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Who am 1?

Francesca Calore is a staff researcher at the French National Center for Scientific Research
(CNRS) at the Annecy-le-Vieux Theoretical Physics Laboratory (LAPTh). After completing a
joint Ph.D. at the University of Hamburg, Germany, and the University of Turin, Italy, she has
held a postdoctoral position at the Center of Excellence for Gravitation and Astroparticle
Physics (GRAPPA) at the University of Amsterdam, Netherlands. She is an expert in dark

matter searches with astroparticle experiments and high-energy astrophysics.
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https://physics.aps.org/authors/francesca_calore

Plan of the lectures

l. A short introduction to high-energy astrophysics
Il. A short introduction to axions and alike

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

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

: What | 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)
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Axions and feebly interacting particles (FIPs)

The mystery of dark matter?
The matter-antimatter asymmetry in the universe?

The strong CP problem?

» Light particles (sub-GeV masses) Feebly nteracting particles

o Extremely suppressed interactions between new particles and SM bosons and/or
fermions

e |nteractions 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

[See also maturation of the experimental programs searching for new physics with sizeable couplings at the LHC] Agrawal+ Eur.Phys.J. C'21



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 | consider as HE astro? what s a stgnature?
 Emission of astrophysical sources * |t is a sizeable modification of
from X (~keV) to gamma rays (PeV) standard astrophysical signals
* Astrophysical diffuse backgrounds  Modification of spectral and spatial
at multiple wavelengths distributions of event counts, and/or

polarisations

Detection vs constraints
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A short introduction to high-
energy astrophysics



High-energy astrophysical data landscape

DeAngelis+ Voyage 2050 21
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https://link.springer.com/article/10.1007/s10686-021-09706-y

High-energy cosmic radiation

Beckman, MM Astronomy ‘21
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High-energy cosmic radiation

Beckman, MM Astronomy ‘21
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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


https://inspirehep.net/literature/2154784

Main astrophysical sources
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Main astrophysical sources

Pulsars and pulsar wind nebulae
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Main astrophysical sources

Active galactlc nuclei » Large fraction of the total luminosity of an active -
SSRQ galaxy is non-thermal (accretion disk and
A FSRQ ¢ collimated jet)

FR II (NLRG)

B"'m\x \ / - Emitted by the nuclei of the galaxy
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Spectrum of NGC253
Peretti+ MNRAS’19

Main astrophysical sources
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The cosmic photon backgrounds
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[For a review see: Hill+ App. Spectrosc.’18]
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* 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

1. 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



EBL absorption of VHE photons

* 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)
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EBL absorption of VHE photons

Optical depth ~ # interactions along the l.o.s Gamma-ray cosmic horizon

T(Ey, zs) = F(no(€,2),dp(2), 00~ (Ey, €)) T(E~, 25) =1

De Angelis+MNRAS'13

Franceschini Universe’21
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https://academic.oup.com/mnras/article/432/4/3245/1007715

EBL absorption of VHE photons

Photon survival probability

Flux

N\

. Intrinsic

-~
Ly
EBL
absorbed
>
~ TeV Energy

Py (Ey, zs) = e TWFr2e)

Also called transfer function Ty(E, L)

O(E,, z) = P(E,) x e T Frze)
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Differential (in energy) photon flux shows a

characteristic EBL cutoff at about

E. cutoft (25) ~ 800 (1 + z5)~** GeV



A short introduction to the QCD
axion and alike




The QCD axion
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The QCD axion
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https://github.com/cajohare/AxionLimits

X-ray
detector

Sikivie PRL’83

A diversified LAB-search program:

- Haloscopes: Dark matter axion 2
conversion in B field (ADMX, HAYSTAC,
DMRadio, etc)

- Helioscopes: Axions from the Sun ~ 93
converting in B field (CAST, IAXO) K

-
Several detection methods are systematically probing

QCD axions
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Broadening the landscape

Axion-like particles

Axion-like particles: (pseudo-)scalar particles, masses as low as ZeV, very weak couplings

with SM, coupled with photons as QCD axions
Chang+ PRD 2000; Turok PRL 1996; Arvanitaki+ PRD’10

, https://github.com/cajohare/AxionLimits
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[Wave-like DM is even broader: more generally, light scalars or \2/1ectors]



A

"% The ALP-photon mixing ~ §"

For a monochromatic photon-ALP beam of energy E d A1 (x3)
propagating along the xs axis in a cold plasma within a (Z 1za E+ Mo) Az(x3) | =0
homogeneous magnetic field B: a(z3)
Schrodinger-like equation of motion
Al 0 0
MO — 0 AH Aa’y A = Apl -+ AEM + AcMB AH — Apl‘|‘A|(|jN[‘|‘ACMB
0 Ay Ag

Aqep = |[ATM-APM| B2

— 9a BT —1
A, ~1.5x 1072 B M
v Ao (1011GeV_1> (10—9@) v

m : E \ !
Aa ~ —3.2 X ]_01 ( - ) (_> Mpc_l 9

X2

2 x 10— 8eV

E \ 1 n "
Ap~—1.1%x1077 [ — ( ‘ )M -1 il
P! (TeV) 10-3cm-3/ P77 X3
E Br \° ol
A ~4.1x 1077 [ — Mpec !
QED (TeV) (10—9 G) PE
1D Raffelt & Stodolsky PRD’88; Horns+PRD’12;
Acyg ~ 0.80 x 1071 (ﬁ) Mpc_1 Montanino+ PRL’17
e
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A

"% The ALP-photon mixing ~ {™

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

1 A
— tan(20) = .
5 an(26) A —A,

Rotation angle to diagonalise mixing matrix

In analogy with neutrino oscillations:

4 R
2 . 2 Probability for purely polarised photon beam
L ay — SIH (29) S11 (AOSCL / 2) (Al) to oscillate into an ALP after distance d
- y,
e.g. Mirizzi & Montanino JCAP’09
Aay > AH — A, Mixing is maximum Strong mixing regime
Aafy < A | — A, Either plasma effects or CMB dominate
/ suppressing the probability
- 11/2

_ 2 2
Ase = (A” — Aa) + 4Aa7
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A

"% The ALP-photon mixing ~ {™

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

r . 5
P ( A L)Q S1I1 (AOSCL/ 2) For low-energies, massless ALPs and
ay ary (A L/2)2 sufficiently low couplings
OSC
-
a~n B
Aa’y — g ’72 T
1/2 2 _ 021)?
Nose = [(Aa AN 4A37] /2_ [(m“4E°2Upl) | (gmBT)Q]l/2 Oscillation wave number
,  A4mane Lo — 2T
Wpl = Aosc

Me
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A

¥ The ALP-photon mixing ~ {"

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

-

. 2
P — ( A L)Q S111 (AoscL/ 2) For low-energies, massless ALPs and
a T a . .
K K (AOSCL/Q)Z sufficiently low couplings

B 2
Aose = 28aq4 |1+ [ =2
V(%)

m? — wl\ 1pGy 1071 GeV
E.=2. ( a pl)(u )( )
5Gev 1neV2 BT ga’y

n, ~ 0.0l cm™°
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A

"% The ALP-photon mixing ~ §"

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

r

. 2
SIn“(Apse /2
P,y = (AgyL)? (Bosel/ 5 )
! (AgscL/2)
Dosc = 2Aa7 \/1 + (
Photon-Axion Conversion Probability as a Function of Energy
EF~F.
0.4 -
E>E,
0.3 1
o®

0.2 A

0.1 -

0.0 A

o~
N 4

1071

100

101

102 103 10%

Enerav (GeV)

26

For low-energies, massless ALPs and
sufficiently low couplings

Aosc =2 2A4y  Strong mixing regime

Jay b
Pa/y ~ (Aa/yL)Q _ ( ’Y2 T)2L2

Oscillation regime



Going beyond the ideal case

YMW16

 Fluctuations in the free electron density
» Stochasticity of the turbulent B-field component™

 Limitations of domain-like approximation

- Photon absorption at the highest energies™ S
(--)
In all cases, realistic models of magnetic field N | Sro—-—aie |

configurations are required
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The Galactic magnetic field

Observables

\

\/\"\/\‘k

In external galaxies:

- Magnetic fields alignhed
with matter spiral structure

 Evidence for vertical fields

We can access the Milky-Way B-field through:
 Polarised synchrotron emission (radio to py-waves)
 Polarised dust emission (sub-mm)

» Starlight polarisation

- Faraday rotation

T, . s 1§ } | X ;\ b
. w"‘;&;’(‘h}ilu B T N
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The Galactic magnetic field

Observables

© MPIfR (R. Beck) and Newcastle Uniersity (A. Fletcher)

In external galaxies:

- Magnetic fields alignhed
with matter spiral structure

We can access the Milky-Way B-field through:
« Polarised synchrotron emission (radio to p-waves)

Polarised dust emission (sub-mm)
Starlight polarisation
Faraday rotation

-

\_

Sensitivity to B perpendicular to l.o.s

~

J

Challenge: Reconstruction depends on:

* CR spatial distribution
* CR spectral distribution

29
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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
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Turbulent, random field: Similar strengths but ¢orr ~20-200 pc
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The Galactic conversion

Conversions in the regular magnetic field
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DECLINATION (J2000)

The Intra-cluster conversion

NGC4254 B of Pol.Degr. at 4.86 GHz + Halpha
14 28 00

inner magnetic arms
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Effect on the Ty 10
transparency of VHE 10
photons ~

10
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3|

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
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Signhatures of ALP-photon conversion
from different ALPs sources

= ALPs sources

= Photon production mechanism
= Signal modelling

= Analysis



Constraints on ALP-photon mixing
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Constraints on ALP-photon mixing
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Slgnatures from ALPs?
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@ High-energy photons (X to gamma rays)




ALPs production in CC SNe T

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze — Ze+ a

’ Payez+ JCAP’14

t = 1 s » ALPs produced from thermal photons in the fluctuating
5 | tt=:182 o electromagnetic fields of the stellar plasma
I ] » Dominant process for MS stars (like Sun) or HB stars
— 4 F —
|> - me <107 H eV
= = 107" GeV ™1
< 3 F Jay
8 -
=
= 2r :
R U S
O / | | | s, b =T ”
0 o0 100 150 200 250 300

E (MeV)

[Not only cc-SN: proto-neutron stars, mains-sequence stars, white dwarfs, etc; If present NN bremsstrahlung dominates]
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ALPs production in CC SNe i

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze = Ze + a

’ Payez+ JCAP’14
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t=1s For Galactic SNe
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[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 i

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze — Ze+ a

Payez+ JCAP’14
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[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 i

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze — Ze+ a

Payez+ JCAP’14
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[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

7.9 x 107°f
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Gamma-ray bursts from CC SNe Ty

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze = Ze+ a
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

-10

10
- SN1987A: Lack of gamma-ray burst in the Gamma-Ray SNISETA 1 7 4 gz/ é
Spectrometer (GRS) of the Solar Maximum Mission (SMM) ot S
gy 553 x 1071 GeV™l, for mg $4.4x10710 eV Payez+ JCAP'14
‘TA TR Fermi LAT Galactic SN
» Extragalactic SNe: Search for gamma-ray burst at the time E ot
and direction of 20 optically characterised SNe = 13
Meyer & Petrushevska PRL’20 s 10
Crnogorcevic+ PRD’21
» Future Fermi-LAT Galactic SN: Projected constraints 107 3
from observation of short gamma-ray burst from SN
explosion with the LAT Meyer+ PRL’17; FC+PRD'24 107" T
10 10 10 10 10 10

40 m, (eV)


https://arxiv.org/pdf/2006.06722.pdf

Gamma-ray bursts from CC SNe Ty

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze = Ze+ a
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

41



Gamma-ray bursts from CC SNe Ty

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze = Ze+ a
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
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Gamma-ray bursts from CC SNe Ty

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze = Ze+ a
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

- SN1987A: Lack of gamma-ray burst in the Gamma-Ray
Spectrometer (GRS) of the Solar Maximum Mission (SMM) 10' J

Joy <53 x 10712 GeV™!, for mg <44 x 10710 eV Payez+ JCAP'14 T
S
- o B 10 NG s -
» Extragalactic SNe: Search for gamma-ray burst at the time < AL -
and direction of 20 optically characterised SNe o .t
- Prob. of validity of limits: P(NgN,obs > 0) =88.5% ) e —
-| == QObserved B 68%/95% expected limits .=~ = —
Meyer & Petrushevska PRL’20 1 = = Median expected ~ Bl 68%/95% observed limits 107, JF12, NiCo
10_ | | I I I“, | | T I I

Crnoqgorcevic+ PRD’21
gorcevies 10-! 10° 10!

m, (neV)
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https://arxiv.org/pdf/2006.06722.pdf

Future gamma-ray bursts from CC SNe ~ §"™

Production of ALPs in the SNe mainly by Primakoff effect v+ Ze = Ze+ a
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

: : 107 e
* Future Fermi-LAT Galactic SN: g | i |

Projected constraints from observation
of short gamma-ray burst from SN
explosion with the LAT from time-
dependent signal
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The diffuse SN ALP background Ty

DSNALPB

* 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 Raffelt+ PRD’11

* 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

FC+ PRD’20, 2110.03679

45


https://arxiv.org/pdf/1110.6397.pdf
https://arxiv.org/pdf/2008.11741.pdf

The diffuse SN ALP background

DSNALPB

* 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

Raffelt+ PRD’11

* 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

Wolle)_ [“(1-4 2 MNelEall + D, o

Time-integrated CC SNe ALPs spectrum from past events

Yuksel et al. ApdJ Letters’08
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dz

FC+ PRD’20, 2110.03679

Beacom, Ann. Rev. Nucl. Part. Sci.’10


https://arxiv.org/pdf/1110.6397.pdf
https://arxiv.org/pdf/2008.11741.pdf

Time-integrated DSNALPB spectrum

FC+ 2110.03679

Evolution of CC SNe from numerical
simulations with progenitor ZAMS masses:

« CCSN explosion: 8.8, 11.2, 18, 25 Mo
e Failed CCSN explosion: 40, 70 Mo

Fischer+ A&A’10; Kotake+ ApdJd’18; Kuroda+ MINRAS’18
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Gamma-ray DSNALPB signal Ty

Integrated ALPs signal
between 50 and 200 MeV

Jay ~ 4 x 1071 GeV ™!

m, <107 eV

Y

All-sky diffuse signal
With specific extended
spatial features

0.500 2.000 4.000 6.000 7.917

d°® n—2 a—1 ap—1 %1076
“5an A& [phuu SIS ]

Conversion in Jansson & Farrar Galactic magnetic field model
updated to Planck data
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12yr gamma-ray data R

50-200 MeV . N
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12yr gamma-ray data
50-200 MeV il
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