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Who am I?

APS Physics

https://physics.aps.org/authors/francesca_calore
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I. A short introduction to high-energy astrophysics 


II. A short introduction to axions and alike


III. High-energy signatures of ALP-photon conversion from different ALPs 
sources


IV. High-energy signatures of ALPs (and other light particles) decay  

Disclaimer: What I do not cover here:

• Deep theoretical motivations and derivations

• Production of WISPs in the early universe and connection with dark matter 

• Bounds from stellar evolution and alike

• Bounds from strongly magnetised objects (pulsars) 

Plan of the lectures



Agrawal+ Eur.Phys.J. C'21

Axions and feebly interacting particles (FIPs)

[See also maturation of the experimental programs searching for new physics with sizeable couplings at the LHC]

The mystery of dark matter?

The matter-antimatter asymmetry in the universe?


The strong CP problem?

• Light particles (sub-GeV masses)

• Extremely suppressed interactions between new particles and SM bosons and/or 

fermions

• Interactions with SM mediated by (pseudo)scalar, fermion or vector particles 

(portals)

• Examples are dark photons, sterile neutrinos, axions and axion-like particles  
• Offer good and viable dark matter candidates

Feebly interacting particles 
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A poor phenomenologist perspective 
• From a fundamental theory or more EFT approaches couplings with SM and new 

particles induce specific phenomenological signatures

• We are interested here in signatures of light, weekly coupled particles in high-

energy astrophysics 

What I consider as HE astro? What is a signature?

• Emission of astrophysical sources 
from X (~keV) to gamma rays (PeV) 


• Astrophysical diffuse backgrounds 
at multiple wavelengths 

• It is a sizeable modification of 
standard astrophysical signals


• Modification of spectral and spatial  
distributions of event counts, and/or 
polarisations

Detection vs constraints



A short introduction to high-
energy astrophysics 
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High-energy astrophysical data landscape 
DeAngelis+ Voyage 2050 ‘21

Photon energy100 MeV GeV TeV 100 TeVkeVeV
7

MeV
VHEPU 2024

https://link.springer.com/article/10.1007/s10686-021-09706-y
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Beckman, MM Astronomy ‘21

Tibet ASg: 100 TeV — 500 TeV
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Integral/SPI: 100 keV — 8 MeV

Fermi-LAT: ~30 MeV — 1 TeV

HESS: ~200 GeV — 30 TeV

HAWC: 300 GeV — 100 TeV

LHAASO: 10 TeV — 1 PeV

Amenomori+ PRL'21

Cao+ 2305.05372

Abeysekara+ PoS ICRC2021

Abramowski+ PRD’14

Siegert, FC, PDS+ A&A’22

High-energy cosmic radiation
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Total emission is a sum of guaranteed 
contributions and possibly exotic ones

Challenge: Understanding the contribution of diffuse 
cosmic-ray processes as well as point sources                            

Crucial MM connection
e.g. De La Torre Luque+ Front.Astron.Space Sci.’22, A&A’23
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Beckman, MM Astronomy ‘21

High-energy cosmic radiation

Galactic longitude [deg] 
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new physics
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https://inspirehep.net/literature/2154784
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Main astrophysical sources
Supernova remnants 

Webb’s evidence of neutron star in SN1987A

• Structure resulting from the explosion of a star in a 
SN of type I (white-dwarf accretion) or II (core-
collapse)


• Expanding material ejected in the explosion and 
shocking the ISM along the way 


• Strongly magnetised shocks 25 — 1000 µG

Sharma+ 2207.02695
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Main astrophysical sources
Pulsars and pulsar wind nebulae
• Pulsars are rapidly rotating neutron stars with extremely 

high densities

• Emit beams of electromagnetic radiation (radio, X-ray, 

gamma-ray) from their magnetic poles through 
synchrotron and curvature radiation 


• Dipolar magnetic field with strengths from 108 to 1015 G 

Harding+ ApJ’21

Crab pulsar 
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Main astrophysical sources
Active galactic nuclei • Large fraction of the total luminosity of an active 

galaxy is non-thermal (accretion disk and 
collimated jet)


• Emitted by the nuclei of the galaxy

• Complex B fields structure (poloidal and toroidal) 

of O(103 G)
SED of Mrk 421

Abdo+ ApJ’11
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Main astrophysical sources
Star-forming and star-burst galaxies

Spectrum of NGC253
Peretti+ MNRAS’19

• Galaxies characterised by high rates of star-formation 
in star-forming and/or star-burst regions 


• Large scale B fields from few µG up to 100 of µG

Galaxy clusters 
• Galaxy clusters are the largest gravitationally bound 

structures in the universe, containing hundreds to 
thousands of galaxies


• The intracluster medium (ICM) is filled with hot, X-ray 
emitting, highly ionised gas


• Magnetic fields in galaxy clusters are typically weak, 
ranging from 0.1 to a few µG 


• B field structure is often tangled and chaotic due to 
turbulence within the ICM + ordered large-scale fields


• Coherence lengths of magnetic fields in galaxy clusters 
range from 10 to 100 kpc
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The cosmic photon backgrounds
Lella, FC+ In preparation 

[For a review see: Hill+ App. Spectrosc.’18]

• CRB & CMB: Primordial background 
subtracted by Galactic foregrounds @ 2.7255 
K


• CIB: Emission of dust heated by stars within 
unresolved galaxies, difficult to clean from 
Galactic foregrounds


• COB: Emission from stars, difficult to clean 
from Galactic foregrounds


• CUB: From all sources of ionising photons 
such as star-forming galaxies and quasars


• CXB: Dominate by bremsstrahlung in the hot 
accretion disks around AGNs 

• CGB: Superposition of several source 
classes (AGNs, star-forming galaxies) and 
Galaxy emission

Common element: Mostly of extra-galactic 
origin, as superposition of faint photon 

emitters 
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•At higher energies diffuse emission detected by HESS, HAWC Tibet ASg, and LHAASO

•Mostly of Galactic origin because of intrinsic horizon of VHE photons (absorption)

EBL absorption of VHE photons

Extragalactic Background Light (EBL)
⇠ 400 ph/cm3
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⇠ 1 ph/cm3
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�VHE + �EBL ! e+ + e�
<latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit><latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit><latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit><latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit>

Pair-production

From invariance of s, COM energy

in cosmological coving frameE0
� � m2

e

✏0
<latexit sha1_base64="y2ucl3DyI6kdCWhsuEfppJ0mHjw=">AAACD3icbVDJSgNBEO1xjXEb9eilMbicwkwQ9BgUwWMEs0AmDj2dmtjY3TN29whhyB948Ve8eFDEq1dv/o2d5aCJDwoe71VRVS9KOdPG876dufmFxaXlwkpxdW19Y9Pd2m7oJFMU6jThiWpFRANnEuqGGQ6tVAEREYdmdHc+9JsPoDRL5LXpp9ARpCdZzCgxVgrdg4vDMOgRIQgOenCPg1gRmosQbiqDPIBUM57Iw0HolryyNwKeJf6ElNAEtdD9CroJzQRIQznRuu17qenkRBlGOQyKQaYhJfSO9KBtqSQCdCcf/TPA+1bp4jhRtqTBI/X3RE6E1n0R2U5BzK2e9obif147M/FpJ2cyzQxIOl4UZxybBA/DwV2mgBret4RQxeytmN4Sm4ixERZtCP70y7OkUSn7Xtm/Oi5VzyZxFNAu2kNHyEcnqIouUQ3VEUWP6Bm9ojfnyXlx3p2PceucM5nZQX/gfP4Ad7ScUA==</latexit><latexit sha1_base64="y2ucl3DyI6kdCWhsuEfppJ0mHjw=">AAACD3icbVDJSgNBEO1xjXEb9eilMbicwkwQ9BgUwWMEs0AmDj2dmtjY3TN29whhyB948Ve8eFDEq1dv/o2d5aCJDwoe71VRVS9KOdPG876dufmFxaXlwkpxdW19Y9Pd2m7oJFMU6jThiWpFRANnEuqGGQ6tVAEREYdmdHc+9JsPoDRL5LXpp9ARpCdZzCgxVgrdg4vDMOgRIQgOenCPg1gRmosQbiqDPIBUM57Iw0HolryyNwKeJf6ElNAEtdD9CroJzQRIQznRuu17qenkRBlGOQyKQaYhJfSO9KBtqSQCdCcf/TPA+1bp4jhRtqTBI/X3RE6E1n0R2U5BzK2e9obif147M/FpJ2cyzQxIOl4UZxybBA/DwV2mgBret4RQxeytmN4Sm4ixERZtCP70y7OkUSn7Xtm/Oi5VzyZxFNAu2kNHyEcnqIouUQ3VEUWP6Bm9ojfnyXlx3p2PceucM5nZQX/gfP4Ad7ScUA==</latexit><latexit sha1_base64="y2ucl3DyI6kdCWhsuEfppJ0mHjw=">AAACD3icbVDJSgNBEO1xjXEb9eilMbicwkwQ9BgUwWMEs0AmDj2dmtjY3TN29whhyB948Ve8eFDEq1dv/o2d5aCJDwoe71VRVS9KOdPG876dufmFxaXlwkpxdW19Y9Pd2m7oJFMU6jThiWpFRANnEuqGGQ6tVAEREYdmdHc+9JsPoDRL5LXpp9ARpCdZzCgxVgrdg4vDMOgRIQgOenCPg1gRmosQbiqDPIBUM57Iw0HolryyNwKeJf6ElNAEtdD9CroJzQRIQznRuu17qenkRBlGOQyKQaYhJfSO9KBtqSQCdCcf/TPA+1bp4jhRtqTBI/X3RE6E1n0R2U5BzK2e9obif147M/FpJ2cyzQxIOl4UZxybBA/DwV2mgBret4RQxeytmN4Sm4ixERZtCP70y7OkUSn7Xtm/Oi5VzyZxFNAu2kNHyEcnqIouUQ3VEUWP6Bm9ojfnyXlx3p2PceucM5nZQX/gfP4Ad7ScUA==</latexit><latexit sha1_base64="y2ucl3DyI6kdCWhsuEfppJ0mHjw=">AAACD3icbVDJSgNBEO1xjXEb9eilMbicwkwQ9BgUwWMEs0AmDj2dmtjY3TN29whhyB948Ve8eFDEq1dv/o2d5aCJDwoe71VRVS9KOdPG876dufmFxaXlwkpxdW19Y9Pd2m7oJFMU6jThiWpFRANnEuqGGQ6tVAEREYdmdHc+9JsPoDRL5LXpp9ARpCdZzCgxVgrdg4vDMOgRIQgOenCPg1gRmosQbiqDPIBUM57Iw0HolryyNwKeJf6ElNAEtdD9CroJzQRIQznRuu17qenkRBlGOQyKQaYhJfSO9KBtqSQCdCcf/TPA+1bp4jhRtqTBI/X3RE6E1n0R2U5BzK2e9obif147M/FpJ2cyzQxIOl4UZxybBA/DwV2mgBret4RQxeytmN4Sm4ixERZtCP70y7OkUSn7Xtm/Oi5VzyZxFNAu2kNHyEcnqIouUQ3VEUWP6Bm9ojfnyXlx3p2PceucM5nZQX/gfP4Ad7ScUA==</latexit>
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Franceschini Universe’21

Optical depth ~ # interactions along the l.o.s

Scattering onto CMB

⌧(E� , zs) = F(n�(✏
0, z), dL(z),���(E� , ✏

0))
<latexit sha1_base64="9eaDrpj57uFWm+RuGNMpJSL0DDo="></latexit><latexit sha1_base64="9eaDrpj57uFWm+RuGNMpJSL0DDo="></latexit><latexit sha1_base64="9eaDrpj57uFWm+RuGNMpJSL0DDo="></latexit><latexit sha1_base64="9eaDrpj57uFWm+RuGNMpJSL0DDo="></latexit>

⌧(E� , zs) = 1
<latexit sha1_base64="xYpgsszniW8yGqdZiXOtJPx18RM=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiCBhVwS9CEERPEYwD0jC0juZJENmZpeZWSEu8eKvePGgiFf/wpt/4+Rx0MSChqKqm+6uMOZMG8/7djILi0vLK9nV3Nr6xuaWu71T1VGiCK2QiEeqHoKmnElaMcxwWo8VBRFyWgv7VyO/dk+VZpG8M4OYtgR0JeswAsZKgbvXNJAUroNmF4SAY/wQ6CN8gX0cuHmv6I2B54k/JXk0RTlwv5rtiCSCSkM4aN3wvdi0UlCGEU6HuWaiaQykD13asFSCoLqVjj8Y4kOrtHEnUrakwWP190QKQuuBCG2nANPTs95I/M9rJKZz3kqZjBNDJZks6iQcmwiP4sBtpigxfGAJEMXsrZj0QAExNrScDcGffXmeVE+Kvlf0b0/zpctpHFm0jw5QAfnoDJXQDSqjCiLoET2jV/TmPDkvzrvzMWnNONOZXfQHzucPicGU+w==</latexit><latexit sha1_base64="xYpgsszniW8yGqdZiXOtJPx18RM=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiCBhVwS9CEERPEYwD0jC0juZJENmZpeZWSEu8eKvePGgiFf/wpt/4+Rx0MSChqKqm+6uMOZMG8/7djILi0vLK9nV3Nr6xuaWu71T1VGiCK2QiEeqHoKmnElaMcxwWo8VBRFyWgv7VyO/dk+VZpG8M4OYtgR0JeswAsZKgbvXNJAUroNmF4SAY/wQ6CN8gX0cuHmv6I2B54k/JXk0RTlwv5rtiCSCSkM4aN3wvdi0UlCGEU6HuWaiaQykD13asFSCoLqVjj8Y4kOrtHEnUrakwWP190QKQuuBCG2nANPTs95I/M9rJKZz3kqZjBNDJZks6iQcmwiP4sBtpigxfGAJEMXsrZj0QAExNrScDcGffXmeVE+Kvlf0b0/zpctpHFm0jw5QAfnoDJXQDSqjCiLoET2jV/TmPDkvzrvzMWnNONOZXfQHzucPicGU+w==</latexit><latexit sha1_base64="xYpgsszniW8yGqdZiXOtJPx18RM=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiCBhVwS9CEERPEYwD0jC0juZJENmZpeZWSEu8eKvePGgiFf/wpt/4+Rx0MSChqKqm+6uMOZMG8/7djILi0vLK9nV3Nr6xuaWu71T1VGiCK2QiEeqHoKmnElaMcxwWo8VBRFyWgv7VyO/dk+VZpG8M4OYtgR0JeswAsZKgbvXNJAUroNmF4SAY/wQ6CN8gX0cuHmv6I2B54k/JXk0RTlwv5rtiCSCSkM4aN3wvdi0UlCGEU6HuWaiaQykD13asFSCoLqVjj8Y4kOrtHEnUrakwWP190QKQuuBCG2nANPTs95I/M9rJKZz3kqZjBNDJZks6iQcmwiP4sBtpigxfGAJEMXsrZj0QAExNrScDcGffXmeVE+Kvlf0b0/zpctpHFm0jw5QAfnoDJXQDSqjCiLoET2jV/TmPDkvzrvzMWnNONOZXfQHzucPicGU+w==</latexit><latexit sha1_base64="xYpgsszniW8yGqdZiXOtJPx18RM=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiCBhVwS9CEERPEYwD0jC0juZJENmZpeZWSEu8eKvePGgiFf/wpt/4+Rx0MSChqKqm+6uMOZMG8/7djILi0vLK9nV3Nr6xuaWu71T1VGiCK2QiEeqHoKmnElaMcxwWo8VBRFyWgv7VyO/dk+VZpG8M4OYtgR0JeswAsZKgbvXNJAUroNmF4SAY/wQ6CN8gX0cuHmv6I2B54k/JXk0RTlwv5rtiCSCSkM4aN3wvdi0UlCGEU6HuWaiaQykD13asFSCoLqVjj8Y4kOrtHEnUrakwWP190QKQuuBCG2nANPTs95I/M9rJKZz3kqZjBNDJZks6iQcmwiP4sBtpigxfGAJEMXsrZj0QAExNrScDcGffXmeVE+Kvlf0b0/zpctpHFm0jw5QAfnoDJXQDSqjCiLoET2jV/TmPDkvzrvzMWnNONOZXfQHzucPicGU+w==</latexit>

Gamma-ray cosmic horizon 

De Angelis+MNRAS'13

EBL absorption of VHE photons

https://academic.oup.com/mnras/article/432/4/3245/1007715
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Photon survival probability 

EBL absorption of VHE photons
P��(E� , zs) ⌘ e�⌧(E� ,zs)

<latexit sha1_base64="BfdmATQ0/5TP2NKqPmittKbZd5k=">AAACK3icbZDLSgMxFIYz3q23qks3wSJU0DIjgi5LRXBZwWqhU4cz6WkNJjNjkinUoe/jxldxoQsvuPU9TC8LrR4I+fj/c0jOHyaCa+O6787U9Mzs3PzCYm5peWV1Lb++canjVDGssVjEqh6CRsEjrBluBNYThSBDgVfh7cnAv+qi0jyOLkwvwaaETsTbnIGxUpCvVIPM74CUQEdXv3gajGiP3gd6l/p4l/Iuxets3zeQTtp9GuQLbskdFv0L3hgKZFzVIP/st2KWSowME6B1w3MT08xAGc4E9nN+qjEBdgsdbFiMQKJuZsNd+3THKi3ajpU9kaFD9edEBlLrngxtpwRzoye9gfif10hN+7iZ8ShJDUZs9FA7FdTEdBAcbXGFzIieBWCK279SdgMKmLHx5mwI3uTKf+HyoOS5Je/8sFCujONYIFtkmxSJR45ImZyRKqkRRh7IE3klb86j8+J8OJ+j1ilnPLNJfpXz9Q3lWaYw</latexit><latexit sha1_base64="BfdmATQ0/5TP2NKqPmittKbZd5k=">AAACK3icbZDLSgMxFIYz3q23qks3wSJU0DIjgi5LRXBZwWqhU4cz6WkNJjNjkinUoe/jxldxoQsvuPU9TC8LrR4I+fj/c0jOHyaCa+O6787U9Mzs3PzCYm5peWV1Lb++canjVDGssVjEqh6CRsEjrBluBNYThSBDgVfh7cnAv+qi0jyOLkwvwaaETsTbnIGxUpCvVIPM74CUQEdXv3gajGiP3gd6l/p4l/Iuxets3zeQTtp9GuQLbskdFv0L3hgKZFzVIP/st2KWSowME6B1w3MT08xAGc4E9nN+qjEBdgsdbFiMQKJuZsNd+3THKi3ajpU9kaFD9edEBlLrngxtpwRzoye9gfif10hN+7iZ8ShJDUZs9FA7FdTEdBAcbXGFzIieBWCK279SdgMKmLHx5mwI3uTKf+HyoOS5Je/8sFCujONYIFtkmxSJR45ImZyRKqkRRh7IE3klb86j8+J8OJ+j1ilnPLNJfpXz9Q3lWaYw</latexit><latexit sha1_base64="BfdmATQ0/5TP2NKqPmittKbZd5k=">AAACK3icbZDLSgMxFIYz3q23qks3wSJU0DIjgi5LRXBZwWqhU4cz6WkNJjNjkinUoe/jxldxoQsvuPU9TC8LrR4I+fj/c0jOHyaCa+O6787U9Mzs3PzCYm5peWV1Lb++canjVDGssVjEqh6CRsEjrBluBNYThSBDgVfh7cnAv+qi0jyOLkwvwaaETsTbnIGxUpCvVIPM74CUQEdXv3gajGiP3gd6l/p4l/Iuxets3zeQTtp9GuQLbskdFv0L3hgKZFzVIP/st2KWSowME6B1w3MT08xAGc4E9nN+qjEBdgsdbFiMQKJuZsNd+3THKi3ajpU9kaFD9edEBlLrngxtpwRzoye9gfif10hN+7iZ8ShJDUZs9FA7FdTEdBAcbXGFzIieBWCK279SdgMKmLHx5mwI3uTKf+HyoOS5Je/8sFCujONYIFtkmxSJR45ImZyRKqkRRh7IE3klb86j8+J8OJ+j1ilnPLNJfpXz9Q3lWaYw</latexit><latexit sha1_base64="BfdmATQ0/5TP2NKqPmittKbZd5k=">AAACK3icbZDLSgMxFIYz3q23qks3wSJU0DIjgi5LRXBZwWqhU4cz6WkNJjNjkinUoe/jxldxoQsvuPU9TC8LrR4I+fj/c0jOHyaCa+O6787U9Mzs3PzCYm5peWV1Lb++canjVDGssVjEqh6CRsEjrBluBNYThSBDgVfh7cnAv+qi0jyOLkwvwaaETsTbnIGxUpCvVIPM74CUQEdXv3gajGiP3gd6l/p4l/Iuxets3zeQTtp9GuQLbskdFv0L3hgKZFzVIP/st2KWSowME6B1w3MT08xAGc4E9nN+qjEBdgsdbFiMQKJuZsNd+3THKi3ajpU9kaFD9edEBlLrngxtpwRzoye9gfif10hN+7iZ8ShJDUZs9FA7FdTEdBAcbXGFzIieBWCK279SdgMKmLHx5mwI3uTKf+HyoOS5Je/8sFCujONYIFtkmxSJR45ImZyRKqkRRh7IE3klb86j8+J8OJ+j1ilnPLNJfpXz9Q3lWaYw</latexit>

�(E� , zs) = �(E�)⇥ e�⌧(E� ,zs)
<latexit sha1_base64="EpdPaopqm56u1uFAcpFd3dV7qak=">AAACL3icbVBNSwMxFMz6bf2qevQSLIIFLbsi6EUQRfFYwdpCty5v07QNTXaX5K1Ql/4jL/4VLyKKePVfmNYebHUgMMzM4+VNmEhh0HVfnanpmdm5+YXF3NLyyupafn3j1sSpZrzCYhnrWgiGSxHxCgqUvJZoDiqUvBp2zwd+9Z5rI+LoBnsJbyhoR6IlGKCVgvylX+6I3YvAb4NSsEcfAlOkJ3RMLVIfheKG8rts30dIJ/N9GuQLbskdgv4l3ogUyAjlIP/sN2OWKh4hk2BM3XMTbGSgUTDJ+zk/NTwB1oU2r1sagd3fyIb39umOVZq0FWv7IqRD9fdEBsqYngptUgF2zKQ3EP/z6im2jhuZiJIUecR+FrVSSTGmg/JoU2jOUPYsAaaF/StlHdDA0FacsyV4kyf/JbcHJc8tedeHhdOzUR0LZItsk13ikSNySq5ImVQII4/kmbyRd+fJeXE+nM+f6JQzmtkkY3C+vgH5JqaW</latexit><latexit sha1_base64="EpdPaopqm56u1uFAcpFd3dV7qak=">AAACL3icbVBNSwMxFMz6bf2qevQSLIIFLbsi6EUQRfFYwdpCty5v07QNTXaX5K1Ql/4jL/4VLyKKePVfmNYebHUgMMzM4+VNmEhh0HVfnanpmdm5+YXF3NLyyupafn3j1sSpZrzCYhnrWgiGSxHxCgqUvJZoDiqUvBp2zwd+9Z5rI+LoBnsJbyhoR6IlGKCVgvylX+6I3YvAb4NSsEcfAlOkJ3RMLVIfheKG8rts30dIJ/N9GuQLbskdgv4l3ogUyAjlIP/sN2OWKh4hk2BM3XMTbGSgUTDJ+zk/NTwB1oU2r1sagd3fyIb39umOVZq0FWv7IqRD9fdEBsqYngptUgF2zKQ3EP/z6im2jhuZiJIUecR+FrVSSTGmg/JoU2jOUPYsAaaF/StlHdDA0FacsyV4kyf/JbcHJc8tedeHhdOzUR0LZItsk13ikSNySq5ImVQII4/kmbyRd+fJeXE+nM+f6JQzmtkkY3C+vgH5JqaW</latexit><latexit sha1_base64="EpdPaopqm56u1uFAcpFd3dV7qak=">AAACL3icbVBNSwMxFMz6bf2qevQSLIIFLbsi6EUQRfFYwdpCty5v07QNTXaX5K1Ql/4jL/4VLyKKePVfmNYebHUgMMzM4+VNmEhh0HVfnanpmdm5+YXF3NLyyupafn3j1sSpZrzCYhnrWgiGSxHxCgqUvJZoDiqUvBp2zwd+9Z5rI+LoBnsJbyhoR6IlGKCVgvylX+6I3YvAb4NSsEcfAlOkJ3RMLVIfheKG8rts30dIJ/N9GuQLbskdgv4l3ogUyAjlIP/sN2OWKh4hk2BM3XMTbGSgUTDJ+zk/NTwB1oU2r1sagd3fyIb39umOVZq0FWv7IqRD9fdEBsqYngptUgF2zKQ3EP/z6im2jhuZiJIUecR+FrVSSTGmg/JoU2jOUPYsAaaF/StlHdDA0FacsyV4kyf/JbcHJc8tedeHhdOzUR0LZItsk13ikSNySq5ImVQII4/kmbyRd+fJeXE+nM+f6JQzmtkkY3C+vgH5JqaW</latexit><latexit sha1_base64="EpdPaopqm56u1uFAcpFd3dV7qak=">AAACL3icbVBNSwMxFMz6bf2qevQSLIIFLbsi6EUQRfFYwdpCty5v07QNTXaX5K1Ql/4jL/4VLyKKePVfmNYebHUgMMzM4+VNmEhh0HVfnanpmdm5+YXF3NLyyupafn3j1sSpZrzCYhnrWgiGSxHxCgqUvJZoDiqUvBp2zwd+9Z5rI+LoBnsJbyhoR6IlGKCVgvylX+6I3YvAb4NSsEcfAlOkJ3RMLVIfheKG8rts30dIJ/N9GuQLbskdgv4l3ogUyAjlIP/sN2OWKh4hk2BM3XMTbGSgUTDJ+zk/NTwB1oU2r1sagd3fyIb39umOVZq0FWv7IqRD9fdEBsqYngptUgF2zKQ3EP/z6im2jhuZiJIUecR+FrVSSTGmg/JoU2jOUPYsAaaF/StlHdDA0FacsyV4kyf/JbcHJc8tedeHhdOzUR0LZItsk13ikSNySq5ImVQII4/kmbyRd+fJeXE+nM+f6JQzmtkkY3C+vgH5JqaW</latexit>

Differential (in energy) photon flux shows a 
characteristic EBL cutoff at about 

E�,cuto↵(zs) ⇠ 800 (1 + zs)
�2.4 GeV

<latexit sha1_base64="Xg924zmiX3m5s7v8zU93Zak4e14="></latexit><latexit sha1_base64="Xg924zmiX3m5s7v8zU93Zak4e14="></latexit><latexit sha1_base64="Xg924zmiX3m5s7v8zU93Zak4e14="></latexit><latexit sha1_base64="Xg924zmiX3m5s7v8zU93Zak4e14="></latexit>

Also called transfer function Ty(E, L)



A short introduction to the QCD 
axion and alike
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Quick ID: 

• Light pseudo-scalar particle 

• Minimal coupling with gluons to solve the strong 

CP problem

• Production through Peccei-Quinn symmetry 

breaking at the energy scale 


• Viable cold dark matter candidate over a large 
mass range


• Induced coupling with photons
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The QCD axion

ga� =
↵em

2⇡fa

⇣E

N
� 1.92

⌘

<latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="dxGBhBcHByY/J7LH5CtlycS/edc="></latexit><latexit sha1_base64="dxGBhBcHByY/J7LH5CtlycS/edc="></latexit><latexit sha1_base64="YKbSukkIIGn0FUqAPl7Nlu2Jh80="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit><latexit sha1_base64="qKlLIcQZyA8nJakzZIcE4xo6A8E="></latexit>

VHEPU 2024

Credit: G. Raffelt

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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Primakoff conversion Decay 19
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The QCD axion
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Several detection methods are systematically probing 
QCD axions

A diversified LAB-search program:

• Haloscopes: Dark matter axion 
conversion in B field (ADMX, HAYSTAC, 
DMRadio, etc)


• Helioscopes: Axions from the Sun 
converting in B field (CAST, IAXO)

https://github.com/cajohare/AxionLimits
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Sikivie PRL’83
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Broadening the landscape 
Axion-like particles

[Wave-like DM is even broader: more generally, light scalars or vectors]

Axion-like particles: (pseudo-)scalar particles, masses as low as ZeV, very weak couplings 
with SM, coupled with photons as QCD axions

Quick ID:

• Common in many extensions of the SM 
from the spontaneous breaking of 
approximate global symmetries  

• Mass is not determined by QCD effects 

• They do not solve the strong CP 
problem  

• They can be viable dark matter 
candidates

https://github.com/cajohare/AxionLimits
Chang+ PRD 2000; Turok PRL 1996; Arvanitaki+ PRD’10

VHEPU 202421
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The ALP-photon mixing

Raffelt & Stodolsky PRD’88; Horns+PRD’12; 
Montanino+ PRL’17

For a monochromatic photon-ALP beam of energy E 
propagating along the x3 axis in a cold plasma within a 
homogeneous magnetic field B: 

Schrödinger-like equation of motion 

x1

x2

x3

= A2

= A1
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The ALP-photon mixing
Considering the propagation of purely polarised photon beam (A∥) in a single magnetic domain L with a 
coherent B-field, the propagation equations reduce to a 2-dimensional problem: 

Probability for purely polarised photon beam 
(A∥) to oscillate into an ALP after distance d 

e.g. Mirizzi & Montanino JCAP’09

1

2
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Rotation angle to diagonalise mixing matrix 

In analogy with neutrino oscillations: 

Pa� = sin2(2✓) sin2(�oscL/2)
<latexit sha1_base64="MdhDmJIFu4kqC5Vukl1wAXCwmn0="></latexit><latexit sha1_base64="MdhDmJIFu4kqC5Vukl1wAXCwmn0="></latexit><latexit sha1_base64="MdhDmJIFu4kqC5Vukl1wAXCwmn0="></latexit><latexit sha1_base64="MdhDmJIFu4kqC5Vukl1wAXCwmn0="></latexit>

Mixing is maximum

Either plasma effects or CMB dominate 
suppressing the probability

Strong mixing regime

Oscilla1on regime
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The ALP-photon mixing
Considering the propagation of purely polarised photon beam (A∥) in a single magnetic domain L with a 
coherent B-field, the propagation equations reduce to a 2-dimensional problem: 

= [
(ma � !pl)2

4E2
+ (ga�BT )

2]1/2
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For low-energies, massless ALPs and 
sufficiently low couplings
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Oscillation wave number
Losc =

2⇡

�osc
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The ALP-photon mixing
Considering the propagation of purely polarised photon beam (A∥) in a single magnetic domain L with a 
coherent B-field, the propagation equations reduce to a 2-dimensional problem: 

For low-energies, massless ALPs and 
sufficiently low couplings

𝛾 rays
ma ⇠ 10�9 eV

Ec ⇠ TeV

Ec ⇠ GeV

Ec ⇠ keVma ⇠ 10�12 eV

ma ⇠ 10�6 eV

ma Ec

X rays
ne ⇠ 0.01 cm�3

Ec = 2.5GeV
⇣m2

a � !2
pl

1 neV2

⌘⇣1µG
BT

⌘⇣10�11 GeV�1

ga�

⌘
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The ALP-photon mixing
Considering the propagation of purely polarised photon beam (A∥) in a single magnetic domain L with a 
coherent B-field, the propagation equations reduce to a 2-dimensional problem: 

For low-energies, massless ALPs and 
sufficiently low couplings

= (
ga�BT

2
)2L2
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Going beyond the ideal case

• Fluctuations in the free electron density

• Stochasticity of the turbulent B-field component** 

• Limitations of domain-like approximation 

• Photon absorption at the highest energies**

(…)

In all cases, realistic models of magnetic field 
configurations are required
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The Galactic magnetic field
In external galaxies:

• Magnetic fields aligned 

with matter spiral structure 

• Evidence for vertical fields 

We can access the Milky-Way B-field through:

• Polarised synchrotron emission (radio to µ-waves)

• Polarised dust emission (sub-mm)

• Starlight polarisation 

• Faraday rotation 

Observables
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The Galactic magnetic field
In external galaxies:

• Magnetic fields aligned 

with matter spiral structure 

• Evidence for vertical fields 

We can access the Milky-Way B-field through:

• Polarised synchrotron emission (radio to µ-waves) 
• Polarised dust emission (sub-mm) 
• Starlight polarisation  
• Faraday rotation 

Observables

Sensitivity to B perpendicular to l.o.s

Challenge: Reconstruction depends on:

* CR spatial distribution 

* CR spectral distribution 
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The Galactic magnetic field
Components of regular, ordered field Unger & Farrar ApJ’23

Disk, spiral arms structure Toroidal and poloidal halo components

Turbulent, random field: Similar strengths but lcorr ~20-200 pc
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The Galactic conversion 

Carenza+ PRD'21

Conversions in the regular magnetic field Relevance of turbulent component 
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The intra-cluster conversion 
• Turbulent fields have a random configuration, constant 

over magnetic domains 

• An ensemble average over all possible realisations is 

required on the N domains 

• In absence of absorption the maximum of the transfer 

function is 2/3 

• However, large variance of transfer function’s values 

Mirizzi & Montanino JCAP’09

�(E� , zs) = �(E�)⇥ e�⌧(E� ,zs)
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Effect on the 
transparency of VHE 

photons



Signatures of ALP-photon conversion 
from different ALPs sources
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➡ALPs sources 
➡Photon production mechanism  
➡Signal modelling   
➡Analysis 
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Constraints on ALP-photon mixing

https://github.com/cajohare/AxionLimits
34
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Constraints on ALP-photon mixing

https://github.com/cajohare/AxionLimits
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Signatures from ALPs?

Focus High-energy photons (X to gamma rays)

3535



36

18M�
<latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit>

ma . 10�11 eV
<latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit>

ga� = 10�10 GeV�1
<latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit>

ALPs production in CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14

[Not only cc-SN: proto-neutron stars, mains-sequence stars, white dwarfs, etc; If present NN bremsstrahlung dominates]


• ALPs produced from thermal photons in the fluctuating 
electromagnetic fields of the stellar plasma 


• Dominant process for MS stars (like Sun) or HB stars
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18M�
<latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit>

ma . 10�11 eV
<latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit>

ga� = 10�10 GeV�1
<latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit>

ALPs production in CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14

For Galactic SNe

d�a

dE
=

1

4⇡d2
dṄa

dE
<latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit>

[Not only cc-SN: proto-neutron stars, mains-sequence stars, white dwarfs, etc; If present NN bremsstrahlung dominates]
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18M�
<latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit>

ma . 10�11 eV
<latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit>

ga� = 10�10 GeV�1
<latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit>

ALPs gamma-ray flux from CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14

d�a

dE
=

1

4⇡d2
dṄa

dE
<latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit>

For Galactic SNe
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For massless ALPs, one-to-one correspondence 
between ALPs and photon energy

[Not only cc-SN: proto-neutron stars, mains-sequence stars, white dwarfs, etc; If present NN bremsstrahlung dominates]
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<latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit>

ma . 10�11 eV
<latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit>

ga� = 10�10 GeV�1
<latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit>

ALPs gamma-ray flux from CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14
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<latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit>

For Galactic SNe
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<latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit>

For massless ALPs, one-to-one correspondence 
between ALPs and photon energy

[Not only cc-SN: proto-neutron stars, mains-sequence stars, white dwarfs, etc; If present NN bremsstrahlung dominates]
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ALPs gamma-ray flux from CC SNe

• Mass dependence induces variation in 
the spectrum 


• Spectral irregularities may be 
detectable, depending on instrumental 
E resolution 
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 


➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe

• SN1987A: Lack of gamma-ray burst in the Gamma-Ray 
Spectrometer (GRS) of the Solar Maximum Mission (SMM)


Payez+ JCAP’14

• Extragalactic SNe: Search for gamma-ray burst at the time 
and direction of 20 optically characterised SNe

Meyer & Petrushevska PRL’20
Crnogorcevic+ PRD’21

• Future Fermi-LAT Galactic SN: Projected constraints 
from observation of short gamma-ray burst from SN 
explosion with the LAT Meyer+ PRL’17; FC+PRD'24

VHEPU 2024

https://arxiv.org/pdf/2006.06722.pdf
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 


➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 


➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe

• SN1987A: Lack of gamma-ray burst in the Gamma-Ray 
Spectrometer (GRS) of the Solar Maximum Mission (SMM)


Payez+ JCAP’14



43

Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 


➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe

• SN1987A: Lack of gamma-ray burst in the Gamma-Ray 
Spectrometer (GRS) of the Solar Maximum Mission (SMM)


Payez+ JCAP’14

• Extragalactic SNe: Search for gamma-ray burst at the time 
and direction of 20 optically characterised SNe

Meyer & Petrushevska PRL’20
Crnogorcevic+ PRD’21

https://arxiv.org/pdf/2006.06722.pdf
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures  


➡ 3% chance to see a Galactic SN with the LAT over the next 7 years

• Future Fermi-LAT Galactic SN: 
Projected constraints from observation 
of short gamma-ray burst from SN 
explosion with the LAT  from time-
dependent signal 

Future gamma-ray bursts from CC SNe

Meyer+ PRL’17
Crnogorcevic+ PRD’21

FC+PRD'24
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The diffuse SN ALP background 

• The cumulative axion emission from past core-collapse SNe in the Universe would lead to a diffuse axion flux 
comparable with that of neutrinos        Gamma-ray signal suppressed by Galactic conversion


• The same cumulative contribution can be considered for ALP production in SNe         Significant regions in 
the parameter space where we can have a large ALP production and sizeable photon conversions

Raffelt+ PRD’11

FC+ PRD’20, 2110.03679

DSNALPB

https://arxiv.org/pdf/1110.6397.pdf
https://arxiv.org/pdf/2008.11741.pdf
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• The cumulative axion emission from past core-collapse SNe in the Universe would lead to a diffuse axion flux 
comparable with that of neutrinos        Gamma-ray signal suppressed by Galactic conversion


• The same cumulative contribution can be considered for ALP production in SNe         Significant regions in 
the parameter space where we can have a large ALP production and sizeable photon conversions

Raffelt+ PRD’11

Beacom, Ann. Rev. Nucl. Part. Sci.’10

Time-integrated CC SNe ALPs spectrum from past events CC SNe rate density at redshift z

The diffuse SN ALP background

Yuksel et al. ApJ Letters’08

DSNALPB

FC+ PRD’20, 2110.03679

https://arxiv.org/pdf/1110.6397.pdf
https://arxiv.org/pdf/2008.11741.pdf
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Time-integrated DSNALPB spectrum
Evolution of CC SNe from numerical 
simulations with progenitor ZAMS masses:

• CCSN explosion: 8.8, 11.2, 18, 25 M⊙

• Failed CCSN explosion: 40, 70 M⊙

Time-integrated spectrum weighted by initial 
mass function over the range 8-125 M⊙,

[Other source of uncertainty: initial mass function and SN rate parameterisations] 

FC+ 2110.03679

Fischer+ A&A’10;  Kotake+ ApJ’18; Kuroda+ MNRAS’18
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Gamma-ray DSNALPB signal 

Conversion in Jansson & Farrar Galactic magnetic field model

 updated to Planck data 

Integrated ALPs signal 
between 50 and 200 MeV

ga� ⇠ 4⇥ 10�11 GeV�1
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All-sky diffuse signal 
With specific extended 

spatial features
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The Fermi-LAT gamma-ray sky
12yr gamma-ray data 


50-200 MeV
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The Fermi-LAT gamma-ray sky
12yr gamma-ray data 


50-200 MeV

How can we disentangle/
constrain the faint ALPs 

signal? 
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The gamma-ray sky components 
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• Detected sources (point-like and extended) 
~5000 objects

Fermi-LAT Collab. ApJS'20

https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
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The gamma-ray sky components 

• Detected sources (point-like and extended) 
~5000 objects 

• Galactic diffuse emission from cosmic-ray 
interactions with gas and radiation


Fermi-LAT Collab. ApJS'20
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
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The gamma-ray sky components 

• Detected sources (point-like and extended) 
~5000 objects 

• Galactic diffuse emission from cosmic-ray 
interactions with gas and radiation


• Other large scale structures, e.g. Fermi 
bubbles — yet of unknown origin 

Fermi-LAT Collab. ApJS'20

Su+ ApJ’10
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§ £10°5

https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044/pdf


Fermi-LAT 3D template-based fit
New: Dedicated template-based analysis of 12yr Fermi-LAT data 

How to beat systematic uncertainties?  
• Interstellar model emission iterative fitting procedure to reduce effect of background mis-modelling 

• ROI optimisation to guarantee best consistency between model and data (high-latitude South)

• Statistical inference is based on a weighted Poisson log-likelihood function

• Extended LAT data sample down to 50 MeV 

53

FC+ 2110.03679
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DSNALPB gamma-ray constraints

FC+ 2110.03679

ga� . 3.7⇥ 10�11 GeV�1 , 95% CL
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Going beyond photon-only couplings 

ALP-photon coupling

Primakoff production 

ALP-electron coupling

Electron bremsstrahlung 


ALP-nucleon coupling
NN bremsstrahlung 

• Important for nuclear plasma

• Dominant for neutron stars and supernova

Production of ALPs in the SNe
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Going beyond photon-only couplings 

ALP-photon coupling

Primakoff production 

ALP-electron coupling

Electron bremsstrahlung 


ALP-nucleon coupling

Production of ALPs in the SNe

ALPs production 
suppressed by small 

coupling 

NN bremsstrahlung 

• Important for nuclear plasma

• Dominant for neutron stars and supernova
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Going beyond photon-only couplings 

ALP-photon coupling

Primakoff production 

ALP-electron coupling

Electron bremsstrahlung 


ALP-nucleon coupling

Production of ALPs in the SNe

ALPs production 
suppressed by small 

coupling 

Copious ALPs production
NN bremsstrahlung 

• Important for nuclear plasma

• Dominant for neutron stars and supernova



58

Coupling with photons and nucleons

• NN brems. enhances the ALPs 
production and final gamma-ray 
flux


➡New limits from SN1987A

➡New constraints from DSNALPB

ALPs flux at Earth and gamma-ray flux for SN1987A

NN brems

Primakoff

FC+ PRD’20

NN bremsstrahlung from SN1987A and DSNALPB

N

N

N

N

a
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Constraints from enhanced NN brems
FC+ PRD’20

ALPs-photon conversion 
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Fermi-LAT isotropic  
diffuse bkg spectrum

DSNALPB

https://arxiv.org/pdf/2008.11741.pdf
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Constraints from enhanced NN brems

• If coupling w/ nucleons, DSNALPB 
constraint:

✓Competitive w/ IAXO sensitivity


• If coupling w/ nucleons, SN1987A 
constraint:

✓ Improves by O(103)

FC+ PRD’20

ALPs-photon conversion

N

N

N

N
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Photons in source B field

Extragalactic gamma-ray emitters

• AGNs jets

• Star-forming and star-burst galaxies

• Galaxy clusters


[Also photons from Galactic objects like pulsars and SNRs sourced by electric and magnetic fields]


In-situ conversion into ALPs
* Interstellar medium 
* Intergalactic radiation fields 
* Magnetic field strength and coherence 

length

In-situ photon spectrum through 
hadronic (pp and pg) or leptonic 
interactions
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IACTs

background image: Cesar/ESA
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Conversion 
in 
extragalactic 
environments 



Strong-mixing

Oscillations

1. Spectral irregularities at ~Ec
II.  ALPs do not get absorbed, 

enhancing the photon flux

The ALP-photon mixing

63
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Searches for spectral irregularities
High-energy gamma rays
Some basic requirement: 

• Very bright gamma-ray sources         High statistics for a good spectral determination 

• Sources far enough and in the direction of strong transversal B-fields, e.g. behind or within a 

galaxy cluster

• Good knowledge of B-field! As ALP searches are sensitive to the product ga𝛾 BT, the constraint on 

ga𝛾 is only as good as the knowledge of BT.

Conversion probability in 
Galactic B-field
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

[LON, LAT, DIST]
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

[LON, LAT, DIST]

H.E.S.S.
MAGIC

VERITAS

Imaging Air Cherenkov TelescopesFermi Large Area Telescope (LAT)
50GeV . E� . 100TeV
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

[LON, LAT, DIST]

Spectral energy distribution 
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

Galactic targets: 
+ Require only modelling of 

Galactic B field

- Strength of the 

conversion depends on 
position in the Galaxy 
(e.g. beyond spiral arms)


- Larger systematics on 
spectral determination 
due to gamma-ray diffuse 
emission foreground

Extragalactic targets: 
- Require modelling of 

several B fields (intra-
cluster, intergalactic, 
Galactic)


+ Depends only on latitude 
and longitude of the 
sources


+ Very accurate spectral 
determination 


- Require modelling of EBL 
absorption
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Signal hints for ALP-photon mixing
• Analysis of 6 bright pulsars with Fermi-LAT  

✓ 4.6σ significance for common ALP-photon mixing


✓ 20%-40% spectral variation vs ~3% experimental systematic 
uncertainty


✓ Systematic theoretical uncertainties on transverse B field and 
distances


• Analysis of 3 bright SNRs with Fermi-LAT and HESS/MAGIC/
VERITAS 

✓ 3σ significance for only one source (IC443)

✓ Large systematic due to GeV-TeV data calibration


• Analysis of 10 SNRs and pulsars 


✓ No evidence for common ALP-photon mixing

Majumdar, FC & Horns JCAP’18

Search for spectral irregularities in Galactic targets

Xia+ PRD’19

Liang+ JCAP’19
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Signal hints for ALP-photon mixing
A recent update of PSR signal region 
• Re-analysis of 6 bright pulsar sample 

• Updated B field model (Planck results) and distance measurements

• Profiling of the likelihood over distance and B field uncertainties adding penalised likelihood terms

Adamane Pallathadka, FC+ 2008.08100

Distance uncertainty B-field uncertainty
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Signal hints for ALP-photon mixing
A recent update of PSR signal region 
• Re-analysis of 6 bright pulsar sample 

• Updated B field model (Planck results) and distance measurements

• Profiling of the likelihood over distance and B field uncertainties adding penalised likelihood terms

Adamane Pallathadka, FC+ 2008.08100

Distance uncertainty B-field uncertainty

(mPSR, gPSR)
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Constraints on ALP-photon mixing

• Analysis of radio galaxy NGC1275 (Perseus cluster) with Fermi-LAT 
and MAGIC 

✓ Limits very sensitive to modelling of intra-cluster B field

✓ Typically, only turbulent component is modelled 

✓ But, there is evidence for large scale ordered component (better 

match to Faraday rotation measure and others) 

✓ With a purely ordered B field limits almost vanish 

• Analysis of nearby blazar PKS 2155-304 with Fermi-LAT and HESS 

✓ Only turbulent component of the intra-cluster B field

✓ Intergalactic B field RMS usually overestimated 

✓ Limits can be significantly weakened

Search for spectral irregularities in extragalactic targets
No evidence for ALP-photon mixing           Strong but not very robust upper limits

Abramowski+ PRD’13, Zhang+ PRD’18; Guo+:2002.07571

 Libanov &Troitsky PLB’20

CAST

Ordered B field

Turbulent B field

Ajello+PRL’16, Malyshev+1805.04388

 Libanov &Troitsky PLB’20
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Jedamzik  & Saveliev, PRL’19
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ALP-photon mixing w/ HE gamma rays
Summary of hints and constraints

Adamane Pallathadka, FC+ 2008.08100
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ALP-photon mixing w/ HE gamma rays
Summary of hints and constraints

Adamane Pallathadka, FC+ 2008.08100

Pulsar 

PKS 2155-304 
BIGMF = 1 nG

PKS 2155-304 
BIGMF = 0.3 nG 

(updated)

NGC 1275 
Turbulent B  
(updated)

NGC 1275 
Ordered B

Ayala+PRL’14

Anastassopoulos+ Nature Phys.’17

HB-to-RGB

Payez+JCAP’14
SN1987A
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• Hydra A galaxy cluster: z = 0.052, 240ks Chandra 
observation 


• NGC1275 in Perseus cluster: Chandra and XMM 
Newton observations


• M87 AGN in the Virgo cluster

• 7 Quasars/AGN behind/within nearby clusters: 

Chandra archival data 


➡ All spectra consistent with absorbed power laws

➡ X rays strong emission in low-mass regime ma ~ 

10−12eV, where the ALP mass is below the plasma 
frequency of galaxy clusters 

Searches for X-ray spectral irregularities

Marsh+ JCAP’17

Wouters&Brun ApJ’13

Berg+ ApJ’17; Reynolds+ ApJ’20

Conlon+ JCAP’17

Marsh+ JCAP’17

[See also: Schlederer&Sigl JCAP’16; Conlon+PRD’16]
Reynolds+ ApJ’20
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ALPs and the opacity of the Universe
• VHE photons from distant sources are attenuated by pair production onto the Extragalactic 

Background Light (EBL) 

• The flux of very distant sources and at very high energies should be exponentially suppressed 
• In the past, indications of anomalous cosmic trasparency from gamma-ray studies interpreted as 

possible signs of ALPs 

• Latest data consistent with EBL expectations

De Angelis et al. (2009,2011,2015); Essey & Kusenko (2012); Horns & Meyer (2012); Rubtsov & Troitsky (2014); etc 

Biteau&Williams+ApJ’15; Dominguez&Ajello ApJL’15

⌧ =
d

n(E)�(�� ! e+e�)
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➡ Search for ALPs-induced anomalous EBL absorption
Buehler+ 2004.09396
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ALPs and the opacity of the Universe
Constraints from the cosmic gamma-ray horizon Buehler+ 2004.09396

Cosmic gamma-ray  
horizon

• Search for the imprint of ALPs in the highest-energy photons of hard gamma-ray blazars

• No evidence for an increased γ-ray transparency due to ALPs

Distribution of observed highest-energy photons 
(z ≥ 0.1) vs theoretical predictions in the presence 

of ALPs
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ALPs and the opacity of the Universe
Constraints from the cosmic gamma-ray horizon Buehler+ 2004.09396

Cosmic gamma-ray  
horizon

• Search for the imprint of ALPs in the highest-energy photons of hard gamma-ray blazars

• No evidence for an increased γ-ray transparency due to ALPs
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The GRB221009A

Carenza&Marsh 2022
Batkash+ JCAP'23



Signatures of ALPs (and other 
FIPs) decay
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ALPs decay 
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a

=> Rate not-negligible for heavy (> keV) ALPs, where conversion is suppressed

• Constraints on heavy ALPs produced in 
cc SNe


• Strong bound from low-energy SN, and 
diffuse gamma-ray flux


• Dominant constraint from SN1987A


• Sensitivity to a future nearby SN

Caputo+ PRD’22, Müller+ JCAP’23

Müller+ JCAP’23
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Heavy ALPs decay
• Production through nucleon bremsstrahlung in CC SNe 

• For m > MeV, conversion suppressed but possible decays into photons and electron-positron pairs

Credit: G. Lucente
80

FC+ PRD’21

Coupling with nucleons and electrons a
<latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

https://arxiv.org/pdf/2107.02186.pdf
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Coupling with nucleons and electrons
Positron production and annihilation

rG = 1kpc
<latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit>

Ee ⇠ 100MeV
<latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit>

�e ⇠ 1 kpc
<latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit>

⌧e ⇠ 103 � 106 yr
<latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit>

In the Galaxy

⇥BRpos
<latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit><latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit><latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit><latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit>

a
<latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>
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Coupling with nucleons and electrons
Positron production and annihilation

In the Galaxy

rG = 1kpc
<latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit>

Ee ⇠ 100MeV
<latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit>

�e ⇠ 1 kpc
<latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit>

⌧e ⇠ 103 � 106 yr
<latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit>

FC+ PRD’21

ma = 30MeV
<latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit><latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit><latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit><latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit>

⇥BRpos
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511 keV line from Galactic CC SNe population
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[Theory uncertainties from positron propagation and progenitor mass]


https://arxiv.org/pdf/2107.02186.pdf


The cosmic X-ray background

FC+ PRD’21

Extragalactic CC SNe => Redshifted 511 keV line signal, from escaping ALPs from past CC SNe
Raffelt et al., PRD 84 (2011)

Galactic and extra-galactic SNe: bound on a currently unexplored region of

86

Coupling with nucleons and electrons a
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https://arxiv.org/pdf/2107.02186.pdf
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Constraints on FIPs from CC SNe 

FC+ 2112.08382

Dar+ PRL 1987; DeRocco+ JHEP’19

General rationale can be 
applied to all FIPs that:

• Can be produced through 

mixing with SM particles 

• Have decay channels with 

positrons in the final state

➡ Limits on sterile neutrinos

➡ Limits on dark photons

De La Torre Luque+2307.13731

https://arxiv.org/pdf/2112.08382.pdf
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Secondary photon production 

Secondary emission processes allow us to probe DM at much higher masses than prompt energy scales

�-ray

Inverse Compton scattering
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Injection morphology: Spiral arms Galactic structure

Can constrain injection rate of electrons and positrons, as well as the ALPs 

couplings 

De La Torre Luque+ 2312.04907, 2307.13728

Broad band emission from cc SNe
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ALPs dark matter
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aa a

a

a
a

a

• ALPs can be good DM candidates in some 
portions of the parameter space

Preskill+ PLB 1983; Sikivie International Journal of Modern Physics ‘10
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• If DM, ALPs distributed in 
galaxies according 
standard DM density 
distributions (e.g. NFW)


• Search for narrow lines in 
DM-rich environments 

90



Common astrophysical ingredients

�DM / nDM
<latexit sha1_base64="YM8/SYhiEdM0R9mG3emwldh9ajk=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GVRF26ECvYBnWHIpJk2NI8hyQhl6NaNv+LGhSJu/QN3/o1pO4i2HggczrmXm3PilFFtPO/LKS0tr6yuldcrG5tb2zvu7l5Ly0xh0sSSSdWJkSaMCtI01DDSSRVBPGakHQ8vJ377nihNpbgzo5SEHPUFTShGxkqRC4PGgEZ5oDi8uhnDIFUyNRKKHylyq17NmwIuEr8gVVCgEbmfQU/ijBNhMENad30vNWGOlKGYkXElyDRJER6iPulaKhAnOsynScbwyCo9mEhlnzBwqv7eyBHXesRjO8mRGeh5byL+53Uzk5yHORVpZojAs0NJxqDNOqkF9qgi2LCRJQgrav8K8QAphI0tr2JL8OcjL5LWSc33av7tabV+UdRRBgfgEBwDH5yBOrgGDdAEGDyAJ/ACXp1H59l5c95noyWn2NkHf+B8fAOVGJmc</latexit><latexit sha1_base64="YM8/SYhiEdM0R9mG3emwldh9ajk=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GVRF26ECvYBnWHIpJk2NI8hyQhl6NaNv+LGhSJu/QN3/o1pO4i2HggczrmXm3PilFFtPO/LKS0tr6yuldcrG5tb2zvu7l5Ly0xh0sSSSdWJkSaMCtI01DDSSRVBPGakHQ8vJ377nihNpbgzo5SEHPUFTShGxkqRC4PGgEZ5oDi8uhnDIFUyNRKKHylyq17NmwIuEr8gVVCgEbmfQU/ijBNhMENad30vNWGOlKGYkXElyDRJER6iPulaKhAnOsynScbwyCo9mEhlnzBwqv7eyBHXesRjO8mRGeh5byL+53Uzk5yHORVpZojAs0NJxqDNOqkF9qgi2LCRJQgrav8K8QAphI0tr2JL8OcjL5LWSc33av7tabV+UdRRBgfgEBwDH5yBOrgGDdAEGDyAJ/ACXp1H59l5c95noyWn2NkHf+B8fAOVGJmc</latexit><latexit sha1_base64="YM8/SYhiEdM0R9mG3emwldh9ajk=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GVRF26ECvYBnWHIpJk2NI8hyQhl6NaNv+LGhSJu/QN3/o1pO4i2HggczrmXm3PilFFtPO/LKS0tr6yuldcrG5tb2zvu7l5Ly0xh0sSSSdWJkSaMCtI01DDSSRVBPGakHQ8vJ377nihNpbgzo5SEHPUFTShGxkqRC4PGgEZ5oDi8uhnDIFUyNRKKHylyq17NmwIuEr8gVVCgEbmfQU/ijBNhMENad30vNWGOlKGYkXElyDRJER6iPulaKhAnOsynScbwyCo9mEhlnzBwqv7eyBHXesRjO8mRGeh5byL+53Uzk5yHORVpZojAs0NJxqDNOqkF9qgi2LCRJQgrav8K8QAphI0tr2JL8OcjL5LWSc33av7tabV+UdRRBgfgEBwDH5yBOrgGDdAEGDyAJ/ACXp1H59l5c95noyWn2NkHf+B8fAOVGJmc</latexit><latexit sha1_base64="YM8/SYhiEdM0R9mG3emwldh9ajk=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GVRF26ECvYBnWHIpJk2NI8hyQhl6NaNv+LGhSJu/QN3/o1pO4i2HggczrmXm3PilFFtPO/LKS0tr6yuldcrG5tb2zvu7l5Ly0xh0sSSSdWJkSaMCtI01DDSSRVBPGakHQ8vJ377nihNpbgzo5SEHPUFTShGxkqRC4PGgEZ5oDi8uhnDIFUyNRKKHylyq17NmwIuEr8gVVCgEbmfQU/ijBNhMENad30vNWGOlKGYkXElyDRJER6iPulaKhAnOsynScbwyCo9mEhlnzBwqv7eyBHXesRjO8mRGeh5byL+53Uzk5yHORVpZojAs0NJxqDNOqkF9qgi2LCRJQgrav8K8QAphI0tr2JL8OcjL5LWSc33av7tabV+UdRRBgfgEBwDH5yBOrgGDdAEGDyAJ/ACXp1H59l5c95noyWn2NkHf+B8fAOVGJmc</latexit>

Flux proportional to DM number density

⇢DM ⌘ nDM ⇥mDM
<latexit sha1_base64="k2e9E1Qf6Gwlig4bKjOS7MRaax8=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LunAjVLAX6AxDJs20obmMSaZQhj6HG1/FjQtF3Ikb38b0gtTWHwI/3zmHk/PHKaPaeN63s7S8srq2Xtgobm5t7+y6e/t1LTOFSQ1LJlUzRpowKkjNUMNIM1UE8ZiRRty7GtUbfaI0leLeDFISctQRNKEYGYsi1w9UV0Z5oDi8vh3CgDxktA/FDDGUEw35L4ncklf2xoKLxp+aEpiqGrmfQVvijBNhMENat3wvNWGOlKGYkWExyDRJEe6hDmlZK5DdF+bj04bw2JI2TKSyTxg4prMTOeJaD3hsOzkyXT1fG8H/aq3MJBdhTkWaGSLwZFGSMWgkHOUE21QRbNjAGoQVtX+FuIsUwsamWbQh+PMnL5r6adn3yv7dWalyOY2jAA7BETgBPjgHFXADqqAGMHgEz+AVvDlPzovz7nxMWpec6cwB+CPn6wdNUqBi</latexit><latexit sha1_base64="k2e9E1Qf6Gwlig4bKjOS7MRaax8=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LunAjVLAX6AxDJs20obmMSaZQhj6HG1/FjQtF3Ikb38b0gtTWHwI/3zmHk/PHKaPaeN63s7S8srq2Xtgobm5t7+y6e/t1LTOFSQ1LJlUzRpowKkjNUMNIM1UE8ZiRRty7GtUbfaI0leLeDFISctQRNKEYGYsi1w9UV0Z5oDi8vh3CgDxktA/FDDGUEw35L4ncklf2xoKLxp+aEpiqGrmfQVvijBNhMENat3wvNWGOlKGYkWExyDRJEe6hDmlZK5DdF+bj04bw2JI2TKSyTxg4prMTOeJaD3hsOzkyXT1fG8H/aq3MJBdhTkWaGSLwZFGSMWgkHOUE21QRbNjAGoQVtX+FuIsUwsamWbQh+PMnL5r6adn3yv7dWalyOY2jAA7BETgBPjgHFXADqqAGMHgEz+AVvDlPzovz7nxMWpec6cwB+CPn6wdNUqBi</latexit><latexit sha1_base64="k2e9E1Qf6Gwlig4bKjOS7MRaax8=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LunAjVLAX6AxDJs20obmMSaZQhj6HG1/FjQtF3Ikb38b0gtTWHwI/3zmHk/PHKaPaeN63s7S8srq2Xtgobm5t7+y6e/t1LTOFSQ1LJlUzRpowKkjNUMNIM1UE8ZiRRty7GtUbfaI0leLeDFISctQRNKEYGYsi1w9UV0Z5oDi8vh3CgDxktA/FDDGUEw35L4ncklf2xoKLxp+aEpiqGrmfQVvijBNhMENat3wvNWGOlKGYkWExyDRJEe6hDmlZK5DdF+bj04bw2JI2TKSyTxg4prMTOeJaD3hsOzkyXT1fG8H/aq3MJBdhTkWaGSLwZFGSMWgkHOUE21QRbNjAGoQVtX+FuIsUwsamWbQh+PMnL5r6adn3yv7dWalyOY2jAA7BETgBPjgHFXADqqAGMHgEz+AVvDlPzovz7nxMWpec6cwB+CPn6wdNUqBi</latexit><latexit sha1_base64="k2e9E1Qf6Gwlig4bKjOS7MRaax8=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LunAjVLAX6AxDJs20obmMSaZQhj6HG1/FjQtF3Ikb38b0gtTWHwI/3zmHk/PHKaPaeN63s7S8srq2Xtgobm5t7+y6e/t1LTOFSQ1LJlUzRpowKkjNUMNIM1UE8ZiRRty7GtUbfaI0leLeDFISctQRNKEYGYsi1w9UV0Z5oDi8vh3CgDxktA/FDDGUEw35L4ncklf2xoKLxp+aEpiqGrmfQVvijBNhMENat3wvNWGOlKGYkWExyDRJEe6hDmlZK5DdF+bj04bw2JI2TKSyTxg4prMTOeJaD3hsOzkyXT1fG8H/aq3MJBdhTkWaGSLwZFGSMWgkHOUE21QRbNjAGoQVtX+FuIsUwsamWbQh+PMnL5r6adn3yv7dWalyOY2jAA7BETgBPjgHFXADqqAGMHgEz+AVvDlPzovz7nxMWpec6cwB+CPn6wdNUqBi</latexit>

DM energy density for non-relativistic particles (CDM)

vc = (218� 246) km/s
<latexit sha1_base64="MPNXeficGTYH7JZvbB3/tbEAFec=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQWtSinYjFN24rGAf0IQwmU7q0JkkzEwKJXTlxl9x40IRt36DO//GaZuFth64cDjnXu69x48Zlcqyvo3c0vLK6lp+vbCxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtD24mfntIhKRReK9GMXE56oc0oBgpLXnm4dDD8AqWKnYNnsFK9eIEOqfQERwO+Ln0zKJVtqaAi8TOSBFkaHjml9OLcMJJqDBDUnZtK1ZuioSimJFxwUkkiREeoD7pahoiTqSbTt8Yw2Ot9GAQCV2hglP190SKuJQj7utOjtSDnPcm4n9eN1FBzU1pGCeKhHi2KEgYVBGcZAJ7VBCs2EgThAXVt0L8gATCSidX0CHY8y8vklalbFtl+65arF9nceTBATgCJWCDS1AHt6ABmgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fHbWVFA==</latexit><latexit sha1_base64="MPNXeficGTYH7JZvbB3/tbEAFec=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQWtSinYjFN24rGAf0IQwmU7q0JkkzEwKJXTlxl9x40IRt36DO//GaZuFth64cDjnXu69x48Zlcqyvo3c0vLK6lp+vbCxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtD24mfntIhKRReK9GMXE56oc0oBgpLXnm4dDD8AqWKnYNnsFK9eIEOqfQERwO+Ln0zKJVtqaAi8TOSBFkaHjml9OLcMJJqDBDUnZtK1ZuioSimJFxwUkkiREeoD7pahoiTqSbTt8Yw2Ot9GAQCV2hglP190SKuJQj7utOjtSDnPcm4n9eN1FBzU1pGCeKhHi2KEgYVBGcZAJ7VBCs2EgThAXVt0L8gATCSidX0CHY8y8vklalbFtl+65arF9nceTBATgCJWCDS1AHt6ABmgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fHbWVFA==</latexit><latexit sha1_base64="MPNXeficGTYH7JZvbB3/tbEAFec=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQWtSinYjFN24rGAf0IQwmU7q0JkkzEwKJXTlxl9x40IRt36DO//GaZuFth64cDjnXu69x48Zlcqyvo3c0vLK6lp+vbCxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtD24mfntIhKRReK9GMXE56oc0oBgpLXnm4dDD8AqWKnYNnsFK9eIEOqfQERwO+Ln0zKJVtqaAi8TOSBFkaHjml9OLcMJJqDBDUnZtK1ZuioSimJFxwUkkiREeoD7pahoiTqSbTt8Yw2Ot9GAQCV2hglP190SKuJQj7utOjtSDnPcm4n9eN1FBzU1pGCeKhHi2KEgYVBGcZAJ7VBCs2EgThAXVt0L8gATCSidX0CHY8y8vklalbFtl+65arF9nceTBATgCJWCDS1AHt6ABmgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fHbWVFA==</latexit><latexit sha1_base64="MPNXeficGTYH7JZvbB3/tbEAFec=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQWtSinYjFN24rGAf0IQwmU7q0JkkzEwKJXTlxl9x40IRt36DO//GaZuFth64cDjnXu69x48Zlcqyvo3c0vLK6lp+vbCxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtD24mfntIhKRReK9GMXE56oc0oBgpLXnm4dDD8AqWKnYNnsFK9eIEOqfQERwO+Ln0zKJVtqaAi8TOSBFkaHjml9OLcMJJqDBDUnZtK1ZuioSimJFxwUkkiREeoD7pahoiTqSbTt8Yw2Ot9GAQCV2hglP190SKuJQj7utOjtSDnPcm4n9eN1FBzU1pGCeKhHi2KEgYVBGcZAJ7VBCs2EgThAXVt0L8gATCSidX0CHY8y8vklalbFtl+65arF9nceTBATgCJWCDS1AHt6ABmgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fHbWVFA==</latexit>

Local circular velocity

�v =
p

3/2 vc
<latexit sha1_base64="upgiITuHHanD/LWrLBjny7p/X3A=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhdSkCroRim5cVrAPaEKYTCft0JlJnJkUSujGjb/ixoUibv0Hd/6N0zYLrR64cDjnXu69J0wYVdpxvqzCwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB9cTvzUkUtFY3OlRQnyOeoJGFCNtpMDe9xTtcRQM4SX01L3U2elJdQy9YzgMcGCXnYozBfxL3JyUQY56YH963RinnAiNGVKq4zqJ9jMkNcWMjEteqkiC8AD1SMdQgThRfjb9YgwPjdKFUSxNCQ2n6s+JDHGlRjw0nRzpvpr3JuJ/XifV0YWfUZGkmgg8WxSlDOoYTiKBXSoJ1mxkCMKSmlsh7iOJsDbBlUwI7vzLf0mzWnGdint7Vq5d5XEUwR44AEfABeegBm5AHTQABg/gCbyAV+vRerberPdZa8HKZ3bBL1gf32a6lzQ=</latexit><latexit sha1_base64="upgiITuHHanD/LWrLBjny7p/X3A=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhdSkCroRim5cVrAPaEKYTCft0JlJnJkUSujGjb/ixoUibv0Hd/6N0zYLrR64cDjnXu69J0wYVdpxvqzCwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB9cTvzUkUtFY3OlRQnyOeoJGFCNtpMDe9xTtcRQM4SX01L3U2elJdQy9YzgMcGCXnYozBfxL3JyUQY56YH963RinnAiNGVKq4zqJ9jMkNcWMjEteqkiC8AD1SMdQgThRfjb9YgwPjdKFUSxNCQ2n6s+JDHGlRjw0nRzpvpr3JuJ/XifV0YWfUZGkmgg8WxSlDOoYTiKBXSoJ1mxkCMKSmlsh7iOJsDbBlUwI7vzLf0mzWnGdint7Vq5d5XEUwR44AEfABeegBm5AHTQABg/gCbyAV+vRerberPdZa8HKZ3bBL1gf32a6lzQ=</latexit><latexit sha1_base64="upgiITuHHanD/LWrLBjny7p/X3A=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhdSkCroRim5cVrAPaEKYTCft0JlJnJkUSujGjb/ixoUibv0Hd/6N0zYLrR64cDjnXu69J0wYVdpxvqzCwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB9cTvzUkUtFY3OlRQnyOeoJGFCNtpMDe9xTtcRQM4SX01L3U2elJdQy9YzgMcGCXnYozBfxL3JyUQY56YH963RinnAiNGVKq4zqJ9jMkNcWMjEteqkiC8AD1SMdQgThRfjb9YgwPjdKFUSxNCQ2n6s+JDHGlRjw0nRzpvpr3JuJ/XifV0YWfUZGkmgg8WxSlDOoYTiKBXSoJ1mxkCMKSmlsh7iOJsDbBlUwI7vzLf0mzWnGdint7Vq5d5XEUwR44AEfABeegBm5AHTQABg/gCbyAV+vRerberPdZa8HKZ3bBL1gf32a6lzQ=</latexit><latexit sha1_base64="upgiITuHHanD/LWrLBjny7p/X3A=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhdSkCroRim5cVrAPaEKYTCft0JlJnJkUSujGjb/ixoUibv0Hd/6N0zYLrR64cDjnXu69J0wYVdpxvqzCwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB9cTvzUkUtFY3OlRQnyOeoJGFCNtpMDe9xTtcRQM4SX01L3U2elJdQy9YzgMcGCXnYozBfxL3JyUQY56YH963RinnAiNGVKq4zqJ9jMkNcWMjEteqkiC8AD1SMdQgThRfjb9YgwPjdKFUSxNCQ2n6s+JDHGlRjw0nRzpvpr3JuJ/XifV0YWfUZGkmgg8WxSlDOoYTiKBXSoJ1mxkCMKSmlsh7iOJsDbBlUwI7vzLf0mzWnGdint7Vq5d5XEUwR44AEfABeegBm5AHTQABg/gCbyAV+vRerberPdZa8HKZ3bBL1gf32a6lzQ=</latexit>

DM velocity dispersion 
(Maxwell-Boltzmann 
distribution) 

=> Decay (or, in general, self-interactions) of DM in the halo of galaxies at z=0 occur at rest 
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!c = vc/R

Iocco+ Nature Physics’15
Milky Way rotation curve
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Pato&Iocco+ ApJ’15

Non-parametric reconstruction: approach free of profile assumptions, but uncertainties are 
large and hinder discrimination power between different radial behaviours. 

Pato&Iocco+ ApJ’15; Salucci+A&A’10

Milky Way DM density

�tot = �baryon + �dm

⇢dm(< R) =
!2
dm

4⇡G

⇣
3 +

d ln!2
dm

d lnR

⌘Spherical symm.
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Parametric reconstruction: strong profile 
assumptions,  “global” method to derive 
local DM density.

Pato+ JCAP’15

e.g: Pato+ JCAP’15; McMillan+ MNRAS’16; Iocco&Benito PDU’17 

Milky Way DM density
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Spontaneous decay

a
�

<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit>

Narrow line signal 

@ energy scale of the DM mass

ma . MeV
<latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit><latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit><latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit><latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit>

E� =
ma

2
<latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit><latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit><latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit><latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit>

X rays⇠ keV
<latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit>

⌫
<latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

⇠ meV
<latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit>

Infrared

⇠ µeV
<latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit>

Radio

ma
<latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit><latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit><latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit><latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit>

[Contribution from all galaxies in the universe: redshifted line and integral 

over star-formation history => contribution to extragalactic backgrounds]


Dark matter decay: spectrum 
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Spontaneous decay

a
�
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Dark matter decay: spatial distribution 
D-factor
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Dark matter decay:  
targets 

• DM-rich and background-
free environment


• Optimisation of S/N based of 
evaluation of D-factor 


• Careful subtraction of 
astrophysical backgrounds 
can improve sensitivity 

Conrad & Reimer Nature Phys. 13 (2017)
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A growing Galactic crowd

> 50 satellites


(SDSS, PanSTARRS, DES)

Known satellites of the Milky Way at ~100 kpc 
from Earth


“Clean” target for DM searches, high mass-to-
light ratio and little astrophysical emission


Credit: J.D. Simon / AR Astronomy and Astrophysics 


Winter+ ApJ’16

Dwarf spheroidal galaxies

9898
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Constraints on eV ALPs
IR - optical wavelengths

Todarello+ JCAP’24

Search for narrow lines in IR and optical 
data

• MUSE: search in the direction of 5 
known dwarf galaxies 

• VIMOS (Visible Multi-Object 
Spectrograph): galaxy clusters Abell 
2667 and 2390

• JWST:  public blank sky observations 
from the NIRSpec IFU 

Grin+ PRD’06

Janish & Pinetti 2310.15395

Janish & Pinetti 2310.15395
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Constraints on keV - MeV ALPs

https://github.com/cajohare/AxionLimits

Heavy ALPs DM decay 
Search for narrow lines in X and gamma-
ray data

• XMM-Newton: 5-16 keV, archival data 
=> No evidence found for unassociated 
X-ray lines

• NuSTAR: 7-Ms/detector deep blank-sky 
exposures

• Integral-SPI: new analysis of 16yr data 
with dedicated search for DM 
component in continuum Galactic 
emission

XMM-NewtonXMM-Newton

Integral-SPI
Foster+ PRL’21

Berteaud, FC+PRD’22; FC+ MNRAS’23

NuSTAR

Roach+ PRD’23

X-ray and soft gamma rays energies
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The MeV diffuse Galactic emission 

Constraints on cosmic-ray transport at 
MeV energy but also on exotic emission 
mechanisms for the first-time in a self-

consistent framework

Siegert, FC+ A&A’22

New analysis of 16yr-data from SPI

30 keV — 8 MeV

Berteaud, FC+ PRD’22 ; FC+ MNRAS’23



Modelled spatial templates (30 keV — 8 MeV)


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources (<100 keV)

• Nuclear lines

• Positronium annihilation line+continuum

ICS Positronium 1.8 line 26Al

Berteaud, FC+ PRD’22 

102102102

Astrophysical contributions
Extraction of the Galactic diffuse emission

102

https://arxiv.org/abs/2209.06299


Modelled spatial templates (30 keV — 8 MeV)


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources (<100 keV)

• Nuclear lines

• Positronium annihilation line+continuum

ICS Positronium 1.8 line 26Al NFW profile 

• Additional ALPs decay signal? 

103

ALPs decay signal?

Berteaud, FC+ PRD’22 

Extraction of the Galactic diffuse emission

✓
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https://arxiv.org/abs/2209.06299
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DM flux upper limits

Upper limits on decay rate into 2 photons, 

Decay into two photons (line-like spectrum)
No signal detected

Energy [keV]

E2
 x 

Fl
ux

  [
ke

V/
cm

2 /s
]

https://zenodo.org/record/7984451

Constraints on decaying dark matter 
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Constraints on ALPs dark matter 

Re-analysis of Integral/SPI data provides the strongest constraints on 
(light) particle and non-particle DM
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Sterile neutrinos X-ray lines
Model prediction 

• X-ray lines for sterile neutrinos in the keV to MeV mass range

• Loop mediated radiative decay 
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Sterile neutrinos X-ray lines
X-ray telescopes and spectral analysis 
Starting from early 2014: 

‣ Detection of an unidentified line at 3.5 keV: XMM-Newton (6 Ms) & Chandra, Perseus 

cluster; XMM-Newton, M31; Suzaku, Perseus; etc

‣ Constraints from Chandra M31; XMM-Newton/Chandra 80 galaxies; blank  field 

pointings Chandra and XMM-Newton, etc

Leading limits: Dessert+ Science’ 20

Review: K. N. Abazajian, Phys. Rept. 711-712, 1 (2017)

https://arxiv.org/abs/1705.01837
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Sterile neutrinos X-ray lines
Constraints on parameter space

Future progresses with eROSITA,  XARM (ex-Hitomi), Linx, and Athena+

Boyarsky+ PPNP’19



• Probes for axion/ALP-photon coupling in astrophysics are truly multi-
wavelength (radio, X-rays, gamma rays)


• HE gamma-ray astrophysics strongly constrains ALPs coupling with 
photons


• Next generation gamma-ray telescopes at high and low energies — 
CTA, future MeV missions — will improve the sensitivity to ALPs in 
the neV to   eV mass range

Conclusions & Outlook

µ
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VHEPU 2024109
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Thank you for the attention!
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Axion thermal production 

Redondo 1310.0823



112

Credit: C. O’Hare 
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Future: MeV Galactic diffuse emission
Covering the MeV sensitivity gap

0.2 - 5 MeV

100 keV - 10 MeV

0.1 - 100 MeV

0.1 MeV - 1 GeV

0.1 MeV - 1 GeV

Coogan+ JCAP’21

Aramaki+ Snowmass’21 CF

https://arxiv.org/pdf/2104.06168.pdf
https://arxiv.org/abs/2203.06894


~kpc 

(1019 m)

Dark matter astro/cosmo evidence
Cosmic microwave 


background

Large Scale 

Structures

Galaxy clusters ~Mpc

Astro/cosmo observations at multiple scales 
are instrumental in showing that an unknown 
ingredient of matter in the universe exists 
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~Gpc

Galaxies

Precise measurement of how much DM is 
present at cosmological scales (CMB)

Inferred properties that DM should 
possess point to new physics beyond 

standard theories 

⌦CDM ⇠ 0.26 Planck 2018, 68% CL



Continuum gamma-ray emission 
How do we measure the Milky Way diffuse emission?

Credit: J. Berteaud, RICAPP’22
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Continuum gamma-ray emission
Residual emission after bgk-only model fit

Instrumental CR-induced background dominates by far the SPI detected counts

Residuals from bkg-only fit reveal the presence of correlated large-scale emission, 

around the Galactic plane

Siegert, FC+ A&A’22


