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Outline

• CMB searches

• SN1987A bound

• Signatures of Axionic Defects





Axion Detection: Building blocks

• Direct coupling to SM particles:

 - Above QCDPT (T > ~ 1 GeV)

 
 - Below QCDPT ( T < 150 MeV)

• Gravitational Probes: 
 

  CMB; Gravitational Waves; Primordial Black Holes. 

Hard to probe!  Except for colliders (and perhaps CMB-S4)

Easier to probe in astro&cosmo environments



Cosmic Microwave Background



Hot Axions in the CMB



• Current data is is now sensitive to relativistic species that are produced close to the 
QCD PT (T𝑐 ∼ 110 MeV) 

• Recent developments: 
– Beyond instantaneous decoupling approximation, 

– Boltzmann equations, 

– Full momentum distribution, etc.

[RZF&Notari 17’, Arias-Aragon 20’, +,
D’Eramo et al. 18’, 20’,+, 
Green&Wallisch 21, 
…]



QCD axion case:

• Leading process for axion production at T < GeV:   𝜋𝜋 → 𝜋𝑎

• Obstacle: breakdown of chiral EFT at 𝑇 < 60 MeV. 

• Recent ideas: 

– 1) use observed pion cross-section; 

– 2) go to higher order in the EFT [Di Luzio et al. 22’, Bianchini et al. 23’]

[Notari et al 22’]

[Di Luzio et al. 21’]



(95% CL)

[Notari et al 22’]

CMB bound on the QCD axion:



Future: 

• CMB-S4 can test the QCD axion at 
𝑓𝑎 > 108 GeV if: 

• Axion couples to heavy quarks

• Axion has Flavor Violating couplings

• Use the CMB to probe each coupling in the 
ALP-SM EFT.

[See also talks by Nicola Barbieri and 
Marcin Badziak]

[RZF&Notari 17’, Arias-Aragon 20’, +,
D’Eramo et al. 18’, 20’,+, 
Green&Wallisch 21, 

…, Badziak et al. 24’, …]

[Caloni et al. 22’, …]



Future: 

• CMB-S4 can test the QCD axion at 
𝑓𝑎 > 108 GeV if: 

• Axion couples to heavy quarks

• Axion has Flavor Violating couplings

• Probe each coupling in the ALP-SM EFT!

[See also talks by Nicola Barbieri and 
Marcin Badziak]

[RZF&Notari 17’, Arias-Aragon 20’, +,
D’Eramo et al. 18’, 20’,+, 
Green&Wallisch 21, …]

[D’Eramo, RZF, Notari, Bernal 18’, 
Caloni et al. 22’, Badziak et al. 24’,…]

[Caloni et al. 22’, …]



CMB also probes Axion DM decaying to photons/electrons:

• Decay to photons/electrons affects:

– the ionization fraction 𝑥𝑒 (optical depth)   →  CMB

– IGM temperature                                           →  Lyman-alpha

[Capozzi et al. 23’, …]

[See also Bolliet et al. 20’, H. Liu et al. 23’]



Astrophysical factories of axions

• White Dwarfs

• Pulsars

• Neutron Stars

• Core-collapse Supernovae

• Diffuse backgrounds

• Black Hole superradiance

[Talk by Ben Safdi]

[See also Orion Ning’s talk]

[Talk by Topi Sirkiä, Ben Safdi]

[Talk by Jorge Calvo, Mariia Khelashvili]

[Talk by Thomas Spieksma]



SN1987A bound

(as of 2025) 

[James Webb telescope]



SN1987A bound on the QCD Axion
(as of 2025)

Recipe:

• Step 1, pick a Supernova model:

– Pick a SN1987A-like simulation (a few available in 1D)

– Choose Nuclear Equations of State (EoS) available

– Choose astrophysical parameters (e.g.mass of the progenitor star).

[Fischer et al., 
Janka et al. 19]

[Fischer et al. 21’]



• Step 2, calculate axion production:

• N + N → N + N +a     (nucleon-nucleon bremsstrahlung) 

or

• π⁻ + p → n + a    (if pion densities are large enough)

[Chang et al. 18’, 
Carenza et al. 19,…]

[Carenza et al. 20]

SN1987A bound on the QCD Axion
(as of 2025)



• Step 3, the cooling bound:

– SN1987A neutrino burst lasted around 10 sec

–  

Otherwise neutrino burst has been
estimated to be shortened in half!

SN1987A bound on the QCD Axion
(as of 2025)

[Raffelt and Seckel 88’]

[Cern Courier]



• Step 1 + 2 + 3  give the bound:

• But…  what about the error bars?

– Let’s go a few steps back                 (3 → 2 → 1)
  

[Chang et al. 18’, 
Carenza et al. 19,…]

SN1987A bound on the QCD Axion
(as of 2025)



Recap of uncertainties:

1 - Different simulations + different EoS for 
the SN core yield bounds that can vary within

Important to marginalize over these effects + 
other astrophysical parameters

SN1987A bound on the QCD Axion
(as of 2025)

[Chang et al. 18’]



SN1987A bound on the QCD Axion
(as of 2025)

Recap of uncertainties:

2 - Model dependence of the coupling to nucleons:
     Bounds on 𝑓𝑎 can change by 𝑂(10).

3 – Finite density effects 

 in the Heavy baryon chiral EFT of axion-nucleons. 

 Sizeable corrections (and associated errors of 50%)

(KSVZ vs DFSZ vs nucleophobic axions). 

[Springmann et al. 2024]



– Model dependent (KSVZ) bound

• To summarize:

– Model independent bound

SN1987A bound on the QCD Axion
(as of 2025)

[Springmann et al. 2024]

Finite-density corrections

+ astro uncertainties (factor of few)

+ uncertainty in the cooling bound (O(?))

➢𝒇𝒂 ∼ 𝟏𝟎𝟖 GeV is likely still compatible with data at 𝟐𝝈.
(Similar conclusion for axion bounds from NS cooling).

➢A complete dedicated analysis of uncertainties missing!



• Two main directions: 

– Heavier axions

– Couplings with other SM particles in the core 
(pions, photons, electrons, muons)

Core-colapse SNe: Beyond QCD Axion



• Example:  ALP-electron/muon coupling

Production Channels:

Compton Annihilation Bremmstrahlung

Fusion Primakoff coalescence

Core-colapse SNe: Beyond QCD Axion

(see Eike Ravensburg’s talk)



• Example:  ALP-electron/muon coupling

Detection Channels:

Core-colapse SNe: Beyond QCD Axion

(see Eike Ravensburg’s talk)

• Cooling bound

• Explosion energy bound

• Gamma-ray emission
(from SN1987A, or integrated)

• 511 keV line



Axion-Muon

Axion-Electron

[see also Caputo et al. 21’
                Fiorillo et al. 25’]

[Ferreira, Marsh, Muller 22’
+ Eike’s PhD thesis 23’]



[Lella et al. 24’] [Calore et al. 23’]

Primakoff + Photon Coalescence

Axion-Proton
Axion-Photon



Cosmo Probes of 
Axionic Defects

[courtesy of T. Hiramatsu]



Axionic Defects

• Cosmic Strings and Domain Walls are intrinsic to axion models.

• Common to post-inflationary models (but not only....)

• Interesting cosmological signatures: 

(U(1) symmetry breaking) (Discrete shift symmetry)

GWs

Cosmic 
Birefringence

PBH

[Zeldovich 74’, Vilenkin&Everett 82’, Sikivie 82’, Davies 86’,…]



Axionic Defects: 1- Gravitational Waves

[Gorghetto et al 21’]

• Detectable GWs require:

– strings and DWs to decay before today
(CMB constraints)

Cosmic Strings



Gravitational Waves from Domain Walls

• Domain Walls tendency for domination makes them natural sources

• GW emission maximal around the time of annihilation.

Spectrum: 

[Hiramatsu et al. 2013’, …
[RZF, Notari, Pujolas, Rompineve 21’, 22’]



Gravitational Waves from Domain Walls

• Domain Walls tendency for domination makes them natural sources

• GW emission maximal around the time of annihilation.

Spectrum: 

[RZF, Gasparotto, Hiramatsu, Obata, Pujolàs 23’;
 RZF, Notari, Pujolas, Rompineve 24’
[Kitajima et al. 23’, Dankovsky et al. 24’,  Notari et al. 25’ ]



Gravitational Waves from Domain Walls

[RZF, Notari, Pujolas, Rompineve 22’, 24’]
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Axionic Defects: 2- Primordial Black Holes

• Domain Walls (or string-Wall) networks can colapse into Black Holes

• How?

1. If they are very spherical, 
(e.g. bubble nucleation)

2. Or supercritical (𝑟𝑆𝑐ℎ > 1/H),
(e.g. superhorizon DWs)

[Garriga & Vilenkin 16’]

[T. Vachaspati 17’; Ferrer et al. 18’
Gelmini et al 22’, RZF et al. 24’,25’]



Case 1:

A few large and rare DWs survive 

PBHs at horizon reentry



Case 1:

– Large Domain Wall abundance at annihilation can give:

• Sizeable PBH abundance

• PBH dark matter if 𝑇𝑎𝑛𝑛 ∼ 106 − 108 GeV
Correlated GWs expected at LVK-ET-CE

• Possibility of GWs and Solar Mass PBH at PTAs.



Case 2: vanilla QCD axion and DWs

• Back to the standard pre-inflationary QCD axion:

– Can we form DWs there? Old idea...

– Mechanism is based on inflationary diffusion:

[Linde 90’, Linde and Lyth’ 94’,… Kitajima&Takahashi 20’]

[Faria, RZF and Rompineve 25’]



• After inflation:

– when 𝑚𝑎 𝑇 > 𝐻, the regions of space where
𝜃 > 𝜋 the oscillates the nearest minimum (2𝜋).

– Superhorizon DWs are formed (even for KSVZ!)

– At horizon reenter, the DWs colapse into:

• Dark Matter axions

• PBHs, If DWs are supercritical (𝑟𝑠 > 1/𝐻) 

[Faria, Ferreira and Rompineve 25’]

Isocurvatures → DW formation



1. Isocurvatures at CMB scales

• Although maybe erasable with additional assumptions (eg 2-step inflation).

2. Stupendeously large PBH

• Large DM abundance seems to come with large PBH abundance.

• Broad mass spectrum

Observational signatures



PBH mass distribution Parameter space

[Faria, Ferreira and Rompineve 25’]

=
𝐻

𝑓

QCD axion



PBH mass distribution Parameter space

[Faria, Ferreira and Rompineve 25’]

ALP



CMB Birefringence and Axion Defects

(from Eiichiro’s talk)





String-(Wall) network

(from Andrew 
Long’s talk)

DW network





Conclusions

• 𝑓𝑎~10
8 GeV is not excluded.

    Uncertainties in the bound derived from SN1987A (or neutron 
star) bound are still large. It is important to have all effects into 
account.

• CMB probes are weaker but very robust. 
They are slowly reaching the 108 GeV region.

• Topological defects open up other cosmo probes of axions:
GWs, PBH, birefringence



Extra slides







DW network
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