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Motivations for 
heavy axions
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The WIMP paradigm

DM DM

SM SM

Shake it

Break it Make it

Credit: Ciaran A.J. O’Hare, 2109.03116

Improvement in sensitivity in shake-it searches faster than Moore’s law from ‘80s to ‘00s 
Where is the DM?
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The WIMP paradigm

DM DM

SM SM

Shake it

Break it Make it

Credit: Ciaran A.J. O’Hare, 2109.03116

Improvement in sensitivity in shake-it searches faster than Moore’s law from ‘80s to ‘00s 
Where is the DM? 

How about searching under different lampposts?
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Beyond the WIMP paradigm
According to the Snowmass proceeding, different directions to go: 
• Ultralight DM (sub-keV) 
• Light DM (keV-GeV) 
• WIMPzilla, PBHs…



6

Beyond the WIMP paradigm
According to the Snowmass proceeding, different directions to go: 
• Ultralight DM (sub-keV) 
• Light DM (keV-GeV) 
• WIMPzilla, PBHs…
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Beyond the WIMP paradigm

What about mediators  of heavier DM?ϕ

DM DM

SM SM

Break it Make it

According to the Snowmass proceeding, different directions to go: 
• Ultralight DM (sub-keV) 
• Light DM (keV-GeV) 
• WIMPzilla, PBHs…

   

 colliders very constraining.  
What about light mediators?

∼ [ 1
p2 − m2

ϕ ]
2

mϕ ≫ 1 GeV
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Beyond the WIMP paradigm

3 examples of detection possibilities for lightish feebly interacting particles 
• Long range interactions ( ) 
• Oscillations (e.g. dark photons with a coupling ) 

• Decay e.g. 

mϕ ≲ 1 eV
ϵFFDark

ℒI ∼
1
4

GaγaFF̃

a

γ

γ
Call it an axion, might be a QCD axion  
with some imagination 
Hook et al. Phys.Rev.Lett. 124 (2020) 22, 221801

Lifetime: d5 operator, Γ = G2
aγm3

a
1

64π
ma

ω{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit> { <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit> { <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Dimensional 
analysis

Phase 
Space

Lorentz 
Factor

In other words: we can solve the strong CP problem and have the portal between DM 
and SM at the same time with a heavy axion



How to constrain 
heavy axions



Axions with photon coupling
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Credit: Ciaran O’Hare

Searching for heavy axions: 
• Beam dumps  
• Astrophysical transients 
• Cosmology—goes away for low   
(see Langhoff, Outmezguine, Rodd Phys.Rev.Lett. 129 (2022) 24, 241101)

TRH
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Stellar collapse

Neutrino

PNS

Neutrinosphere

Mantle

Protoneutron star, it has 
•  in the core, 

 at the surface 
•  
•  
•

T = 𝒪(100 MeV)
T = 𝒪(10 MeV)
ρ = 3 × 1014g/cm3

RPNS = 20 km
RMantle ≳ 107 km

And produce many neutrinos, 
•  
• Energy deposited: 1%

Lν = 3 × 1053erg/3s

(Analogous to photons in the Sun)

MASTER FIGURE



Raffelt bound (SN 1987A cooling)
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The existence of a feebly interacting particle can affect the duration of the neutrino 
signal of a supernova

Neutrino

Feebly interacting particle

PNS

Neutrinosphere

Mantle

As new particles are produced in the 
core, they take away energy from the 
cooling proto-neutron star 

Less energy available to neutrinos!

The environment is so dense neutrinos 
are trapped and cannot escape freely, 
until they reach the neutrinosphere
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Raffelt (1994)

• The emission of new particles affect the 
cooling time of the protoneutron star 

• Several papers in the 1980s (1D 
simulations with an energy sink) found 
the relative cooling time (right figure, 
axion-nucleon coupling).  
Observable: duration of the neutrino 
signal at IMB and KII 

• All simulations on a common footing: 
new particle emission should not exceed 

, or in terms of the 
total energy
ϵa = 1019erg g−1s−1

Lϕ ≲ Lν(1s) = 3 × 1052 erg s−1

Computed at  and T = 30 MeV ρ = 3 × 1014 g cm−3

Raffelt bound (SN 1987A cooling)
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Look for different observables
Supernovae (and other transients) are far (a long baseline for conversion or decay)  

and hot/dense (they can produce heavy feebly interacting particles)

ℒint ∼ a
Gaγ

4
FF̃

PNS

Neutrinosphere

Mantle

Can decay outside  
of the mantle
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PNS

Neutrinosphere

Mantle

• Gamma-ray decay observed by the 
Gamma-Ray Spectrometer (GRS) on 
board the Solar Maximum Mission (SMM) 
satellite that operated 02/1980–12/1989 
 
Oberauer et al. Astropart.Phys. 1 (1993) 377-386 
Chupp et al. Phys.Rev.Lett. 62 (1989) 505-508 
Jaeckel et al., Phys.Rev.D 98 (2018) 5, 055032 
Caputo, Raffelt, Vitagliano, Phys.Rev.D 105 (2022) 3, 035022 
Hoof and Schulz (2022) 

• They also create a diffuse from all the 
SNe in the history of the universe 
 
Calore et al. Phys. Rev. D 102 (2020) 123005 
Caputo, Raffelt, Vitagliano, Phys.Rev.D 105 (2022) 3, 035022

Look for different observables
Supernovae (and other transients) are far (a long baseline for conversion or decay)  

and hot/dense (they can produce heavy feebly interacting particles)



Gamma rays from SN 1987A
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• If particles decay outside of the mantle [ ] bounds from the Solar 
Maximum Mission at SN 1987A could apply 

• They were looking for  photons, fluence of  

• For couplings at the Raffelt bound, , 

Γ ≲ (c/Rmantle)

25 − 100 MeV
dN
dA

≲ 1 cm−2

1053 erg, 15 MeV, distance 50 kpc
dN
dA

≃ 1010 cm−2

Are we sure it applies?



Axion-sourced 
fireballs
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Axion-sourced fireballs

Mantle
<latexit sha1_base64="UhunCN84D6Ka0ChMPmzPJt1dBXk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxo1QwT6wHUomzbSheQxJRihD/8KNC0Xc+jfu/BvTdhbaeiBwOOcecu+JEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMkHO05oKPBAspgRbJ302NUC3WHpYr1S2a/4M6BlEuSkDDnqvdJXt69IKqi0hGNjOoGf2DDD2jLC6aTYTQ1NMBnhAe04KrGgJsxmG0/QqVP6KFbaPWnRTP2dyLAwZiwiNymwHZpFbyr+53VSG1+FGZNJaqkk84/ilCOr0PR81GeaEsvHjmCimdsVkSHWmFhXUtGVECyevEya1UpwXqneX5Rr13kdBTiGEziDAC6hBrdQhwYQkPAMr/DmGe/Fe/c+5qMrXp45gj/wPn8AN3aQng==</latexit>

PNS
<latexit sha1_base64="T60RK7j5wt5DW7SPRXD+Qe5x6+E=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxZNENA9IljA7mU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMlHO05oKPBAspgRbJ3U6mqB6ncPvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGbnTtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jvqM02J5WNHMNHM3YrIEGtMrEuo6EIIFl9eJs1qJTivVO8vyrXrPI4CHMMJnEEAl1CDW6hDAwiM4Ble4c1LvBfv3fuYt654+cwR/IH3+QOR7Y8Q</latexit> {

<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

�
<latexit sha1_base64="bdAS1DU9pLDwmRSuoG8etVlJoIw=">AAAB7XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqDg2upNLtgBmQIoYGCpTQTjSwKJDQCkY3U7/1BNoIFT/gOAE/YoNYhIIztFKzewsSWa9UdivuDHSZeDkpkxz1Xumr21c8jSBGLpkxHc9N0M+YRsElTIrd1EDC+IgNoGNpzCIwfja7dkJPrdKnodK2YqQz9fdExiJjxlFgOyOGQ7PoTcX/vE6K4ZWfiThJEWI+XxSmkqKi09dpX2jgKMeWMK6FvZXyIdOMow2oaEPwFl9eJs1qxTuvVO8vyrXrPI4COSYn5Ix45JLUyB2pkwbh5JE8k1fy5ijnxXl3PuatK04+c0T+wPn8AWHajwA=</latexit>

Fireball
<latexit sha1_base64="dvFn+FknSCCDR29R6ubiBnM2ER0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsN+3S3U3Y3Qgl9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8epIrRNYh6rXog15UzStmGG016iKBYhp91wcjv3u09UaRbLRzNNaCDwSLKIEWys5PtKoDumaIg5H1Rrbt3NgVaJV5AaFGgNql/+MCapoNIQjrXue25iggwrwwins4qfappgMsEj2rdUYkF1kOU3z9CZVYYoipUtaVCu/p7IsNB6KkLbKbAZ62VvLv7n9VMTXQcZk0lqqCSLRVHKkYnRPAA0tO8Sw6eWYKKYvRWRMVaYGBtTxYbgLb+8SjqNundRbzxc1po3RRxlOIFTOAcPrqAJ99CCNhBI4Ble4c1JnRfn3flYtJacYuYY/sD5/AGsCJFy</latexit>

Stellar surface
<latexit sha1_base64="qulSg1pEbUqDZljOpx0zlcmyly0=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8CAlqYIei148VrQf0ISy2U7apZtN2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/OChDOlHefbKiwtr6yuFddLG5tb2zv27l5Txamk0KAxj2U7IAo4E9DQTHNoJxJIFHBoBcPrid96AKlYLO71KAE/In3BQkaJNlLXPvBkhO80cE4k9k6xSmVIKHTtslNxpsCLxM1JGeWod+0vrxfTNAKhKSdKdVwn0X5GpGaUw7jkpQoSQoekDx1DBYlA+dn0/jE+NkoPh7E0JTSeqr8nMhIpNYoC0xkRPVDz3kT8z+ukOrz0MyaSVIOgs0VhyrGO8SQM3GMSqOYjQwiVzNyK6YBIQrWJrGRCcOdfXiTNasU9q1Rvz8u1qzyOIjpER+gEuegC1dANqqMGougRPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wf5n5Vu</latexit>

• Consider ALPs with a coupling to 
photons  

• They are produced in the hot and dense 
core of proton-neutron stars through 
coalescence and Primakoff effect with 
energies  

• The ALPs decay back to photons outside 

• Daughter photons interact with each 
other, unavoidably creating a fireball 

• Photons will eventually have energy 
 

• We can detect these photons with X-ray 
telescopes 

aF̃F

E ≃ 100 MeV

E ≲ 1 MeV
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Axion-sourced fireballs

There are therefore 3 phases in the evolution 
of the fireball: 

• Decay of axions into photons 

• Onset of photons thermalization/Evolution 
towards equilibrium of the electron-
positron pairs and photon plasma 

• Decoupling of the products (the density 
reduces as the fireball gets farther from the 

source)

Similar to cosmology! 

• Decay of heavy relics to SM particles 

• Evolution towards equilibrium 

• Decoupling of the products (Hubble 
expansion eventually dominates over the 

interaction rate)

Let us consider the axion frame. They decay isotropically. In the lab-frame, they are 
boosted, but NOT to . c

Mantle
<latexit sha1_base64="UhunCN84D6Ka0ChMPmzPJt1dBXk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxo1QwT6wHUomzbSheQxJRihD/8KNC0Xc+jfu/BvTdhbaeiBwOOcecu+JEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMkHO05oKPBAspgRbJ302NUC3WHpYr1S2a/4M6BlEuSkDDnqvdJXt69IKqi0hGNjOoGf2DDD2jLC6aTYTQ1NMBnhAe04KrGgJsxmG0/QqVP6KFbaPWnRTP2dyLAwZiwiNymwHZpFbyr+53VSG1+FGZNJaqkk84/ilCOr0PR81GeaEsvHjmCimdsVkSHWmFhXUtGVECyevEya1UpwXqneX5Rr13kdBTiGEziDAC6hBrdQhwYQkPAMr/DmGe/Fe/c+5qMrXp45gj/wPn8AN3aQng==</latexit>

PNS
<latexit sha1_base64="T60RK7j5wt5DW7SPRXD+Qe5x6+E=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxZNENA9IljA7mU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMlHO05oKPBAspgRbJ3U6mqB6ncPvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGbnTtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jvqM02J5WNHMNHM3YrIEGtMrEuo6EIIFl9eJs1qJTivVO8vyrXrPI4CHMMJnEEAl1CDW6hDAwiM4Ble4c1LvBfv3fuYt654+cwR/IH3+QOR7Y8Q</latexit> e+

<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

Fireball
<latexit sha1_base64="dvFn+FknSCCDR29R6ubiBnM2ER0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsN+3S3U3Y3Qgl9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8epIrRNYh6rXog15UzStmGG016iKBYhp91wcjv3u09UaRbLRzNNaCDwSLKIEWys5PtKoDumaIg5H1Rrbt3NgVaJV5AaFGgNql/+MCapoNIQjrXue25iggwrwwins4qfappgMsEj2rdUYkF1kOU3z9CZVYYoipUtaVCu/p7IsNB6KkLbKbAZ62VvLv7n9VMTXQcZk0lqqCSLRVHKkYnRPAA0tO8Sw6eWYKKYvRWRMVaYGBtTxYbgLb+8SjqNundRbzxc1po3RRxlOIFTOAcPrqAJ99CCNhBI4Ble4c1JnRfn3flYtJacYuYY/sD5/AGsCJFy</latexit>

{
<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

�
<latexit sha1_base64="bdAS1DU9pLDwmRSuoG8etVlJoIw=">AAAB7XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqDg2upNLtgBmQIoYGCpTQTjSwKJDQCkY3U7/1BNoIFT/gOAE/YoNYhIIztFKzewsSWa9UdivuDHSZeDkpkxz1Xumr21c8jSBGLpkxHc9N0M+YRsElTIrd1EDC+IgNoGNpzCIwfja7dkJPrdKnodK2YqQz9fdExiJjxlFgOyOGQ7PoTcX/vE6K4ZWfiThJEWI+XxSmkqKi09dpX2jgKMeWMK6FvZXyIdOMow2oaEPwFl9eJs1qxTuvVO8vyrXrPI4COSYn5Ix45JLUyB2pkwbh5JE8k1fy5ijnxXl3PuatK04+c0T+wPn8AWHajwA=</latexit>
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Relativistic fluid dynamics
Anticipating fireballs are characterized by many interactions among the particles, we 

use fluid dynamics of a perfect fluid ( ) 

 where  is the stress-energy tensor 

Which reduce to 2 equations in spherical symmetry: momentum and energy 
conservation 

There are 3 quantities to be determined: temperature , chemical potential , and 
Lorentz boost of the plasma  

The additional equation is

p = ρ/3
∂μTμν = 0 Tμν

T μγ
γ

∂μNμ = 0 Γ(ee → eeγ) = Γ(eeγ → ee)
When number-changing 

processes are slow
When number-changing 

processes are fast

3 equations, 3 variables!
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Thermalization

Primakoff production Coalescence

From axion production in the core… …to photons outside…

…which have a density in the lab-frame

Mantle
<latexit sha1_base64="UhunCN84D6Ka0ChMPmzPJt1dBXk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxo1QwT6wHUomzbSheQxJRihD/8KNC0Xc+jfu/BvTdhbaeiBwOOcecu+JEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMkHO05oKPBAspgRbJ302NUC3WHpYr1S2a/4M6BlEuSkDDnqvdJXt69IKqi0hGNjOoGf2DDD2jLC6aTYTQ1NMBnhAe04KrGgJsxmG0/QqVP6KFbaPWnRTP2dyLAwZiwiNymwHZpFbyr+53VSG1+FGZNJaqkk84/ilCOr0PR81GeaEsvHjmCimdsVkSHWmFhXUtGVECyevEya1UpwXqneX5Rr13kdBTiGEziDAC6hBrdQhwYQkPAMr/DmGe/Fe/c+5qMrXp45gj/wPn8AN3aQng==</latexit>

PNS
<latexit sha1_base64="T60RK7j5wt5DW7SPRXD+Qe5x6+E=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxZNENA9IljA7mU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMlHO05oKPBAspgRbJ3U6mqB6ncPvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGbnTtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jvqM02J5WNHMNHM3YrIEGtMrEuo6EIIFl9eJs1qJTivVO8vyrXrPI4CHMMJnEEAl1CDW6hDAwiM4Ble4c1LvBfv3fuYt654+cwR/IH3+QOR7Y8Q</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

Stellar surface
<latexit sha1_base64="qulSg1pEbUqDZljOpx0zlcmyly0=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8CAlqYIei148VrQf0ISy2U7apZtN2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/OChDOlHefbKiwtr6yuFddLG5tb2zv27l5Txamk0KAxj2U7IAo4E9DQTHNoJxJIFHBoBcPrid96AKlYLO71KAE/In3BQkaJNlLXPvBkhO80cE4k9k6xSmVIKHTtslNxpsCLxM1JGeWod+0vrxfTNAKhKSdKdVwn0X5GpGaUw7jkpQoSQoekDx1DBYlA+dn0/jE+NkoPh7E0JTSeqr8nMhIpNYoC0xkRPVDz3kT8z+ukOrz0MyaSVIOgs0VhyrGO8SQM3GMSqOYjQwiVzNyK6YBIQrWJrGRCcOdfXiTNasU9q1Rvz8u1qzyOIjpER+gEuegC1dANqqMGougRPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wf5n5Vu</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>
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Thermalization

Second condition for thermalization: number changing processes

Lorentz factor of the fireball Electron density Thermal velocity Bremsstrahlung cross section

First condition for thermalization: produce e±

(Akin to  in cosmology)Γ > H

(NB at some point pair annihilation become relevant)
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Thermalization
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Decoupling

After decoupling, the average energy in the lab-frame is 4γT

The energy of the photons is now out of SMM window used in gamma-ray searches 
( )≳ 25 MeV



Revisited gamma-ray bounds

Brand new!
Diamond, Fiorillo, Marques-Tavares, Vitagliano, Phys.Rev.D 107 (2023) 10, 103029

25

• The bounds from decay to 
gamma-rays do not apply 
everywhere 

• For a large region of masses 
and couplings, axions form a 
fireball 

• The expected flux is at much 
smaller frequencies 

• New bounds from Pioneer 
Venus Observatory

Mantle
<latexit sha1_base64="UhunCN84D6Ka0ChMPmzPJt1dBXk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxo1QwT6wHUomzbSheQxJRihD/8KNC0Xc+jfu/BvTdhbaeiBwOOcecu+JEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMkHO05oKPBAspgRbJ302NUC3WHpYr1S2a/4M6BlEuSkDDnqvdJXt69IKqi0hGNjOoGf2DDD2jLC6aTYTQ1NMBnhAe04KrGgJsxmG0/QqVP6KFbaPWnRTP2dyLAwZiwiNymwHZpFbyr+53VSG1+FGZNJaqkk84/ilCOr0PR81GeaEsvHjmCimdsVkSHWmFhXUtGVECyevEya1UpwXqneX5Rr13kdBTiGEziDAC6hBrdQhwYQkPAMr/DmGe/Fe/c+5qMrXp45gj/wPn8AN3aQng==</latexit>

PNS
<latexit sha1_base64="T60RK7j5wt5DW7SPRXD+Qe5x6+E=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxZNENA9IljA7mU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMlHO05oKPBAspgRbJ3U6mqB6ncPvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGbnTtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jvqM02J5WNHMNHM3YrIEGtMrEuo6EIIFl9eJs1qJTivVO8vyrXrPI4CHMMJnEEAl1CDW6hDAwiM4Ble4c1LvBfv3fuYt654+cwR/IH3+QOR7Y8Q</latexit> e+

<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

Fireball
<latexit sha1_base64="dvFn+FknSCCDR29R6ubiBnM2ER0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsN+3S3U3Y3Qgl9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8epIrRNYh6rXog15UzStmGG016iKBYhp91wcjv3u09UaRbLRzNNaCDwSLKIEWys5PtKoDumaIg5H1Rrbt3NgVaJV5AaFGgNql/+MCapoNIQjrXue25iggwrwwins4qfappgMsEj2rdUYkF1kOU3z9CZVYYoipUtaVCu/p7IsNB6KkLbKbAZ62VvLv7n9VMTXQcZk0lqqCSLRVHKkYnRPAA0tO8Sw6eWYKKYvRWRMVaYGBtTxYbgLb+8SjqNundRbzxc1po3RRxlOIFTOAcPrqAJ99CCNhBI4Ble4c1JnRfn3flYtJacYuYY/sD5/AGsCJFy</latexit>

{
<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

�
<latexit sha1_base64="bdAS1DU9pLDwmRSuoG8etVlJoIw=">AAAB7XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqDg2upNLtgBmQIoYGCpTQTjSwKJDQCkY3U7/1BNoIFT/gOAE/YoNYhIIztFKzewsSWa9UdivuDHSZeDkpkxz1Xumr21c8jSBGLpkxHc9N0M+YRsElTIrd1EDC+IgNoGNpzCIwfja7dkJPrdKnodK2YqQz9fdExiJjxlFgOyOGQ7PoTcX/vE6K4ZWfiThJEWI+XxSmkqKi09dpX2jgKMeWMK6FvZXyIdOMow2oaEPwFl9eJs1qxTuvVO8vyrXrPI4COSYn5Ix45JLUyB2pkwbh5JE8k1fy5ijnxXl3PuatK04+c0T+wPn8AWHajwA=</latexit>



Neutron star mergers: a new bound

Brand new!
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• We have observed a NS merger, GW 170817 

• When two neutron stars merge, a heavy mass 
neutron star forms 

• The one-zone model parameters are similar to 
a CCSN: , , 

 
• However, no mantle

ρ ≃ 1014 g/cm3 T ≃ 18 MeV
δt ≃ 1 s

Diamond, Fiorillo, Marques-Tavares, Tamborra, Vitagliano, e-Print: 
2305.10327 
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Bounds from GW170817

Brand new!

• Neutron star mergers produce a heavy mass NS 
remnant without a mantle! So we can probe 

 

• Huge temperature and densities 

• Extremely sensitive measurements by X-ray detectors 
of GW 170817 (energy injected ) 

• Fresh bounds on  axions

Γ ≳ c/Rmantle

≲ 1046 erg

ma > 1 MeV

Diamond, Fiorillo, Marques-Tavares, Tamborra, Vitagliano, e-Print: 
2305.10327 
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• Cooling bounds still useful for QCD axion hadronic couplings, look for 
other observables in other cases—decays! 

• Need fluid dynamics, fireballs can form so simple bounds on gamma-ray 
daughter do not apply 

• Particle physics: best bounds on new feebly interacting particles for 
“heavy” bosons from decay to photon 

• Astrophysics: rule-out decaying bosons as supernova explosions 
catalyzers 

• Cosmology: strongly constraining DM mediators
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Axion-like particles with photon coupling

31

GW170817 bounds 
(see Diamond, Fiorillo, Marques-
Tavares, Tamborra, Vitagliano 
(2023))

Heats up the 
mantle of low-
energy SNe 
(see Caputo, Raffelt, 
Janka, Vitagliano, 
Phys.Rev.Lett. 128 
(2022) 22, 221103)

Resonant production and subsequent decay for 
some specific couplings and masses 
see e.g. Axions from Hypernovae,  
Caputo, Carenza, Lucente, Vitagliano et al. Phys.Rev.Lett. 127 (2021) 18, 181102

Goes away for low   
(see Langhoff, Outmezguine, Rodd 
Phys.Rev.Lett. 129 (2022) 24, 
241101)

TRH

Gamma-ray from SN 
1987A at SMM and 
PVO 
(see Diamond, Fiorillo, Marques-
Tavares, Vitagliano, Phys.Rev.D 107 
(2023) 10, 103029)

Credit: Ciaran O’Hare


