field with period 2π/m induce an

oscillating component in the photon’s frequency, which

varies with the same period (see also [49]). This ef-

fect is suppressed by m/ω compared to the polarization

plane rotation (Harari-Sikivie effect) [38]. The typical

frequency shifts for the hypothetical Galactic ALP can

be crudely estimated as

∆ω

ω
∼ 10−16

( gaγγ
10−10GeV−1

)

(

1GHz

ω

)

√

ρDM

0.3GeV/cm3
,

(17)

where ρDM = m2a2/2 is the local dark matter density.

Such relative frequency shifts are similar to the accu-

racy of modern atomic clocks [50]. This suggests a pos-

sible new way to use atomic clocks to constrain ALPs,

complementary to [51–56]. An even stronger effect can

be generated by a passage of a dense ALP minicluster

through Earth (see Ref. [57] for a similar idea in the con-

text of domain walls). We leave the exploration of these

possibilities for future work.

3. CONCLUSIONS

We have shown that the ALP-photon coupling does not

lead to light bending. This result does not seem trivial

to us, as it requires taking into account the variations of

photon’s frequency and wavevector, which are produced

by fluctuations of the ALP field in space and time. The

vanishing of the r.h.s. in Eq. (14) is a result of a delicate

cancellation between these effects. On a positive note,

our analysis justifies the approach of previous works on

the ALP-induced polarization plane rotation, which ex-

plicitly neglected all effects related to photon’s refraction

through the axion clumps.

The chiral deflections by ALP clumps were studied in

Refs. [47, 58], though their results were derived using

the assumption that the photon’s frequency is conserved.

From Eq. (12), one sees that this assumption is not jus-

tified.

Finally, we have remarked that the absence of spa-

tial birefringence implies that the photon’s frequency and

wavevector must exhibit time-periodic components. We

plan to explore their possible influence in very precise

frequency measurements in the future.
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40Axion coupling to gravity and black hole superradiance

Constraints from the CMB , D. Blas and S. Witte, arXiv:2009.10074
neutron star rotation, F. Day and J. McDonald, arXiv:1904.08341

• Axions form gravitational bound states around BHs whenever their Compton length is of the order 
of the BHs radii

• The phenomenon of superrandiance guarantees that the axion occupation numbers grow exponentially, 
providing a way to extract very efficiently energy and angular momentum from the BH

• The rate at which the angular momentum is extracted depends on the BH mass, therefore axions 
could be discovered by observing BH masses and spins, 

Current constraints : 6 × 10−13eV ≤ ma ≤ 10−11eV 6 × 1017GeV ≤ fa ≤ 109 GeV

• The axion cloud collapse in what is known as a bosenova producing periodic gravitational waves  
bursts which should be observable (Advanced LIGO & VIRGO)

Spinning BH feeds axion Bose-Einstein condensate which emit gravitons

• Astrophysical considerations can provide insights on the couplings of axions to gravity without 
assuming any interaction with the SM particles

Arvanitaki et al. arXiv:0506078
Arvanitaki and Dubovsky, arXiv:1004.3558  



41Conclusions

• If they exist, they could have many effects in astrophysics

• They are actively searched for in many dedicated experiments

• Axions are generic predictions appearing in extensions of the SM

• They might actually contribute to dark matter, dark radiation or dark energy

• Astrophysics and cosmology provide the most restrictive limits on the axion 
hypothesis

• Axions provide a fascinating interplay between astrophysics, cosmology and 
particle physics to solve some of the deepest mysteries

• production in stellar plasma
• modification of the opacity of the Universe
• modification of the polarisation of distant sources
• conversion in any magnetic field Many new results expected from LSST, GAÏA, …
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Spare slides
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From L. Di Luzio et al., arXiv:2003.01100



Georg Raffelt, MPI Physics, Munich 4 KEK-PH Lectures and Workshops 2020

Evolution of Stars

𝑀 ≳ 8𝑀⊙

𝑀 ≲ 8𝑀⊙

𝑀 ∼ 0.6 𝑀⊙

𝑀 = 1–2 𝑀⊙

few–tens 𝑀⊙

Compact
Remnants

1 𝑀⊙ = 2 × 1030kg
R ∼ 5000 km

R ∼ 12 km

few km

Evolution of stars 44

Georg Raffelt, MPI Physics, Munich 4 KEK-PH Lectures and Workshops 2020

Evolution of Stars

𝑀 ≳ 8𝑀⊙

𝑀 ≲ 8𝑀⊙

𝑀 ∼ 0.6 𝑀⊙

𝑀 = 1–2 𝑀⊙

few–tens 𝑀⊙

Compact
Remnants

1 𝑀⊙ = 2 × 1030kg
R ∼ 5000 km

R ∼ 12 km

few km



45Detecting axion dark matter
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46From theoretical topological defects to  
cosmological astrophysical objects

In the early universe:In QFT:
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model dependent

Strong interaction effects break  but are  periodic   still a good symmetryU(1)PQ 2π ⇒ α = ℤ
2π
N

<latexit sha1_base64="dulcXaLhUjwqC2G/3X/LTejOaUI="> owVmkW8N8Kvv4F8TSjVw==</latexit>

U(1)PQ �! ZN

QCD instantons
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VQCD(a)

Ex:   axion model  
               (4 degenerate minima)

N = 4

In position space:

 domain walls 
 meet in a string

N = 4

PQ after inflation

Axionic domain walls

Position space

Low energy effective potential may have NDW degenerate minima.

Domain walls form around the epoch of the QCD phase transition.

string

5/27



Pseudo-magnetic field

Non relativistic

limit
Hint =

X

i=e,n,p

2~si.
⇣
f
�1
i

~ra

⌘
Lint =  ̄�µ�5 ⇥ @µa

fa

+v a

V (a)

�v

a(x)

x

�v

+v
: “Domain Wall”

Euler
Lagrange

Example : V (a) = �µ2a2 + �a4

<latexit sha1_base64="/VRNM8qkTfvs9xxaoVc4Cwrgl0k="></latexit>

At x = �1
<latexit sha1_base64="E+ifrAo93RQ7NiosISt5h4gWH/k="></latexit>

At x = +1
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B

nEDM experiment’s mercury co-magnetometry 

nEDM experiment, 
PSI, Villigen

204Hg lamp 

Precession chamber

Photomultiplier 
tube 199Hg S

199Hg S199Hg S

199Hg S

199Hg S 199Hg S

199Hg S

199Hg S

199Hg S

Detecting axion transient with nEDM

in collaboration with G. Pignol et K. Martineau (LPSC)
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Axion cosmic strings

PQ complex scalar field:
<latexit sha1_base64="AW02frr13wA8kHcwRXnI6p8t6gg="></latexit>

�(x) = f(r)ei✓(x)

fermionic current

gauge theory  
anomalously broken

PQ conserved

gauge fields

gauge symmetry conserved

chiral PQ symmetry anomalously broken

zero modes

 I

<latexit sha1_base64="/5AFLzE72mcU9cNe/yYXqlxmFPI="></latexit>

< � >= fa

<latexit sha1_base64="N3CZ/ZhSsosG4y7Xg7Le42r7M7A="></latexit>

<
�
>=

0

gauge fields current lead to anomaly cancelations

Implications for DM, baryon asymmetry, …, 
still to be explored

Interesting model building features to explore

Axion mixes with SM U(1) symmetries
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KSVZ axion :

Two standard axion models

DFSZ axion :

PQWW axion :

axion identified with a phase in a 2HDM ( ) : ruled outfa ∼ vew

phenomenology calls for   (« invisible axion ») fa ≫ vew

method: mix it with a complex SM singlet with « big » VEV 

New « heavy » electrically neutral quark, charged under U(1)PQ

Kim ’79
Shifman, Vainshtein, Zakharov ‘80 

2HDM, SM quarks and leptons are charged under U(1)PQ

Zhitnitskii ’80
Dine, Fischler, Srednicki ‘81

+ a new complex scalar singlet

ℒKSVZ = ℒSM+Ψ̄L,RDΨL,R+yΨ̄LΨRϕ+V(ϕ)

Peccei, Quinn ‘77
Weinberg ‘78
Wilczek ‘78

+ a new complex scalar singlet



50Implication for ALPs searches
How to construct a truly axion-like basis?

Le↵
ALP =

1

2
(@µa

0@µa0 �m2
aa

0a0) + LKSVZ�like + LDFSZ�like

<latexit sha1_base64="lStmMXXVmyBsaV1+eLRGJjXIoAo=">AAADkXicjVFdb9MwFL1Z+BjlY4U98hJRIQ2hVUmZBDwgFYbQpO2haLSrWNbIcZ3NqvMhx0FMlv/h3hH/AP7Frk0KG9MEjpKce+49x76+aSV4rcLwu7fi37h56/bqnc7de/cfrHUfPprUZSMpG9NSlHKakpoJXrCx4kqwaSUZyVPBDtLFts0ffGGy5mXxSZ1W7CgnxwXPOCUKqaR7FudEnVAi9J5J9Nu9kZnpWLGvSrMsM+ZNnE lCdWT0wGzEFZGKE5HoOG8MmenQLKnZH2ozTzRBl8Gv0H2edZ47U3denYqGGX1pYxfIXO/uTz5vCr5gxpiLEsnm1yjef9j/rUi6vbAfuhVcBVELetCuUdn9BjHMoQQKDeTAoACFWACBGp9DiCCECrkj0MhJRNzlGRjooLbBKoYVBNkFfo8xOmzZAmPrWTs1xV0EvhKVATxFTYl1ErHdLXD5xjlb9jpv7Tzt2U7xn7ZeObIKTpD9l25Z+b8624uCDF65Hjj2VDnGdkdbl8bdij15cKErhQ4VchbPMS8RU6dc3nPgNLXr3d4tcfkfrtKyNqZtbQM/7SlxwNHf47wKJoN+tNV/8XGrN3zXjnoVHsMT2MB5voQh7MAIxkC9gTf1iJf66/5rf+i3tSteq1mHS8vfPQcXjd+z</latexit>

KSVZ like:

DFSZ like:

a0

16⇡2fa

⇣
g2sNCG

a
µ⌫G̃

a,µ⌫ + g2NLWµ⌫W̃
µ⌫ + g02NY Bµ⌫B̃

µ⌫
⌘

Le↵
KSVZ-like =

• Typically assuming some heavy vector-like fermions
• No direct coupling to SM fermions
• Manifestly symmetric under 

Le↵
DFSZ-like = � i

fa
a0

X

u,d,e

mf�
f
A( ̄f�5 f )

<latexit sha1_base64="t/0vm507+40eLYlNwb0mbBG3SX4="></latexit>

Anomaly cancellation 
taken into account!

Simple pseudo-scalar couplings

SU(3)C ⌦ SU(2)L ⌦ U(1)L

New, heavy, electrically neutral quark, charged under

2HDM, SM quarks and leptons are charged under

U(1)PQ

U(1)PQ

<latexit sha1_base64="Z6yJWPdHwkoWOwCQFtd542A7m9o="></latexit>

• One should not build EFTs with both anomalous couplings  
and vectorial-axial fermion couplings : because of anomaly cancellations! 
• Effective interactions are not always equal to anomalous interactions!

f = chiral fermions

<latexit sha1_base64="VgKxNCMQGH8u2niduldJbeqXZ+Y="></latexit>
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Three main ways to get a cosmological axion population

  

● Misalignment mechanism (CDM)

● Radiating axion strings (CDM)

● Thermal production (HDM)

Three ways to get a cosmological axion population...

ma

f a

1012 GeV

109 GeV

1015 GeV

106 GeV

μeV

meV

peV

eV

• Misalignement mechanism [Cold Field]

• Decay from topological defects (axion strings, DW)

• Thermal production (neutrino-like) [Hot Particles]

Populations of axions can be hot or cold, particles or coherent fields

⇡ + ⇡ $ ⇡ + a

<latexit sha1_base64="oPKRMaXRtQUKfU/vwy3ceqv4oWk="></latexit>

Production in the early universe via 
scattering with the cosmic plasma :

Main process governing thermalisation/decoupling depends on: caxion-X / 1

fa

<latexit sha1_base64="YPwmYVdkQIKEheVG4Rq91UH0vuE="></latexit>

[Cold Particles]



52

Axion miniclusters density

(size ⇠ 10�2pc)

<latexit sha1_base64="WyW4NNtWDjzqWMxeFrR/m4Us820="></latexit>

central density ⇠ 1014⇢DM

<latexit sha1_base64="nyUnujEeuImMXe/+BkS1jMnX4KQ="></latexit>

minicluster characteristic density,           , sets the typical radius, and thus it’s concentration  

Simulations: Kolb & Tkachev (1990’s)

• Minicluster formation simulated without 
gravity or phase transition

 initial overdensity parameter

 Use spherical collapse : 
 (consider how regions of large δ collapse when z ≫ zeq)

We use this to set the concentration of  
minicluster radial profiles

The fraction of DM in miniclusters, fMC, is not predicted. 
Our goal: constrain fMC observationally.

 cumulative mass fraction of miniclusters 
with overdensity parameter δ > δ0

⇢MC = 140�3(1 + �)⇢̄a(zeq)

<latexit sha1_base64="aLPzrCapn2gpEtgqV6su1ve2g+4="></latexit>

⇢MC = 140�3(1 + �)⇢̄a(zeq)

<latexit sha1_base64="aLPzrCapn2gpEtgqV6su1ve2g+4="></latexit>

n
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Axion miniclusters ‘nowadays’ 
• initial conditions for the axion field on small scales caused by SSB lead to the 

collapse of objects of mass         around matter-radiation equality.
• once initially formed, go on to merge into larger bound structures, which we term 

“minicluster halos” 
• behaviour is quite different from CDM:  the initial conditions are isocurvature, 

structure formation begins much earlier, and the power spectrum is truncated.

• We consider the formation of gravitationally bound structures from linear density 
perturbations using the analytic Press-Schechter formalism

• Miniclusters halos formed on small scales. Contribute to the substructure mass 
function in the Milky Way.

How can we search for miniclusters halos? Like MACHOs? 
More than 10 orders of magnitude Reach masses � 10�12M�

<latexit sha1_base64="TavWlcfFrHXzHt8+IRJUvulCH2M="></latexit>

M0
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Fairbairn, M
arsh, J.Q., R

ozier, PR
D

 (2017)



Axion Relic Density and Minicluster Mass

ruled out for
10-10<r<0.07 

DM relic density, Ωch2=0.12.        
    narrow mass window:

Axion      matter when 
m(T0)>H(T0). Crucial epoch! 
Mass in horizon at this time        
     minicluster at zeq:

M0 = ⇢̄a
4

3
⇡

✓
⇡

a(T0)H(T0)

◆3
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Lattice value

Hogan & Reese 
 (1988)



Plot the “light curve” as lens crosses line of sight.
As concentration increases, miniclusters do more 
lensing.

Model miniclusters as NFW density profile and use eqns:

Lensing with non-pointlike objects

Parametrise the density profile  
based on initial overdensity �

<latexit sha1_base64="bLozgJqNagMusO+rDXpSqkxeKAI="></latexit>

We use the axi-symmetric lens equations for the projected mass.

Effects described by a rescaling of the “microlensing tube”:

� & 10 2

M31, NFW profile

RMC(�,M, x) = R(�,M)RE(M,x)
We must integrate the rate over the non-Gaussian size distribution.

Microlensing: non-pointlike objects

Lensing events depends on density profile and size distribution

Effects described by a rescaling of the 
‘microlensing tube’

Most haloes are very diffuse and therefore cause no lensing

We have distributed density which, while dense, is not a point mass

Behave like point mass when  
scale radius << RE

Fairbairn, M
arsh, J.Q., R

ozier, PR
D

 (2017)
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Miniclusters depart from standard CDM in initial conditions.
Post-inflation symmetry breaking à large field fluctuations + relics.
This extra source of fluctuations produces axion relics + structure.

Galactic 
Halos

Miniclusters

largerr smaller

• Miniclusters depart from standard CDM in initial conditions 
• Post-inflation symmetry breaking         large field fluctuations +relics 
• This extra source of fluctuations produces axion relics + structure

�a(r, ⌧) = [⇢a(r, ⌧)� ⇢̄a(⌧)]/⇢̄a(⌧)
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axion density perturbation:

Power Spectrum

At       : the Kibble mechanism assures us that 
the axion field is fixed to a constant value over 
each causal horizon, and randomly distributed 
(white noise) over the different horizons

we can approximate the Power Spectrum by a sharp-k function, 
cut at the typical (comoving) size of a horizon at      :

✓1
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✓2

<latexit sha1_base64="BbikMqbfQRM4fHS1UkHV2/XOzME="></latexit>

1/H
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Initial conditions: power spectrum 

F.T.

⌧0
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⌧0
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Gravity

57

The equation of motion for the axion overdensity in an axion-dominated Universe:

Jeans scale:
Pressure

Gravity

• kJ(τeq) < k < kJ(τtoday): these modes are bigger 
than the Jeans mode at matter-radiation 
equality, and as kJ increases they cross the 
Jeans scale. The behaviour of these modes is to 
oscillate at the beginning of the matter-
dominated era, then to follow the usual growing/
decaying mode.

• k > kJ(τtoday): these modes are still today physi- 
cally smaller than the Jeans mode, and still 
follow the oscillating behaviour.

•  k < kJ (τeq ): these modes are already under the 
Jeans mode at matter-radiation equality, their 
behaviour is the usual growing/decaying as soon 
as matter-radiation equality is reached.

Evolution of density perturbations

�00a +
a0

a
�0a + (k2c2s � 4⇡Ga2⇢̄a)�a = 0
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Pressure=
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