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Introduction
• DM is a key part of our SM of cosmology.

Why do you need to know about DM?

• Understand the link between DM and the weak scale (WIMP paradigm). 

• ΛCDM predicts the evolution of the Universe since the Big Bang at large scales, 
and depends on a few number of assumptions.

• Without DM, it is not possible to reconcile data with observations.  

• As physicist exploring the frontiers of the SM of particle physics: 
it is important to know which BSM candidates are well motivated.

needed BSM: neutrino masses, baryogenesis, DM and quantum gravity, etc. 

Goal of this talk:

• However, the WIMPs are showing some of their limits, prompting efforts to explore 
candidates with varying masses and cross-sections (Axions).
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Earlier DM crisis
• 1840’s: astronomical data faced a DM crisis: orbits of the planets in the 

Solar System was not consistent with the mass observed.

• 31/08/1846: Le Verrier predicted a new source of matter (new planet) 
that hadn’t been detected before.

• 1860: Le Verrier predicted an inner planet (Vulcan).

• 23/09/1846: Neptune was found. 

Uranus anomalous orbit:

Mercury anomalous orbit:

• Newtonian gravity was not being accurate in 2 situations with two very 
different gravitational potentials

Before modern evidence for DM (early of the last century) :

• 1916: Einstein showed that theory of gravity was failing
i.e Newtonian dynamics need to include GR corrections

Lesson:

GR corrections are very small for outer planets.
•  The solution to one of the problem couldn’t fix the other one.

In the case of DM:  a multi-scale phenomenology can be explained by 1 hypothesis! 
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Dark matter evidence: galactic curves

all the mass is at the center:                law

• Circular gravitational orbits satisfy:  
spherical mass

In the Solar System:

<latexit sha1_base64="j8S9LK2sov+jo/IMkiUUy4pnZqM="></latexit>

r�1/2

(Newton’s second theorem)

(Newton’s law)

<latexit sha1_base64="32IhzQBumZMsxdnDEGtpa+0fbYI="></latexit>

v2(r) =
GM(< r)

r

Abundant evidence for 
Dark Matter

8/1/20 L. Hsu | ICHEP 20202

The particle nature of dark matter is a 
great puzzle of modern science.

In recent decades we have come a long 
way in our understanding about dark 
matter…but we still don’t know if it 
interacts any other way than through 
gravity

• Rotation curves in galaxies:
 (axisymmetric objects of constant density)

Inside of matter distribution: Outside of matter distribution:
<latexit sha1_base64="HUxYfX3SQ4EgnFAOVOUVe0S0Ozc="></latexit>

M(< r) = cst
<latexit sha1_base64="qRwbLml6GfclzgVjFZwaNpeka1I="></latexit>

v(r) / r�1/2
<latexit sha1_base64="GYPYVe8+3AHkx0nBDfCo7KzpHd8="></latexit>

v(r) / r

<latexit sha1_base64="NjeVbtimJiN1iup55NirEcj5a/s="></latexit>

M(r) / ⇢r3

one needs
<latexit sha1_base64="qVpVSl2irHXM/QCtl2tFFFwHEA4="></latexit>

⇢(r) / r�2

 spherical ‘halo’ of matter 
extending disk of observed galaxies 

Assuming Newtonian gravity is correct  galaxies are surrounded by the extended halos of invisible dark matter⇒
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Milky Way : most of the visible galaxy is confined into a flat disk

Why does SM matter prefer to form disks rather than spherical configurations? 

What DM can not be

If DM can cool efficiently, it can not be distributed as a sphere.

Cooling of the primordial halos due to emission of photons.

DM can not be charged as much as SM particles.
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Dark matter evidence: dynamics of galaxy clusters

• Galaxies are large structures (radius of the DM halo in the Milky Way is 100 kpc). 

If the cluster of galaxies is in a stationary configuration, the virial theorem teaches us:

• Clusters of galaxies: several galaxies are interacting with each other and form a 
gravitationally bound structure (typical size of 10 Mpc)

Galaxy clusters

Contain 100s or 1000s of galaxies plus hot X-ray emitting gas.


Largest gravitational bound objects in Universe, therefore expect that the material they 
contain is roughly representative of the Universe as a whole.  

Misti Mountain Observatory

Coma cluster

Coma cluster
1933: F. Zwicky analyses the data from the Coma cluster 
and realized that the virial theorem was not satisfied. 

(galaxies were too fast)

galaxies must be held together by ‘dunkle Materie’

The analysis yields consistent results across various galaxy clusters, indicating a deficit 
of matter necessary to explain systems in stable configurations.

(which satisfy the virial theorem)
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Dark matter evidence: lensing of galaxy clusters

one can measure the gravitational potential (gravitational lensing).  

• Gravitational potentials influence light propagation

visible matter

• Matter in the Coma cluster:

 matter responsible for gravitational fields

Conclusion is the same as F. Zwicky’s:
one needs more matter diffused in the cluster 
than what is observed in galaxies. 

Light is lensed by an intervening gravitation potential Image of a strongly lensed field



Comparing the matter across different components suggests a greater proportion of collision-affected 
matter than gas or stars

8
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• Dark Matter exists, awaiting for discovery

• In general, Dark Sectors may exist, too
• Very little clue on mass scales now
• WIMP still main paradigm, but we are marching to the neutrino floor
• Many new ideas on lighter dark matter and how to test them
• Vibrant area and need more data!

Dark Matter/Dark Sector Introductory talk [H. Murayama]

Evidence for Dark Matter

Gravitational Lensing 

“Weighs” total matter: requires ~85% of  matter to be “dark”

Images NASA/ESA

get bent”
-Bart

Simpson

6

Evidence for Dark Matter

Hot plasma of hydrogen atoms and photons, 
and DM and cc

Evidence for Dark Matter

The Bullet Cluster

X-rays (hot gas)

Mass distribution 
(gravitational lensing)

The bullet cluster:

the bullet cluster Clowe et al.

NASA/CXC/M.Markevitch et al. 
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.

optical image X-ray image

optical imageX-ray image
weak lensing mass contours

composite image

Dark matter evidence: collisions of galaxy clusters

galaxies
+gas
+DM

galaxies
+gas
+DM

gas interacts with 
SM cross-sections

shock wave

(hot due to the collision)

DM interacts gravitationally 

This also informs us about the self-coupling of DM particles. 

gas in the middle & DM in the outskirts
asymmetric configuration:

dark matter
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Dark matter evidence: cosmological probes
The current cosmological SM precisely describes the evolution of the observed universe.

•  After the Big Bang, the primordial universe was made of a plasma of protons, 
electrons and photons. During cooling, when T ∼ 0.1 eV, the electrons and protons 
recombine: 

There is not enough baryonic matter in the early universe to make the primordial 
perturbations evolve into the dense matter environment that we see today.

• Our universe was very homogeneous and isotropic in the past. Indeed, we know this 
with high precision from the detection of the CMB.

then light  propagates freely, and this is the radiation that we detect today. 

• This picture shows some irregularities in the energy density:                           .                                

(a picture of the universe from ∼ 13 billion years ago)

<latexit sha1_base64="IArI1wgi5urXyBevwRAvx/UpCyk="></latexit>

⌦DM ⇠ 5⌦b
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All the evidence of dark matter to date comes from its gravitational effects

Newton’s laws have been tested to high accuracy on terrestrial scales. The laws of 
gravity could, in principle, be different on astronomical/cosmological scales.

DM particle solution at very different scales

• What about modified gravity?

The dark matter paradigm is the only successful framework for understanding the 
entire range of observations from the time the Universe is 1 seconde old.

WHY DARK MATTER?   (WHY NEW PARTICLE PHYSICS?)

▸ The dark matter paradigm is the only successful 
framework for understanding the entire range of 
observations from the time the Universe is 1 sec old. 

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)
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Dark matter properties
All the evidences point towards the existence of a single new component.

• Darkness :
DM must be neutral to high degree:

Here is a list of the ‘knowns’ about what this new component should be:
This is remarkable!  

EM charge: charge quantization? 

• Coldness: i.e non-relativistic

Any thermally produced DM candidate: 

DM should have clustered for a large period of time. 

To generate the growth of the small perturbations of the CMB DM can’t be massless 

i.e its interaction with SM particles should be small.

• Collisionless:
DM can’t have large collision cross-section because this would lead to a different 
phenomenology in the collision of clusters.

The distribution of DM in the galactic halos should be close to spherical.  
Self-interactions and possibility to dissipate into lighter species typically imply a loss of sphericity in the halos.
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Dark matter properties
• Stability:

The traces of dark matter are observed from  billion years ago to the present day.∼ 13

Indeed, that’s a way to look for DM :

if it decays, its decay rate must be very slow:  

stable DM candidates are common in models in which a new discrete symmetry is 
imposed by ensuring that the DM particle is the lightest with an exotic charge.

  (Ex: R-parity in Supersymmetry)

• Non-baryonic:
We also know the amount of baryonic matter in the universe from CMB and BBN.

The BB paradigm includes a mechanism of generation of different relics (H, D, He, Li,...) 
whose final amount depends on the amount of baryonic DM.

The current measurements agree very well with:  

BBN happens in the very early Universe, where the influence of DM is negligible and hence 
DM could be generated afterwards. But doing it within SM degrees of freedom is tricky.  

A fashionable possibility is that DM is made of BHs.  
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No.

Is it enough to select a candidate?

• The previous phenomenology can be reproduced by many models.

• We don’t know anything about the fundamental properties of DM: the mass, the 
spin, the charges...

Take the mass: it can be anything from . (compact objects)10−22eV − M⊙

• for thermally produced : 

Some robust bounds:  

• if DM is a fermion :   DM candidate should be able to 
generate halos of a certain size.

• if DM is a boson :
de Broglie wavelength of the candidate 
should be smaller than the radius of the halo 
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WIMP dark matter candidate from the SM?

27 July 2021 Feng  10

Known DM properties

DARK MATTER

None of the known particles can be cold DM.

• Not hot

• Gravitationally 
interacting

• Not short-lived

• Not baryonic
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The relic density

The one thing we do know precisely is the dark matter’s relic density: 
   Planck Collaboration (2018)ΩDMh2 = 0.1200 ± 0.0012

What can we learn from this about dark matter’s particle properties?

— Generically: nothing

— But if the dark matter now is a surviving relic of the hot Big Bang  
and have been in thermal equilibruim: a lot!

Does cosmology give us any hints towards underlying particle physics scenarios?
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Thermal freeze-out & the WIMP miracle

Through this, cosmology provides a strong motivation 
for direct, indirect and collider searches :

Boltzmann equation and Freeze-out

dn�
dt = �3Hn��h�vi

h
n2��neq2�

i

� (CDM) is initially in thermal
equilibrium

universe cools down ) � only decreases
by pair annihilation

universe expands:
h�vin�(T ) < H(T ) ) � decouples from
the SM

⌦DMh2 =
2m�Y 0

�

3.6⇥10�9GeV
= 3.10�27cm3s�1

h�vi ⇠ 0.1

⌦DM ⇡ 26% ) M� ⇡ 100 GeV with EW
couplings

! The WIMP miracle!

Jérémie Quevillon (King’s College London) Higgs Physics Beyond the Standard Model
King’s College London seminar, 8 October 2014 38

/ 38

early universe 
annihilation

direct 
detection

Collider 
production

Indirect 
detection

the WIMP miracle!
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/ 38
If new physics is responsible for the weak scale, 
it may come with a related DM candidate.

annihilation rate, Boltzmann equation, equilibrium density, Physics in an expanding Universe: temperature of Universe

So known late-time 
density is set by 
annihilation rate.
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Supersymmetry

27 July 2021 Feng  9

Classical

= +

= −

Quantum

l

l
f      f

• We have now discovered a particle that looks like a fundamental scalar 
with a mass !! ≃ 125 GeV: the Higgs boson. Scalars are different:

• For L ~ mPlanck ~ 1019 GeV, and f = top (l ~ 1), the classical and quantum 
contributions must cancel to 1 part in 1032 to yield the physical Higgs mass.

• This is the naturalness, fine-tuning, or gauge hierarchy problem of the 
Standard Model.  Its resolution likely requires new particles at the weak 
scale that introduce new quantum contributions to cancel the existing ones.

NATURALNESS

 ?Mh ≪ MPlanck

 ?⃗F EM ≫ ⃗F G hierarchy problem :Why

• In supersymmetric theories, every particle has a 
superpatner:

• Fermions have boson superpartners and vice versa.

• Neutral fermionic superpartners = superpartners of the neutral gauge bosons.
Neutralino physical state corresponds to mixture of Higgsino/Wino/Bino.

• The neutralino is the LSP (lightest particle with R-parity odd i.e cannot decay)



For a given postulated feeble interaction form, one can calculate the 
amount of dark matter left over

18Alternatives: Freeze-In
For a given dark matter candidate, can trace the 
cosmological history from early times to present 
day, even if DM never in equilibrium…

For a given feeble, we can calculate the amount of 
dark matter left over.

Production: Stuff

36

Alternatives: non-thermal freeze-in
For a given dark matter candidate, on can trace the cosmological history from early 

times to present day, even if DM never in equilibruim

freeze-out

freeze-in

W(eakly)-IMP→

F(eably)-IMP→

(theoretical challenge)



WIMP direct detection searches
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• Good news: speed of progress is 
tremendous! Experimental sensitivity 
has increased by several orders of 
magnitude in past decade

• Bad news: no confirmed dark-matter 
signal yet. Are WIMPs dead? No, not yet 
at least

• Target is still WIMPs, but now looking for 
those that couple via Higgs; expected 
signal is elastic scatter from target 
nuclei and with tiny cross section

• Marching down to the neutrino floor

Current Status: 
Dark Matter with 
Mass > 10 GeV/c2

8/1/20 L. Hsu | ICHEP 20206

coherent neutrino scattering background

• Good News: Speed of progress 
is tremendous! Experimental 
sensitivity has increased by 
several orders of magnitude in 
past decade

• Bad News: No confirmed dark 
matter signal yet.   Are WIMPs 
dead? – No, not yet at least! 

• Target is still WIMPs, but now looking for those that couple via Higgs; expected 
signal is (coherent) elastic scatter from target nuclei and with tiny cross section 

• Most sensitive to DM with mass close to target nuclei (Xe, Ar, Ge, I)
• Dual phase xenon TPC’s in the lead and are a mature technology.  Have achieved 

exquisite control over backgrounds, yielding fewer than 100 events/ton/yr/keVee ; 
Among the ”quietest known places in the universe” 

• Dominant backgrounds are still from trace radioactivity and cosmogenic activity

CONSIDERATIONS - DETECTING DARK MATTER VIA NUCLEAR SCATTERING

WIMP 
 (galactic halo)

Target Nucleus 
In laboratory

dramatic loss of sensitivity at low mass
(still ‘high’ mass in the DM landscape)
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From predictive models to simplified models

Starting point: « well, we don’t know because 
dark matter possibilities is vast »

Simplified models are constructed to capture the relevant phenomenology, but should not be 
stretched too far. Details matter, and complete models may have different relic density, 

direct detection…

use in moderation
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Invisible Higgs and monojet searches [Djouadi, Falkowski, Mambrini, JQ (2012)]

Direct & Indirect
Higgs width constraints:

�L =
cgg
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Dark-matter Higgs portal models
Higgs-portal: scalar case
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PLANCK)

Key word: complementarity

LHC is a great DM 
detector apparatus!

lowest dimension SM singlet
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Supercolliders
Thermal paradigm is very much still viable and there are many thermal freeze-out 
models

One class is electroweak-charged massive particles (  WIMPs)∈
Standard candle, the supersymmetric:

Projected Wino Limits

Thermal 
Abundance

Annihilations in the early 
Universe determine, under 
some assumptions, the relic 
abundance:

For Winos, obtaining the 
abundance this way requires a 
mass in the ballpark of 2.9 TeV.

��� ��� � � ��
�χ [���]

Indirect

FCC-hh

FCC-eh

HE-LHC

HL-LHC

CLIC3000

ILC

FCC-ee

CEPC

Pure Wino

2σ, Disappearing Tracks

Kinematic Limit: s /2

ThermalPreliminary

2σ, Indirect Reach

CLIC380

9

Projected sensitivity of colliders:

For Winos, obtaining the abundance this way 
requires a mass in the ballpark of 2.9 TeV

For Higgsinos, obtaining the abundance this way 
requires a mass in the ballpark of 1.1 TeV

Projected Higgsino Limits

Thermal 
Abundance

Annihilations in the early 
Universe determine, under 
some assumptions, the relic 
abundance:

For Higgsinos, obtaining the 
abundance this way requires a 
mass in the ballpark of 1.1 TeV.

��� ��� ��� � � �
�χ [���]

Indirect

FCC-hh

FCC-eh

HE-LHC

HL-LHC

CLIC3000

ILC

FCC-ee

CEPC

Pure Higgsino

2σ, Disappearing Tracks

Kinematic Limit: s /2

ThermalPreliminary

2σ, Indirect Reach

CLIC380

17

• Wino: • Higgsino:
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INDIRECT DETECTION

• Dark matter may pair annihilate 
in our galactic neighborhood to
• Photons
• Neutrinos
• Positrons
• Antiprotons
• Antideuterons

• The relic density provides a 
target annihilation cross section 
ásA vñ ~ (2 to 3) x 10-26 cm3/s 

• No conclusive signals from indirect DM searches so far

• But slow and steady progress being made on indirect searches in many fronts:
Diffuse gamma rays, e.g galactic center GeV excess
Antiproton excess from cosmic rays
Neutrinos from DM annihilation in the Sun

• It is possible that in the future it will be a convincing signal from one or more indirect DM searches

• This will have a large impact on direct detection and accelerator bases DM searches

Indirect detection
tries to find DM in astrophysical processes beyond the gravitational phenomenology.
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Axions

Why matter and not anti-matter in our universe?
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The strong CP puzzle in particle physics

LQCD = q̄(i�µDµ �mqe
i✓EW )q � 1
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chiral transformation:

4-component Dirac field
Jµ
5 = q̄�5�µq

@µJ
µ
5

U(1)A
anomalous 
 symmetry

(so not a symmetry!)

axial anomaly shifts quark mass phase to QCD vacuum

Yukawa coupling to the Higgs are complex
6= 0

✓CKM 6= 0 from K and B physics

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…

The strong CP problem 
=Why is    so small?✓̄

CPV CPV
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The QCD Axion

Roberto
Peccei

Helen
Quinn

Steven
Weinberg

Frank
Wilczek

✓ ! ✓(x)
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A shift of paradigm

-enlarges Poincaré algebra• Supersymmetry :

-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 :

the axion:  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

(careful!)

(new energy scale)
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Axion couplings
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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
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T determines the PQ vev:

Crucial role played by inflation…

Instanton effects

Relic of symmetry breaking
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Dark matter from vacuum realignment

Temperature
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Axion is ‘frozen’ by 
Hubble friction
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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 )
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31Initial conditions and inflation
Crucial question: did SSB occur before or after inflation?

Post-inflation scenarioPre-inflation scenario
fa & 1013GeV
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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
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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 
;Ɛee ǇeƐƚeƌdaǇ Ɛ͛ ƚalk bǇ KeŶ͛ŝchŝ Saikawa)

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

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

average field value fixed:

Pre-inflation scenario
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• 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
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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
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• 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
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• 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:
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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



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

Power extracted from a cavity:
<latexit sha1_base64="dF3+RnqB2RGACzVgtIUtRiZmVWM="></latexit>

Psignal / g2a�B
2QV

<latexit sha1_base64="OEa9YzVXDLu2scwIoPkWyfVwWKg="></latexit>

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 ideas :

(forced oscillator)

cavity

<latexit sha1_base64="xBTn/xvzI7BAZGTPxlgpkbYzoGI="></latexit>

Ek

a

�

�
<latexit sha1_base64="zrDiZIw/sv7OiTxGy6ArueOYu7w="></latexit>⇤<latexit sha1_base64="LXENQ/b95+FAFicZZfsXbYEz6aE="></latexit>

~E. ~B

<latexit sha1_base64="u4t05eDJ0i75INZKAhrS9+0ytUU="></latexit>

ma = 23µeV

<latexit sha1_base64="UiYQ/a0rsXEA2rZoAorXbYkvY7c="></latexit>

g1st point
a�� = 25⇥ gKSVZ

a��

‘reactoscope’ = haloscope + nuclear plant

: the Grenoble Axion Haloscope
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Axion limits
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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

35 Axion miniclusters
…Inflation occurred already

T ⇠ fa

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

T ⇠ ⇤QCD

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

SSB of PQ

ma 6= 0

<latexit sha1_base64="bEmLYCLoktMzb1wfBOtAt0TD4tc="></latexit>

H(Tosc) ⇠ ma

<latexit sha1_base64="Hdd5rb8XFJEcSv/En7ZBz3q9cRU="></latexit>

:Tosc

<latexit sha1_base64="uYkFC8vgfQvgm0L/4mRaSQqNn94="></latexit>

✓1

<latexit sha1_base64="UUbsQmJplVQS5Wfa06fgjiSsJzc="></latexit>

✓2

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

✓3

<latexit sha1_base64="m22dxWgmrypfQ47xGrzUQlf9LAI="></latexit>

✓4

<latexit sha1_base64="0tb7gVfHx6z+S0+p6Y6N/O+2S34="></latexit>

✓i

<latexit sha1_base64="TN2etqrngwYCveAP5OI6bz6sZ64="></latexit>

✓j

<latexit sha1_base64="unJx/p10MxVPpzYtxw/bvt/tEH8="></latexit>

✓k

<latexit sha1_base64="8s05YBoMWSm1xntZpFcO1dDLzH0="></latexit>

1/H

<latexit sha1_base64="sNY/KtiJwRixOoPGH4lpaf6CyNg="></latexit>

⇢1

<latexit sha1_base64="WGpwn1xA1uoDg97q5ooCfCkh0gU="></latexit>

⇢i

<latexit sha1_base64="jcVZs8KiO0jA7xqzl5qrFRP81+A="></latexit>

⇢j

<latexit sha1_base64="uSEuq+Ruye3ksM7VVXLyRh1FHGQ="></latexit>

⇢k

<latexit sha1_base64="N5+LshGmymTTAGsmmg/ws5wyr8Y="></latexit>

⇢3

<latexit sha1_base64="yNPO9OJQfGZWuPn1W0B930mGtH0="></latexit>

⇢4

<latexit sha1_base64="Nvp2ZsbF27d1JHY7eborOqZ0nmo="></latexit>

⇢2

<latexit sha1_base64="Gg/KgYJgNJt3cOEbTxcNtgSvOzw="></latexit>

�⇢ ⇠ O(1)

<latexit sha1_base64="zTd4+RzGFWl3fLHYHXYF5VXg88U="></latexit>

• density perturbations grow under gravity as usual 
• collapsing into gravitationally bound objects known as miniclusters   

to
da

y

Hogan & Reese (1988)

M0 ⇠ 10�12M�

<latexit sha1_base64="/zAuOWrOm4r3aNLg6i6p/zIhGYU="></latexit>

Smaller than smallest WIMP structures  ( ∼ 10−6M⊙)

Temperature

• total axion mass contained within the horizon at          sets the characteristic 
minicluster mass at        : zeq

<latexit sha1_base64="aHoif17jplUySuVNyVFp96oY4WI="></latexit>

tosc

<latexit sha1_base64="1L8WIOosRdcqyZUOr9hoaobJXBQ="></latexit>

n

<latexit sha1_base64="h0xSFdLxS95Lz0tTPn/8pd3vzxA="></latexit>

M0 = ⇢̄a
4

3
⇡

✓
⇡

a(T0)H(T0)

◆3

<latexit sha1_base64="+OVz0emazPdZMkqgUGy2FmzUf2Q="></latexit>

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

<latexit sha1_base64="+OSlfPrFHhoFOYcxdc2ZZM2j6x4=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVcnYou2u4MZlBfuAzjBk0rQNTWbGJCO0Qzdu/BU3LhRx6z+482/MtBVU9MCFk3PuJfeeIOZMaYQ+rNzS8srqWn69sLG5tb1j7+61VJRIQpsk4pHsBFhRzkLa1Exz2oklxSLgtB2MLjK/fUulYlF4rccx9QQehKzPCNZG8u3DiTvQxhZw4qeuFJDeTN3sWUEI+XYRlWoZzuCclGuGoIqDymXolNAMRbBAw7ff3V5EEkFDTThWquugWHsplpoRTqcFN1E0xmSEB7RraIgFVV46u2IKj43Sg/1Imgo1nKnfJ1IslBqLwHQKrIfqt5eJf3ndRPerXsrCONE0JPOP+gmHOoJZJLDHJCWajw3BRDKzKyRDLDHRJriCCeHrUvg/aZ2WHFRyrirFenURRx4cgCNwAhxwDurgEjRAExBwBx7AE3i27q1H68V6nbfmrMXMPvgB6+0TD5aYPg==</latexit><latexit sha1_base64="+OSlfPrFHhoFOYcxdc2ZZM2j6x4=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVcnYou2u4MZlBfuAzjBk0rQNTWbGJCO0Qzdu/BU3LhRx6z+482/MtBVU9MCFk3PuJfeeIOZMaYQ+rNzS8srqWn69sLG5tb1j7+61VJRIQpsk4pHsBFhRzkLa1Exz2oklxSLgtB2MLjK/fUulYlF4rccx9QQehKzPCNZG8u3DiTvQxhZw4qeuFJDeTN3sWUEI+XYRlWoZzuCclGuGoIqDymXolNAMRbBAw7ff3V5EEkFDTThWquugWHsplpoRTqcFN1E0xmSEB7RraIgFVV46u2IKj43Sg/1Imgo1nKnfJ1IslBqLwHQKrIfqt5eJf3ndRPerXsrCONE0JPOP+gmHOoJZJLDHJCWajw3BRDKzKyRDLDHRJriCCeHrUvg/aZ2WHFRyrirFenURRx4cgCNwAhxwDurgEjRAExBwBx7AE3i27q1H68V6nbfmrMXMPvgB6+0TD5aYPg==</latexit><latexit sha1_base64="+OSlfPrFHhoFOYcxdc2ZZM2j6x4=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVcnYou2u4MZlBfuAzjBk0rQNTWbGJCO0Qzdu/BU3LhRx6z+482/MtBVU9MCFk3PuJfeeIOZMaYQ+rNzS8srqWn69sLG5tb1j7+61VJRIQpsk4pHsBFhRzkLa1Exz2oklxSLgtB2MLjK/fUulYlF4rccx9QQehKzPCNZG8u3DiTvQxhZw4qeuFJDeTN3sWUEI+XYRlWoZzuCclGuGoIqDymXolNAMRbBAw7ff3V5EEkFDTThWquugWHsplpoRTqcFN1E0xmSEB7RraIgFVV46u2IKj43Sg/1Imgo1nKnfJ1IslBqLwHQKrIfqt5eJf3ndRPerXsrCONE0JPOP+gmHOoJZJLDHJCWajw3BRDKzKyRDLDHRJriCCeHrUvg/aZ2WHFRyrirFenURRx4cgCNwAhxwDurgEjRAExBwBx7AE3i27q1H68V6nbfmrMXMPvgB6+0TD5aYPg==</latexit><latexit sha1_base64="+OSlfPrFHhoFOYcxdc2ZZM2j6x4=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVcnYou2u4MZlBfuAzjBk0rQNTWbGJCO0Qzdu/BU3LhRx6z+482/MtBVU9MCFk3PuJfeeIOZMaYQ+rNzS8srqWn69sLG5tb1j7+61VJRIQpsk4pHsBFhRzkLa1Exz2oklxSLgtB2MLjK/fUulYlF4rccx9QQehKzPCNZG8u3DiTvQxhZw4qeuFJDeTN3sWUEI+XYRlWoZzuCclGuGoIqDymXolNAMRbBAw7ff3V5EEkFDTThWquugWHsplpoRTqcFN1E0xmSEB7RraIgFVV46u2IKj43Sg/1Imgo1nKnfJ1IslBqLwHQKrIfqt5eJf3ndRPerXsrCONE0JPOP+gmHOoJZJLDHJCWajw3BRDKzKyRDLDHRJriCCeHrUvg/aZ2WHFRyrirFenURRx4cgCNwAhxwDurgEjRAExBwBx7AE3i27q1H68V6nbfmrMXMPvgB6+0TD5aYPg==</latexit>

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



36Detecting 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].
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-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)

If fMC is high, rare MC encounters  axion DM detection is limited.→
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Conclusion

• WIMP paradigm is not dead, but it’s under enormous pressure

• Whether dark matter interacts with the Standard Model particles continues to be one 
of the great unresolved questions of modern physics.

• Direct detection experiments searching for WIMP-like dark matter have excluded 
significant parameter space using ton-scale detectors and unprecedented low 
background levels.

• The dark matter puzzle is a serious and real challenge for fundamental physics.

• WIMP with their thermal freeze-out motivates a bare-minimum target mass range and 
phenomenology for collider searches (few GeV-TeV).

• Freeze-out provides a useful target, however nature need not be so simple and a 
broad programme is required to cover all phenomena

The WIMP hypothesis:

The axion hypothesis:

• Vast majority of axion parameter space still unprobed.

• Lack of evidence for WIMP has given rise to renewed interest in axion including more 
robust theoretical predictions and new ideas for probes

New experiments, new experimental ideas & technics along with alternative DM scenarios

• Axions are multidisciplinary: a chance/challenge

• Axion physics is a mature field but new fundamental properties are expected
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Spare slides
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Local DM and direct detection of WIMPs  

To understand the prospects for direct detection, we need:

‘miracle’:

• the flux of DM on Earth:

• the experimental sensitivities.  

<latexit sha1_base64="VdpIIkT2ybI6NvhUX33GKhCI58c="></latexit>
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mDM < v� >⇠ 10�3mDM

<latexit sha1_base64="Zdez/EuuxKA0nrjvW/lH5E3risU="></latexit>

⇢� ⇠ 0.3 GeV/cm3

flux:

the local abundance of DM has little to do with the generation mechanism 
or with the technologies of the XXIst century.  
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DM scattering on Earth
• The kinetic energy of DM in the lab frame :  

 is smaller than the binding energy in nuclei (MeV)EDM

For the standard detector (e.g. Xenon) there is a threshold for signals below keV.

if :mDM ≲ GeV

• One can compute the recoil energy of the nucleus: 

elastic scattering

This amount of energy per nucleus needs to leave a trace in the detector.

These detectors do not see anything below ∼ GeV masses.  

<latexit sha1_base64="bhXV+Jprvwh3LCUhUszhgEGtC9I="></latexit>

Emax
R ⇠ mDM

GeV
keV

Shall we build a DM detector? <latexit sha1_base64="DLWRxpTKlWsoWpRNDxDDCnCry80="></latexit>

N ⇠ 10�2events/kg/dayFor typical interactions,
key: how to reduce background



Two main models for Cold Dark Matter 41

WIMPs :
Predicted ⇠ 1970’s

<latexit sha1_base64="79SSktUmcU3DIoTyKVFFMkXPsts="></latexit>

Naturally come from SUSY 
Heavy (nucleon mass)
Thermal

‘Traditional’ search strategies

Cold due to small thermal velocities

Collisions necessary for production

Axions :
Predicted 
Come from strong-CP
very light (sub-neutrino mass)
Non-thermal (classical scalar field)

‘Non Traditional’ search strategies

‘Cold’ due to coherence and small 

Interactions via wave equations

Axions/ALPs are just a type of CDM, with different initial conditions & dynamics 
than thermal DM

Lightest DM particle
Symmetry breaking leading to axion relic density:

Dense DM relics 
‘Miniclusters’
Smallest DM structures

(linear fluctuations grow like WIMPs 
but might differ during non linear 
structure formation?) 
[cf. delicate N-body simulations]

�
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⇠ 1970’s
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Axion conversion to photon

Laxion � @µa

2fa
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a
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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:

Laxion � @µa
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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
<latexit sha1_base64="xBTn/xvzI7BAZGTPxlgpkbYzoGI="></latexit>

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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Roughly ... a(t) = a0 cos(mat)
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~E. ~B

cavity
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(free plane wave)

axion-photon conversion is allowed 



43The 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
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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



44How do photons propagate through  
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
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Group velocity splitting between left/right polarisations:
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Di↵erent arrival times for left/right images!
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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:
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+ 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:
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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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of some observables. In addition, it seems appropriate to imagine that the scenario where dark matter is
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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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v±group =
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dk

axion induces photon polarisation rotation: time delay

Time-delays
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Z
dt 0
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Group velocity splitting between left/right polarisations:
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-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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45From theoretical topological defects to  
cosmological astrophysical objects

In the early universe:In QFT:

Physics left invariant by a  rotation only if it rotates the QCD angle of U(1)PQ GG̃
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� ! ei↵�
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✓QCD ! ✓QCD +N↵

model dependent

Strong interaction effects break  but are  periodic   still a good symmetryU(1)PQ 2π ⇒ α = ℤ
2π
N
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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.
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5/27



46

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

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

fa
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[Cold Particles]
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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�
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