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«Things are united 
by invisible bonds. You can't pick 
a flower without upsetting 
a star»
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THE STRONG CP PROBLEM

The QCD Lagrangian includes a term which violates CP (and T) 

arg  det  QCD qMq q= +where 

Prediction of an electric dipole moment for the neutron:

Present experimental limit : 

Why so small ?

 
8
s

CP G Gaq
p

= × L

[Abel et al., 2001.1196]

1010|| -<q





THE PECCEI-QUINN MECHANISM 

Introduction of a new global U(1)PQ simmetry, spontaneously broken at 
a scale fa . 

Existence of a massless pseudoscalar field a(x), the axion, 
interacting with the gluon field.
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[Peccei & Quinn 1977, Wilczek 1978, Weinberg 1978]

( )

a

a x
f

q ®Re-interpret q   as a dynamical variable:

• PQ Symmetry

Introduce a symmetry that results in a term which dynamically 
minimize q.



AXION POTENTIAL
[Grilli Cortona et al, 1511.02867]



At low energy (LQCD) the gga vertex generates the potential V(a)  
which has its minimun at a0=0, restoring dynamically CP-simmetry.

Axions pick up a small mass

Axions generically couple
to gluons and mix with p0

Potential (mass term) induced by La
drives a(x) to CP-conserving minimum

CP-symmetry    dynamically restored

[Grilli Cortona et al, 2016
Borsanyi et al., 2016
Gorghetto, Villadoro 2019]

Recent precise determination (ChPT, Lattice QCD)



AXION   PROPERTIES

Nucleon coupling
(axial vector)
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Electron coupling
(optional absent 
for hadronic axions)
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MAIN AXION MODELS

DFSZ (Dine, Fischler, Srednicki, Zhitniskii) model

ü  Axions coupling to fermions and photons

KSVZ (Kim, Shifman, Vainshetein, Zakharov) model 
(hadronic axions)

ü  tree-level coupling to quarks and leptons suppressed
ü Nucleon and photon couplings still possible
ü Evades bounds of DFSZ model 

[see Di Luzio, Giannotti, Nardi & Visinelli, Phys. Rept. 870, 1-117 (2020), 
2003.0110 [hep-ph]]



AXION BAND



Spectrum of low-energy effective theory in (3+1)-dimensions is 
supersymmetric and possibly contains several kinds of very weakly 
interacting slim particles (WISPs):  Axion, ALPs (Axion-Like 
Particles)

STRING AXIVERSE

An axiverse - QCD axion plus possibly many ultra-light ALPs whose
mass spectrum is logarithmically hierarchical – may naturally arise
from strings [Arvanitaki et al., arXiV: 0905.4702]



ALPs  FROM STRING THEORY

• String theory needs Extra Dimensions

Must compactify

• Shape and size deformations of 
Extra-D correspond to fields:
Moduli and Axions
Connected to the fundamental
scale  string scale

Compactification of type II string theories
[See J. Jaeckel & A. Ringwald, arXiv:1002.0329 for a review]

[Witten ‘87, Conlon ‘06, Svrcek, Witten ‘06,…. ]

[See  M. Cicoli, M. Goodsell & A. Ringwald, arXiv:1206.0819 for a 
specific model in type IIB string]



AXIONS AND MODULI

• Gauge field terms

+ Supersymmetry/supergravity

Scalar moduli coupling Pseudoscalar  ALP coupling

• Gauge couplings always field dependent 
(no free coupling constants)

• Axions + Moduli always present in String theory
Alessandro Mirizzi                                    NBIA  Copenhagen, 21/06/2019







T ~ 1 𝑒𝑉
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AXION THERMALIZATION
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FORMATION OF STRUCTURE

A fraction of HDM suppresses small scale structures

mn = 0 mn = 1.9 eV



POWER SPECTRUM OF MATTER DENSITY 
FLUCTUATIONS

Non è possibile visualizzare l'immagine.
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Non è possibile visualizzare l'immagine.

Density contrast
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Power spectrum



NEUTRINO FREE-STREAMING TRANSFER FUNCTION

[Hannestad, 1007.0658]

mn = 0
mn = 0.15 eV

mn = 0.6 eV

mn = 1.2 eV

Power suppression for lFS ≤ 100 Mpc/h





NEUTRINOS AND AXIONS HOT DM LIMIT AFTER 
PLANCK

[Archidiacono et al., 1502.03325]

(see also Giare’, Di Valentino, Melchiorri, Mena, 2011.14704 for a recent update with 
Planck 2018 data)



(see Di Luzio, Martinelli, Piazza, 2101.10330)



D’ Eramo et al., 2108.04259



Bianchini et al., 2310.08169





CREATION OF COSMOLOGICAL AXIONS

T ~ fa (very early universe)

• UPQ (1) spontaneously broken
• Axion fields settles in the

“Mexican hat”
• Axion field frozen at initial

value a(ti)= qi fa

T ~ 1 GeV (H ~ 10-9 eV)

• Axion mass turns on quickly
• Field start oscillating when

ma ≥ 3H
• Classical field oscillations
(axion at rest)
Vacuum realignment

Coherent state of extremely non-relativistic DM, i.e. cold DM. 
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Di Luzio et al., 2003.01100
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COSMIC STRINGS





string core

string tension 

domain walls form 
and annihilate

strings form relic axions

AXION STRINGS
If PQ SSB afer inflation, HI > fa axions can be produced via cosmic string 
decays 

Numerical simulations are really challenging since the string size mr-1 << H-1  





https://www.youtube.com/playlist?list=PLnDPmkb-Wddb_EmW6DKgHz6fw_mCzxF53



(?)

AXION NUMBER DENSITY FROM STRING: 
EXTRAPOLATION

[Gorghetto, Hardy, Villadoro, 1806.04677]

Precision determination of q(log) is needed to get a reliable extrapolation of the 
spectrum at late times

Spectrum of 
axions





DOMAIN WALL





TOP VIEW OF STRING WALL SYSTEM WITH NDW=3



DOMAIN WALL WITH NDW=1











Eggemeier et al. 2212.00560.





1502.03325



ALP DM
Arias et al, 1201.5902



SCHEME OF AN HALOSCOPE



HALOSCOPE SENSITIVITY



MADMAX: A DIELECTRIC HALOSCOPE

Sensitivity to QCD axion in 
the post inflation scenario

[Caldwell et al., 1611.05865]



SEARCHES FOR AXION DM



DM EXPERIMENTS



SOLAR MODELS
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HELIOSCOPES

Searches for solar axions: Axion helioscopes

Axion-photon oscillationPrimakoff process

• 1° generation: Brookhaven              1992. Just a few hours of data

•2° generation: Tokyo axion helioscope (SUMICO)              Results since 1998   

• 3° generation:  CERN Axion Solar Telescope (CAST)              Data since 2003

Sun Laboratory



CAST @ CERN







[1705.02290]

CAST LIMIT
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THE INTERNATIONAL AXION OBSERVATORY (IAXO)



BABY-IAXO AND IAXO PHYSICS REACH



EVOLUTION “TRACKS” ON THE H-R DIAGRAM

For animations look at: http://rainman.astro.illinois.edu/ddr/stellar/index.html



HYDROGEN EXHAUSTION



Evolution of Stars

5-8 Msun ≲ M  < ???

All burning cycles
® Onion skin

structure with
degenerate iron
core

Core
collapse
supernova

• Neutron star
(often pulsar)

• Sometimes 
black hole?

• Supernova
remnant (SNR),
e.g. crab nebula

M  < 0.08 Msun
Never ignites hydrogen ® cools
(“hydrogen white dwarf”) Brown dwarf

2 ≲ M  ≲ 5-8 Msun Helium ignition non-degenerate

0.8  ≲ M  ≲ 2 Msun
Degenerate helium core
after hydrogen exhaustion • Carbon-oxygen

white dwarf
• Planetary nebula

0.08 < M  ≲ 0.8 Msun
Hydrogen burning not completed
in Hubble time

Low-mass
main-squence star



GLOBULAR CLUSTERS

• Globular clusters are gravitationally bound associations of typically
106 stars

• The low metallicity is one indicator for their great age
• All stars in a given cluster are coeval; they  differ only in their mass





COLOR MAGNITUDE DIAGRAM FOR GLOBULAR CLUSTER

The color-magnitude diagram of a globular cluster represents an “isochrone” of a
stellar population. Locus of coeval stars with different initial masses.



SENSITIVITY TO AXION EMISSION



HELIUM BURNING LIFETIME OF HB STARS

[Salaris et al., astro-ph/0403600]
57 GCs

Axions would reduce the lifetime of stars in HB, while producing negligible
change in RGB evolution (Primakoff rate suppressed in degenerate RGB core).
[Raffelt & Deaborn, PRD 36, 2211 (1987)]

Well reproduced, within 30 %, by models of GC without
axions



AXION BOUND FROM HB vs CAST
[Ayala, Dominguez, Giannotti, A.M., Straniero, 1406.6053]

comparable with CAST one [1705.02290]



A COSMOLOGICAL PUZZLE: HOW TRANSPARENT  IS 
THE UNIVERSE?

VHE photons from distant sources (hard) scatter off background 
photons (soft) thereby disappearing into electron-positron pairs. 

The dominant contribution to cosmic opacity comes from the 
extragalactic background light (EBL) produced by galaxies. Stellar 
evolution models + deep galaxy counts yield the spectral density of the 
EBL





VHE EMISSION FROM GRB221009A

On 11/10/2022 the LHAASO experiment has reported the observation of the 
Gamma Ray Burst GRB221009A [z=0.151] with more than 5000 very-high-
energy (VHE) photons up to around 18 TeV 

On 12/10/2022 the Carpet-2 at Baksan Neutrino Observatory has detected – 
still from the gamma ray burst GRB221009A – an air shower consistent with 
being caused by a photon of energy 251TeV 

These VHE photons cannot reach us from the assumed GRB redshift z = 0.151 
unless unconventional particle physics is involved. 

Are ALPs at work?

[Galanti, Roncadelli, Tavecchio, 2210.05659, Baktash, Horns, Meyer, 2210.07172, Troitsky, 
2210.09250, Carenza & Marsh, 2211.01010,..]



THE ALP (AXION-LIKE PARTICLE) HYPOTHESIS
If photon-ALP oscillations take place in intergalactic (or galactic) magnetic
fields, photons can reach the observer even if distance from source >> mean
free path, since ALPs are not absorbed !!

With ALPs

no ALPs

[De Angelis, Mansutti & Roncadelli, arXiv: 0707.4312, Simet, Hooper, Serpico, 
arXiv:0712.2825]



SENSITIVITY ON gag FROM VHE PHOTONS
[Meyer, Horns, Raue, arXiV:1302.1208, Conrad & Meyer, arXiV:1410 1556 ]



Fermi-LAT analysis of g-spectrum of NGC 1275 in Perseus cluster [Fermi collab., 
1603.06978] + SN 1987A  bound + magnetic white dwarf polarization [Dessert, 
Dunsky & Safdi, 2203.04319] strongly constrain the parameter space for the 
model

CONSTRAINING THE MODEL
[Dessert, Dunsky, Safdi, 2203.04319]
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«Se non e’ vero, e’ molto ben trovato»
(Giordano Bruno’s aphorism, 1582)

«Even if  it is not true, it is a very good 
fabrication»


