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" Axion-like particles (ALPs)

Predicted by String Theory Two photons
Y
Very light particles (m_ < 10® eV
y g p ( a ) ?__a .lay=gawE'BCl
Spin o
P Y
Interaction with two photons In an external B field
(coupling g,,,,)
v g
Subdominant interactions with other /W\Ag
particles
Possible candidate for dark matter Photon-ALP oscillations

a

a
Y -—- -—- Y
Produce spectral and polarization
effects AR
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~ALPs in astrophysW

ALPs very elusive in laboratory experiments (low coupling) - astrophysical
environment is the best opportunity to study ALPs and ALP effects (for free)

Photon/ALP beam with energy E >> m,

ALPs induce modifications to astrophysical spectra

For E <10 GeV - negligible photon absorption due to EBL

Photon-ALP interaction produces effective photon absorption

For E > 10 GeV - photons absorbed by EBL (yy—>e'e’), ALPs are not absorbed

Photon-ALP oscillations increase medium transparency
ALPsinduce modifications to photon polarization (birefringence, dichroism)

HINTS at ALP existence:

Explain how flat spectrum radio quasars (FSRQs) can emit up to 400 GeV
F. Tavecchio, M. Roncadelli, G. Galanti and G. Bonnoli, Phys. Rev. D, 86, 085036 (2012).

Solve the anomalous redshift dependence of blazar spectra
G. Galanti, M. Roncadelli, A. De Angelis and G. F. Bignami, MNRAS 493, 1553 (2020).

GRB 221009A
G. Galanti, L. Nava, M. Roncadelli, F. Tavecchio and G. Bonnoli, Phys. Rev. Lett. 131, 251001 (2023).
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e ~ , p g : D. Horns, L. Maccmne,M Meyer et al.,
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POLARIZATION
¢ Standard physics

unpolarized photon case

e With ALPs

modified polarization

standard
APLs

Spectrum

partially polarized photons

standard
APLs

Polarization
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ALP impact
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~ Active Galactic Nuclei (AGN)

Super massive black holes (10 - 109 M) | torus
Accretion disk ‘ |
Collimated jets (if towards us -> blazars)
Photons produced at the jet base

BL Lacs:
No broad line region (BLR)
No dusty torus

Absorption due to the extragalactic
background light (EBL) for E > 100 GeV

Flat spectrum radio quasars (FSRQs):
Absorption due to the BLR for E > 20 GeV

Absorption due to the dusty torus for
E > 300 GeV

s
Absorption due to the EBL for E > 100 GeV ‘ V(VHE) + v(soft) > e* + &
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jLPs IN FSRQs

High BLR absorption = no photons
with E > 20 GeV predicted BUT

Photons observed up to 400 GeV
Why? Photon/ALP conversions?

B =02G and scales as 1/y
Goyy = O(10™) GeV?, m, < O(10™ eV)
BLR ne’BLR — 1010 CI‘I‘I_3

Photon-ALP conversion before the BLR
- reconversion outside the BLR

-> BLR absorption REDUCED
Physically motivated flux (SED)

First hint at ALP existence

F. Tavecchio, M. Roncadelli, G. Galanti, G. Bonnoli, Phys. Rev. D, 86, 085036 (2012).
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Anomalous z dependence of Blazars

We consider all BL Lacs (HBL and IBL) with strong VHE spectrum:
In flare
E > 100 GeV
redshift uptoz = 0.6

Emitted spectra = power law
(I)em(E) — Ieem E~len

Observed spectrum - power law
(I)Obs(EO, Z) — KObR(Z) Eo_robs(i)

Emitted - observed spectrum relation
(bobs(EOs 7) = Py—>y(EOa ) (I)em (E()(l + 2))

We deabsorb the observed spectrum:

if no ALPs = EBL absorption only
with ALPs - EBL absorption and photon-ALP oscillations

G. Galanti, M. Roncadelli, A. De Angelis, G. F. Bignami, MNRAS 493, 1553 (2020).
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Anomalous z dependence of Blazars (2)

Conventlonal Physics (CP):

* Anomalous redshift
dependence of blazar

O (ol + 1)) = B0 Ky (2 >(

(Eo(1+2)) = (

spectra
observed slopes
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Second hint at ALP existence (a new study gets similar ~ °5

results,

see Dong+2023)

G. Galanti, M. Roncadelli, A. De Angelis, G. F. Bignami, MNRAS 493, 1553 (2020).

emltted slopes

0.1 0.2 0.3 0.4 0.5 0.6
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\//
-~ GRB 221009A

Extremely luminous Gamma Ray Burst (GRB) at redshift z = 0.151

Observed by:

Fermi-GBM, Fermi-LAT (Fermi 2023), Swift (Williams+2023)
LHAASO at E = (13-18) TeV within 2000 s after the initial burst (LHAASO 2022, 2023a,b)

BUT strong EBL absorption for E = 10 TeV at z = 0.151 in Conventional Physics (CP)

EBL[ 15TeV 18 TeV 100 TeV 251 TeV

Tcp  Pop |7cp FPcop |Tcp Pcp Tcp FPep
D |12.7 3x107%]19.4 4x107%(350 2x10~152| 9654 ~0
G 9.4 8x107°[13.1 2x107%]246 2x1071°7| 9502 ~0
FR |10.1 4x107°[14.1 7x1077]333 2x10 5| 15411 ~0
SL [12.8 3x107%[18.3 10~% [220 3x1079%|>9251 ~0

Tcp -> optical depth; P, -> photon survival probability
D -> EBL model by Dominguez et al., 2011

G -> EBL model by Gilmore et al. 2012

FR -> EBL model by Franceschini & Rodighiero 2017
SL -> EBL model by Saldana-Lopez et al. 2021

QUESTION: ANSWER:
How can we have |:> with axion-like
detected this GRB up particles (ALPs) !!!

to E = (13-18) TeV?

G. Galanti, L. Nava, M. Roncadelli, F. Tavecchio, G. Bonnoli, Phys. Rev. Lett. 131, 251001 (2023). 13
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«  Within all most stringent ALP
bounds (SlSk Reynés+2022, Dessert+2022)

« Explain LHAASO
« Compatible with other ALP hints

G. Galanti, L. Nava, M. Roncadelli, F. Tavecchio, G.
Bonnoli, Phys. Rev. Lett. 131, 251001 (2023).
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A — . . 1+ LHAASO spectrum (only WCDA):
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*  Observedspectrum->extendedto~20TeV: &
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Adapted from LHAASO Collaboration, Science 380, 1390 (2023). g 10-9 \\ i
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G. Galanti, L. Nava, M. Roncadelli, F. Tavecchio, G. Bonnoli, Phys. Rev. Lett. 131, 251001 (2023). £ [TeV] 15






DO ALPs EXIST?

Three hints from astrophysical spectra with same ALP parameters
Two indications from blazars
The most recent and strongest one from GRB 221009A

Additional hints from photon polarization expected
Photons diffusely emitted by galaxy clusters are unpolarized within standard physics
ALPs make them partially polarized (see Galanti+2023): if detected -> ALP hint

FINAL ANSWER:

Within few years

Confirmed or disproved:
From new spectral data by ASTRI, CTA, LHAASO

Possible polarization data from IXPE, NGXP, COSI, AMEGO
From laboratory experiments such as ALPSII, IAXO
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