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Gamma-ray signatures of ALPs

All relevant phenomenology derives from the minimal Lagrangian

Gamma-ray signatures provide competitive search channels with null results (so far):
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What are promising signatures in the gamma-ray band?
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ALP signature

Relevant processes

Gamma-ray signatures of ALPs
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Gamma-ray signatures of ALPs

Photon survival probablity
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Gamma-ray signatures of ALPs

Photon survival probablity
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Gamma-ray signatures of ALPs

Photon survival probablity
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Gamma-ray detection facilities

The zoology of gamma-ray instruments currently running (and under construction).

Present

INTEGRAL Satellite missions

Fermi LAT...
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Gamma-ray detection facilities

The zoology of gamma-ray instruments currently running (and under construction).
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Present

INTEGRAL Satellite missions

Water Cherenkov Telescopes
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Gamma-ray detection facilities

The zoology of gamma-ray instruments currently running (and under construction).
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Present

INTEGRAL Satellite missions

Fermi LAT

Water Cherenkov Telescopes
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Breeching the opacity
of the universe

See also M. C. D. Marsh’s talk!
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The Brightest Of All Times — GRB 221009A

On the 9th of October 2022 an extremely luminous Gamma Ray Burst (GRB) at redshift
z = 0.151 was observed on Earth and in space by gamma-ray telescopes.

e 1-in-10000 year event The BOAT GRB in Context
e Saturated the GRB oRE 22100? -
monitor on Fermi Fermi data
[t was so bright despite C(()ql?t rate
being inside the Galactic R

per second)

plane.

19014C

e Detected by LHAASO
and HAWC
(IACTs full moon phase) U\

¥___,_._,M_,/

0 R
L
credit: NASA 7 minutes

090902B

Important observation: LHAASO detected a gamma-ray event of 18 TeV [.HAAsO Collaboration, GCN Circular n.
32677 (2022)] [LHAASO collab., Science 380 (2023)] [LHAASO collab., Sci. Adv. 9, 46 (2023)] (Before that, the most energetic ever-

detected GRB particle was 3 TeV [H.Es.s. collab., Science 372, 1081 (2021])
— The claim of a 251 TeV gamma ray detected by Carpet-2 is disputed.
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Absorption on the extragalactic background light

The universe becomes almost opaque to very-high-energy gamma rays above ten TeV.
—P The reason: attenuation on the extragalactic background light (EBL)

Mixture of radiation fields, e.g.: light from stars/galaxies, light re-radiated after dust absorption

d

[ n(E)o(yy — ete™)

Pobs(E) = Pint(E) - exp [—T(F, 2)]

[Driver, IAU Symposium 355, 2102.12089]
I I

credit: IceCube collab.
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4+ At sub-PeV energies, Galactic physics probably only major contributor.

4+ Exotic physics, especially feebly interacting particles as ALPs, circumvent EBL
absorption.

— May give rise to extragalactic gamma-ray contribution by (partially) alleviating the
universe’s opaqueness.
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Modelllng the photon survwal probablllty of a GRB

| * EﬁlClent conversmn in host galaxy
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Can ALPs explain GRB 221009A?

What do we know about the origin of GRB 221009A?

— hosted in a disc galaxy

— seen edge-on from Earth (a J. Levan et al, ApJL 946 (2023) 1]

— GRB propagates through intergalactic medium (potentially strong absorption in host’s
radiation fields of sub-PeV gamma rays)

ALP-hypothesis addressed in several works
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[A. Baktash et al., arXiv:2210.07172] ,
[A. Baktash et al., arXiv:2210.07172]
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General findings so far:
4+ No clear signals only upper limits compatible with existing ones from complementary

targets.
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Leveraging the universe’s transparency

Test transparency of the universe with a sample of (steady and flaring) high-energy
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4+ Slightly less constraining limits from analysis of sources on Fermi LAT’s 2FHL catalogue

(up to 2 TeV) [R. Buehler et al., JCAP 09 (2020) 027]

4+ Magnetic field models of target sources (jets, clusters, etc.) crucial (+ uncertain).
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Leveraging the IceCube neutrino flux

Assume sub-PeV]
astrophysical neutrinos of IceCube

are due to photo—hadronic
interactions in star-forming galaxies. |
Predict concomitant gamma-ray flux|
over history of the universe incl. ‘
ALPs.

$'ceCuee

—
b EGAL

4+ ALP flux computed via gammaALPs.

4+ Uses Tibet ASg and HAWC TeV-PeV data.
4+ Modeling of Galactic diffuse and sub-threshold
point source contribution.
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Star-forming galaxies emit at sub-PeV energies via ALPs

4+ The astrophysical contribution to the physics probed by both instruments is already
sufficient to explain the measurements.

—> Plotted spectra for g, = 0.
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C. Eckner & F. Calore, PRD 106 (2022) 8]

4+ Little space for an additional exotic component: For 100 neV axion-like particle this
scenario translates to an upper limit on the photon-ALP coupling (at a 95% confidence
level) of (using the maximal scenario for |E)

Jary 2.1 x 107H GeV ™!

4+ A very similar study used the broadband diffuse flux measurement by LHAASO with
comparable constraining POWEer. (L. Mastrototaro et al., AEPJ C (2022) 82]
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Spectral irregularities In
extragalactic sources
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Modulation of extragalactic gamma-ray spectra
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Modulation of extragalactic gamma-ray spectra
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Modulation of extragalactic gamma-ray spectra
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A suitable target: The Perseus Cluster

Chandra: NASAICXC/SAO/Bulbul+ 1 4; XMM: ESA

Properties:
— very massive O(10'* — 1015M®) at 75 Mpc ,
distance (z = 0.01756) £

— dynamically relaxed and cool-cored
— hosts two known AGNs among which NGC 1275

NGCI275 in Perseus Galaxy Cluster

Ingredients

glntr|n3|c y-ray spectrum of NGC 1275 magnetic field models:

L [MAGIC collab., Phys.Dark Univ. 44 (2024)] 1. Perseus cluster intrinsic magnetic field
(random field with Gaussian
turbulence)

10~

2. Magnetic field of AGN’s jets (negligible
due to viewing angle)

— NGC 1275 flare (01 Jan 2017 )

NGC 1275 post fiare (02 03 Jan 2017 3. Intergalatic magnetic field (negligible in

— NGC 1275 low-state (Sep 2016 - Feb 2017) Strength)
10—14 . .
102 103
Energy |GeV] 4. Milky Way magnetic field

+ model for yy-absorption on extragalactic
background light (see next topic)
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ALP limits from NGC 1275 and MAGIC

Expectation: When E ~ E_, oscillatory behaviour of photon survival probability
— “wiggles” in the observed energy spectrum of NGC 1275

—
(e}

o
[0

Rejection significance
of a “wiggles” scenario

S
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e
e

[MAGIC collab., Phys.Dark Univ. 44 (2024)]

o
b

Photon survival probablity
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ALP limits from NGC 1275 and Fermi LAT

A similar study was performed with data from Fermi LAT — requires lower ALP masses
to be compatible with energies < 100 GeV accessible for the LAT!

( )
— 10_4 = I L III| I L IIII 10 - dN
- - EDISP3 9 Null hypothesis: — exp(—1)
= - 3 dE Intrinsic spectrum
IE En'. lu‘ 7 \ + EBL absorption y
= A
6 ( )
g 10_5 -H vll il 5 E) . . dN —_—
= Ok |II 11, < | Alternative hypothesis: —PW(E, Mgy 8y B)
I ! dE
Z 1l II 143 Intrinsic spectrum
% | Best Fit w/ ALPs: 11wy — 1. 18, g1 — 101 142 L + photon survival probability: EBL + ALP conversion )
CETJ Best Fit w/o ALPs —1
10—6 i [ T T T TTIII N 1 o U O . . . .
10-! 100 10! 102 — Hypothesis testing based on log-likelihood
Energy (GeV)
o _ [FermFLAT eollab., PHL 116 (2076) 16] — Calibrated against Monte Carlo data of the
5.0f ' T gamma-ray observations (under null
3.0( hypothesis)
ol See also similar studies with different targets
= oot B[ o and instruments:
\ .y 5% expected [
2 o5 $ | ot ovened | — [H.E.S.S. collab., PRD 88, 102003 (2013) 2] (blazar),
< 03 2 oo Mo ] — [z.Q. Xiaetal., PRD 100 (2019) 12] (SNRS),
ittt — [J. Majumdar et al., JCAP 04 (2018) 048] (pulsars),
N R A A PR — [J. Davies et al.,, PRD 107 (2023)] 8] (jet emission
' 10° 10' 10° i
. (neV) of flaring quasars).
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A word on the impact of astrophysical uncertainties

Either for Fermi LAT or MAGIC, modelling the astrophysical environment of the Perseus cluster
is critical to derive robust bounds. Especially the intra-cluster magnetic field configuration

impacts the results.

[MAGIC collab., Phys.Dark Univ. 44 (2024)]

[Fermi-LAT collab., PRL 116 (2016) 16]
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Exact exclusion shapes are subject to modelling uncertainties while the exclusion power is

definitely given.

— A Gaussian turbulence model is robust for single line-of-sight studies although
magnetohydrodynamical simulations exhibit large non-Gaussian tails of the turbulence.
spectrum [p. Carenza et al., PRD 108 (2023) 10].
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Future prospects of CTAO

The big leap forward that CTAO will provide is an exquisite energy resolution (and sensitivity) at

TeV energies!
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2 ~ === Fit w/o ALPs \ B D -
| % _
o <4 CTA simulation % - Broader coverage than MAGIC
Q —-12 [ | R | IR I*\ |
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Extragalactic supernovae

See also G. Lucente’s talk!
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Using extragalactic supernova explosions

Since our last chance in 1987, we had no Galactic supernova.
— Supernovae are not that rare on larger scales; their rates scales with the star
formation rate in the universe.

t [Gyr]

11E3 |8 Lll- %—I Yuksel et al ApJL|1683 (2008) 1 5-1 8]
< 0.1F (142) 7 == =
Q — —— ’.. -
(@ ~ 3.4 — = ]

‘T 2 I+| 0...
- | 5 |
> 10 = _ R 3
o - — This work ‘T.. 2
2 HERRERE Hopkins & Beacom (2006) *‘+—‘_
— - & GRB: This work -
% 3|4 LBG: Bouwens et al. (2008) ]
< 10 = Mannucci et al. (2007) =
I Verma et al. (2007) ]
B LAE: Ota et al. (2008) ]

10—4 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1

0) | 2 3 4 5 6 7 8

Z

Observables:
— The diffuse axion-like particle background (7, ~ O(107° eV)),
— individual events: SN 2023ixf (11, ~ O(MeV)).

BAM! 2024 | Barolo Christopher Eckner, ceckner@ung.si


https://doi.org/10.1086/591449
mailto:eckner@lapth.cnrs.fr

The Diffuse Supernova ALP Background

Cumulative cosmological SN flux

+ star-formation rate
| + numerical SN simulations
o for different progenitors masses

‘-IT\
>
)
=
o
n
)
=
w
R
Q
-
T

—88M, —18 My, —40 M,
~=11.2 My--25 M, -- 70 M,

50
E (MeV)

electrostatic field of ions, ~.
electrons and protons Thal
o N

—

B

Milky Way’s magnetic field
—> conversion probability
highly dependent on B-field

structure
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The bound on the ALP parameter space

cT ) S‘ — No detection: How much space is their
| _ to accommodate an additional signal?

Fermi-LAT data

model templates ALP signal

10_9 [F. Calore, CE et al., PRD 105 (2022) 6]

ROL
xxxxx

BN SN 1987A ~-ray burst I

10—13E A uncertainty induced by fri—cc B Chandra (NGC 1275) .
: B DSNALPB, this work CAST (2017) .
T T T T TTTTq T T T T TTTTq T T T T TTTTq T T T FTTTTy T T T T T TTT
10712 10~ 10~10 107" 1078 107
mq [eV]

Constraints stronger than CAST (solar axion bounds) and can be improved with future gamma-
ray measurements (MeV mission).
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The decay of MeV-scale ALPs and SN 2023ixf

What about individual extragalactic SN events?

A recent type Il supernova was optically detected in the Pinwheel galaxy (M 101, distance ~ 7 Mpc) on
the 18th of May 2023 with a progenitor mass from 9 to 22 MQ.

May 16,2023 ..~ May 20, 2023

" SN'2023ixf

— Large scientific and publication attention, e.g. [c. . Kilpatrick et al., ApJL 952 (2023) 1], [L. A. Sgro et al., Res. Notes AAS 7 (2023),

141]

— As individual event too faint to detect signal of light ALPs, but MeV-scale ALPs are accessible via
ALP decay!
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The decay of MeV-scale ALPs and SN 2023ixf

ALP production: L a g

(environmental
properties via
numerical simulation
results of 11 M,

progenitor) Ze > >—— Ze¢ v

inverse decay/
photon coalescence

Primakoff process

We accounted for photon coalescence was ignored in previous studies since it only becomes relevant

above the MeV scale!
[E. Mller, CE et al., JCAP 07 (2023) 056]

C L L L IR
jLOZ‘*\\\ —— Primakoff —— Photon coalescence
0 8:— — my =1 MeV - mg = 100 MeV 1
— | (x 7-10%9) (x 2:107)
|
=
o  0.0r -
E dznaPC o QCQng 4(")}%1_ Wmax w~ /T (wa—w~)/T -1
I@_IG dtp, dw, 12873 L= m2 | /wmin de,y [(e B 1) (e B 1)]
Z13 0af
0.2
0.0 I —

50 100 150 200 250
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The decay of MeV-scale ALPs and SN 2023ixf

' ( I)' ' ! | The Fermi-LAT data towards SN
- an 2023ixf around the optical onset.
c:j” light ALP ~0.01 - 1 MeV
=
= N .heavy ALP > 107MeV signal: , v
5 4 UL WIS T P P M U ALP decay
: Al estimated background ! 7y
T
| L I | I | I
20. April M. May 18. May

SN 2023ixf can probe
unexplored parts of MeV-
scale ALPs via ALP
decay (within
uncertainties: progenitor
mass, distance and
volume of the SN).

[E. Miiller, CE et al., PRD 109 (2024) 2]

low—energy S

19 | Axion freeze—in
10 1 L 11 I 1 1 1 1 L1 1 I 1 1 1 1 L1 1 1 | 1 1 1 1 L1 1 1 I

101 10° 101 10?
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Impatiently awaited and
already anticipated:
a Galactic supernova

See also G. Lucente’s talk!
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What if there where a Galactic supernova like 19877

Photon coalescence was previously not accounted for when probing the parameter

space of MeV-scale ALPs? Impact on constraints from ALP decay:

— SN 1987A
— A future Galactic supernova (same distance as SN 1987A)

1078

- low—energy f \
o
Case 1

Y N
E O

O 7 —]

. ]

. 3

N —

Y
A Y
.
- =
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) =SS ‘
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-
-
-
-
-
-
-
—_ -
— -
-
= - -
-
- >
— -
-
= -
-
~
-
-
-
-
-
-
-
-
-

_13: e ‘-NSensitivity of
107F e 1 |Fermi-LAT to a
M, SO, (B Moller CEetal, JGAP 07 (20239591 | | future SN at 50

10-1 10° 10! 10? kpc (Fluence 50
mg [MeV] over background)
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ALP production
from Primakoff conversion
In supernova core

E~E,

# Magnetic field
l uncertainty!
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Searching for ALPs in a future Galactic supernova

What can we learn from a close Galactic supernova (~10 kpc) with a progenitor resembling
Betelgeuse (~11 M) regarding ALPs with m, ~ O(1 neV), i.e. Primakoff production?

Cps [qm—2MeV 1] = 0.2270%6
| m. = 0.1 nev
(E > E)
1 " true value 11 Q\[. [F Calore, CE et al., PRD 109 (2024) 4]
] ]_O_ TTTTT T T TTTTTT T T TTTTTT T T T TTTTT
J - best-fit vale ¥ [ [ [ E
I | I i € [MeV] = 75.15%2% 7
NS | ] _
“ 2 g \ | N,

€0 [I\IOV}

gy e
j . |> 10—12
L’ O -
—— a = 2.7 ‘9' — /\/ Y\ \ \
1 o n i Galactic CC SN
() \ / / i hl JJL i S - LAT sensitivity, this work d = 10 kpe
1] i B i
3 \ Bl | f I M =11.2 M
v 107"} reconstruction efficiency (199.79°, —8.96°) | -
| : from Chosqn SngaI | l \Hl | || \HHI | || \\H;
(:QQ Q A O D D qﬁoq}@s%«\%%Q%oo% 10~ 14 10~ 13 10~ 12 10~ 11 10 10 10 9 10—8 10—7 10—6
Cops [em™>MeV ] €0 [MeV] e} [e\/]

Take-home messages and outlook:

1. Prompt gamma-ray emission from a future Galactic supernova event yields stringent bounds
on uncharted ALP parameter space.

2. Considering the residual magnetic field of the progenitor star may even enhance the expected
ALP production. [c. A Manzari et al., arXiv:2405.19393]
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SN prospects for light ALPs with nucleon couplings

Introduction ALP couplings to mesons and hadrons introduces a rich phenomenology:

0,a _ _ CoxN,. o _ . _ ~F _ ~
Ling = gaﬁ CapPV"¥50 + Canfy"ysn+ fﬁN (it pyHn — in " nyHp) + Cana (p A:j +Afp+n Ag + A) n) ]
See G. Lucente’s talk! a
T a
.. N > g - N
ALP production in SN
cores:
N - - N
Nucleon-nucleon bremsstrahlung il Pion conversion

(Exp — Fit)/ Exp
S d o oo
N = O =N

Protoneutron star

temperature correlates
with average energy of 0.8|
Bremsstrahlung ALPs Z|3 o6l

T 0.45 [/ E9 04
~ —6.93 + N 0ol
MeV Qo MeV obs :

[
S
T T T

0
ENN

N
L 1 Y

0 100 200 300 400 0 100 200 300
E, [MeV] E, [MeV]
[A. Lella, CE et al., arXiv:2405.02395]
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SN prospects for light ALPs with nucleon couplings

While the double peak ALP spectrum is washed out by the LAT’s energy resolution ...

| o 100 -
ton € [0,1] s —+ ¢y to € [2,3] s —+— ¢
—+ ony P ’ —+— onn
2200 = owvrom g 19 Y ———
e S
= 2 50
+# 100 S
25-
60 100 200 500 60 100 200 500
E [MeV] E [MeV]

... we can still reconstruct the average energy of the Bremsstrahlung component reasonably
well.

100+ 2 | B

50- } ‘
®  injected value
M+ reconstructed value: ¢y

FE reconstructed value: ¢oyny + O

U 1 2 3 A 5

tpb [S] [A. Lella, CE et al., arXiv:2405.02395]

MeV]
-y
>

0
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The MeV gap impacts supernova ALP searches

ALP-induced gamma-ray bursts produce a spectrum

peaked at the lower end of the Fermi LAT’s sensitivity:
[F. Calore, CE et al., PRD 109 (2024) 4]

— low effective area, bad energy resolution S b U b e :
INTEGRAL T oLsf '
o ey EI
10 £ COMPTEL =
o~ - 3 0.5F
‘»n 10 100 3 I
(\l] E EGRET MAG 'O_....I....I....I....I IIIIIIIII i
E C 0 50 10 150 200 250 300
< 111 E [MeV]
010 F
) - | \
B -1f % \ HESS/VERITAS
= 10 F N—re
E i Fermi-LAT HiSCORE
S oL CTA South
o 10
14f MeV gap LHAASO
10 ¢
:llllllll 1 llllllll 1 lllllIII 1 IIIIII|] 1 IIIIIIII 11 lllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll L1 1111l 1 llllllll L1 1111l
2 -1 2 3 4 5 6 7 8 9 10
10 10 1 10 10 10 10 10 10 10 10 10 10
Energy (MeV) [A. De Angelis et al., Exp. Astron. (2021) 51]

An instrument closing this gap greatly enhances our sensitivity to new physics for the next
Galactic supernova!
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Conclusions

e Gamma-ray signatures of axions and axion-like particles are diverse and can
already be tested with current-generation instruments.

 The future is bright with next-generation instruments like the Cherenkov
Telescope Array Observatory, updates of LHAASO (and SWGO ?)

* The search directions are clear:
— Towards the very-high energy end of the gamma-ray spectrum (PeV frontier)
[spectral modulations, opacity of the universe]
— The sensitivity frontier at MeV energies
[supernovae]

9r
3 =R COMPTEL

e Closing the MeV gap
also greatly advances
astrophysics and searches
for dark matter in general.
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Deriving the in situ gamma-ray spectrum

4+ Gamma rays and neutrinos generated by py-interactions are linked via:

E2

dNV,

YdE,

dNV,
dE,

= Ny

4+ Fix breaking energy at

E, = 25 TeV; consistent with
lceCube HESE and Cascade
data + Fermi-LAT IGB.

4+ In situ neutrino spectrum

normalisation N, via matching
with lceCube measurement:

(%) «(

E,
Ey

-

ﬁ
dz

do,

c dNy(1+ ¥
dE,  4r ) dE/ P
0

dz

(5-5)

4+ Adopt best-fitting power law for IceCube neutrino flux + break at low energies:

N

3. odN.
— g0
2 7TdE,

S
[
-

4

E? o(E) [ GeV cm™?
=

o
<
—_— O

star formation rate density taken from H. vuksel, Ap L. 683 (2008)

o = 287 [lceCube collab., PRD 104 (2021) 022002]
: T T IML Kistler, arXiv e-Print: '1'2'5'11.(')1'5'3'6]"%
I—--"_‘_:‘T-\,\ —+—
3 \\\ /O@O_+_ E
A\ g
\ Q
N M
P > o
N{ M Zero IC X3
B X .e6evo |
i \ S l ;
\ \ ]
\\ Y
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E [GeV]
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Deriving the axion-like particle contribution

4+ Photon-ALP mixing in star-forming galaxies according to transfer matrix method
Implemented in gammaALPS. (. Meyer+, "gammaALPs" (2021)]

4+ Average over multiple realisations of galaxies at given redshift zZ. [H. vogel+, arxiv:1712.01839 (2017)

interstellar medium

electron density at z = O:
n, ~0.05 cm™
[R. Beck+, Galaxies 8, 4 (2019)]

ALP propagation intergalactic radiation fields

[A. Fletcher, ASP Conf. Ser. 438, 197 (2011)]
typical magnetic field strength:

| B| = (5+3) uG

\

galactic magnetic fields

Assume properties of
prototypical star-forming

| galaxy: Milky Way + CMB

(UV, optical, IR radiation fields)
[J. Schober+, ApJ 827, 109 (2016) ]

A = (AL 4),0)

[J. Schober+, MNRAS 446,2 (2015)]

(regular) radiation field evolution
redshift evolution of quantities
spatial extension: coherence length: — / \
Ry ~ 10 kpc Ly ~1kpc ' | BT withz 1 all length scales: (1 + )7}
[M. Krause+, A&A 639, A112 (2020)] dom [J. Schober+, ApJ 827, 109 (2016)] electron density: (1 + )3
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4+ Uncertainty due to modelling of interstellar emission:

10—10; /]
T; : IIIII,!.'{//I}’,./ > L:::)ile;;a;‘n;czctz(e)’;v(\;??%m|n|mal and maximal |E
SR N —> Even in minimal scenario, competitive
£ A v constraints.

|smiosra /,(;8 - —> ALPs-only constraints worse by a factor of 3.
71 IE (MAX)
10712 . — —

T T LI | Il T L | T T T TTTT T FTTTT T T TTTT
10710 1079 10°8 1077 1076 1070
[credit: C. O’Hare, "Axionlimits"]  1Mq [e\/]

4+ Uncertainty due to redshift-dependence of magnetic fields in star-forming galaxies:

1071

> Formation and evolution of galactic magnetic
fields is a subject of ongoing theoretical and
experimental research [r. c. Arshakian+. A&A 494, 21 (2009)]

=

g: 1011 —> Increase of field strength with redshift by no
= ] means necessary.
S S —> What happens if it stays constant?
o . ’ B(z) = const. Factor of ~1.5 deterioration of limits (since
IE (MAX) EZ1 B(2)

we are not very sensitive to the high-z sky).

10_12 T IH T T LI IHI| T T IIIIIH _ T T LI IHI| ] T T T TTTT _
10710 1077 10°8 1077 107 107°
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